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ARTICLE INFO ABSTRACT

Keywords: Escherichia coli is the most well-studied model prokaryote and has become an indispensable host for the biotech-

Escherichia coli Nissle 1917 nological production of proteins and biochemicals. In particular, the probiotic status of one E. coli strain, E. coli

probiotic§ . Nissle 1917 (EcN) has helped it become a new favorite amongst synthetic biologists. To broaden its potential

:;)ar;ls;ri;ttz/;fenomlcs applications, here we assemble a comparative study on the genomes, transcriptomes, and metabolic properties
s of E. coli strains EcN, BL21(DE3), and MG1655. Comparative genomics data suggests that EcN possesses 1404

synthetic biology

unique CDSs. In particular, EcN has additional iron transport systems which endow EcN with a higher tolerance
to iron scarcity when compared to two other E. coli strains. EcN transcriptome data demonstrates that E. coli
strains EcN, BL21(DE3), and MG1655 all have comparable activities of the central metabolic pathway, however
only EcN inherits the arginine deiminase pathway. Additionally, we found that EcN displayed a lower expres-
sion of ribosomal proteins compared to BL21(DE3) and MG1655. This comparative study on E. coli strains EcN,

BL21(DE3), and MG1655 aims to provide a reference for further engineering EcN as a biotechnological tool.

1. Introduction

Escherichia coli Nissle 1917 (EcN) has been used as an active phar-
maceutical ingredient in medical products targeting intestinal health
for more than 100 years (Sonnenborn, 2016). It was isolated from the
stool sample of a German soldier who was not affected by Shigella-
induced diarrhea (Sonnenborn and Schulze, 2009). EcN displays anti-
inflammatory properties (Fabrega et al., 2017, Sarate et al., 2019), an-
tagonistic and immunomodulatory activities, and inhibits the growth of
pathogenic bacteria (Trebichavsky et al., 2010, Helmy et al., 2021, Rund
et al., 2013), thus positively affecting gastrointestinal homeostasis and
microbial balance. It has been used in the treatment of acute diarrhea in
infants and toddlers (Henker et al., 2008, Henker et al., 2007). Owing
to its probiotic properties, researchers are exploiting EcN as a platform
for developing probiotic delivery system. Research on EcN-mediated tu-
mor therapy has shown that engineered EcN can selectively colonize
and replicate in solid tumors (Yu et al., 2020). Moreover, EcN has been
engineered for the use of delivering drugs and producing cytotoxic com-
pounds in tumor-bearing mice (Praveschotinunt et al., 2019, Li et al.,
2019, He et al., 2019).
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E. coli has the advantage of a well-characterized genetic background,
short doubling period, easy cultivation, and plenty of tools for genetic
engineering (Pontrelli et al., 2018). Compared to the strains MG1655
and BL21(DE3), EcN possesses the same strengths but may hold more
biosafety in industrial applications. Moreover, the unique genes of EcN
confer distinctive metabolic capabilities, such as the synthesis of cap-
sular polysaccharide heparsoan, a precursor of heparin (Datta et al.,
2021). EcN has many applications for treating diseases, but there are
few reports evaluating the use of EcN as a platform for biotechnological
applications.

In this study, we compared the genomes of EcN, BL21(DE3), and
MG1655, and then identified coding sequences (CDSs) that were unique
to EcN. In consideration of the fact that EcN had multiple iron uptake
systems (Deriu et al., 2013, Weiss, 2013), we also compared the growth
of EcN, BL21(DE3), and MG1655 in response to limited iron avail-
ability. To better understand the differences between EcN, BL21(DE3),
and MG1655, we performed a basic transcriptome analysis of EcN,
BL21(DE3), and MG1655. When we analyzed gene expression, we found
that the arginine deiminase pathway in EcN, which generates energy
through the degradation of arginine, was highly expressed. We also
found that some ribosomal proteins had low levels of expression in EcN,
which may have consequences for translation. Therefore, we assessed
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Table 1
Bacterial strains and plasmids used in this study.
Strain Features Source
E. coli JM109 endA1 ginV44 thi-1 relA1 gyrA96 recA1 mcrB* A(lac-proAB) e14~ [F’ traD36 proAB* laclq lacZAM15] hsdR17(ry"mg*)  New England Biolabs

E. coli BL21(DE3)

E. coli str. B F~ ompT gal dcm lon hsdSB(rz"mg~) A(DE3 [lacI lacUV5-T7p07 ind1 sam7 nin5]) [malB+] K-12(4S)

New England Biolabs

E. coli MG1655 Wild type K-12 strain; F~ 4~ ilvG™ rfb-50 rph-1 Lab stock
E. coli Nissle 1917 Wild type EcN; serotype O6:K5:H1 Lab stock
EcN-119 EcN derivate, carrying pCOLA-119 This study
BL21(DE3)-119 BL21(DE3) derivate, carrying pCOLA-119 This study
MG1655-119 MG1655 derivate, carrying pCOLA-119 This study
Plasmids

pCOLADuet-1 KanR,T7 promoter, ColA origin, lacl Novagen
pCOLA-GFP The pCOLADuet-1 plasmid expression gfp gene This study
pCOLA-119 The gfp gene under the control of J23119 promoter in pCOLADuet-1 This study

the expression of green fluorescence protein (GFP) in EcN, BL21(DE3),
and MG1655. In order to understand the metabolic characteristics of
these strains, we compared the growth curve, glucose consumption, and
acetic acid production of EcN, BL21(DE3), and MG1655.

2. Materials and methods
2.1. Bacterial strains and plasmid construction

All the E. coli strains and plasmids used in this study are listed in
Table 1. The primers used for recombinant plasmid construction are
listed in Supplementary data 1. E. coli JM109 was used for cloning ex-
periments. To construct a GFP-expression plasmid, the gfp gene was am-
plified by PCR with the pBBRIMCS-2-GFP plasmid as a template and
GFP-F/GFP-R primers. Linearized pCOLADuet-1 was generated by PCR
with primers GFP-COLA-F/GFP-COLA-R, which contain homologous ter-
minals of gfp. After treatment with Dpnl, the linearized vector and gfp
were assembled with T5 exonuclease DNA assembly (Xia et al., 2019).
Constitutive promoter J23119 was used to replace the T7 promoter of
pCOLA-GFP by PCR with primers listed in Supplementary data 1 and in
vivo self-cyclization of the amplified linear pCOLA-GFP plasmid.

2.2. Medium and culture conditions

E. coli strains were grown in Luria-Bertani (LB) medium (10 g/L
tryptone, 5 g/L yeast extract, and 10 g/L NaCl) for cloning experi-
ments, growth curve analysis and protein expression capability analysis.
Mineral salt medium (2 g/L yeast extract, 15.6 g/L NayHPO,4*12H,O0,
3 g/L KH,PO,, 1 g/L NH4Cl, 0.494 g/L MgSO,4+7H,0, 0.0152 g/L
CaCl,*H,0, 0.01 g/L FeSO,*7H,0, and 10 g/L glucose) was used to
study bacterial glucose consumption and acetic acid synthesis. M9 min-
imal medium (7.52 g/L Na,HPO,*2H,0, 3 g/L KH,POy, 0.5 g/L NaCl,
0.5 g/L NH,Cl, 0.246 g/L MgS0,7H,0, 0.441 g/L CaCl,*2H,0, 0.01
g/L biotin, 0.01 g/L thiamin, and 10 mL/L 100x trace elements solu-
tion) with 83mg/L or 0.83 mg/L FeCl;*6H,0 was used to investigate
bacterial iron limitation response. The 100x trace elements solution
includes 5g/L EDTA, 84 mg/L ZnCl,, 13 mg/L CuCl,*2H,0, 10 mg/L
CoCl,*2H,0, 10 mg/L H3BO,, and 1.6 mg/L MnCl,*4H,0. When nec-
essary, 50 ug/mL kanamycin was supplemented to maintain plasmid
stability. All the strains were cultivated at 37°C and 220 rpm.

2.3. Genome alignment

Genome comparative analysis between E. coli BL21(DE3)
(NC_012971.2), E. coli MG1655 (CP012868.1), and EcN
(NZ_CP022686.1) was conducted by Mauve software with the progres-
siveMauve algorithm (Darling et al., 2004).

2.4. Protein function prediction

The unique proteins of EcN were classified according to the predicted
function or conserved domains of the protein by InterPro (Blum et al.,

2021) and NCBI Conserved Domain Database (Marchler-Bauer et al.,
2015). The original classification results of the unique genes for EcN
are listed in Supplementary data 2.

2.5. Transcriptome analysis

To prepare the transcriptome samples, E. coli strains were cultivated
to early exponential phase (ODg, 2). Cells were collected by 10,000 g
centrifugation 4°C, and then frozen with liquid nitrogen. The cDNA li-
brary was constructed utilizing high-quality RNA and sequenced on an
Illumina HiSeq platform at Sangon Biotech (Shanghai). Raw reads were
obtained and then processed by Trimmomatic according to the follow-
ing rules (Bolger et al., 2014): 1) removing sequences with N bases; 2)
removing the linker sequence in reads; 3) removing low-quality bases
(Q value < 20); 4) removing the bases that the tail quality value was less
than 20 (the window size was 5 bp); 5) removing reads less than 35nt
and their paired reads. The processed reads of each sample were respec-
tively mapped onto their reference genomes using Bowtie2 (Langdon,
2015). The expression levels of genes were quantified using feature-
Counts (Liao et al., 2014).

Cluster analysis was performed to evaluate the expressed genes in
different strains by the transcripts per million (TPM) values (Benesty et
al., 2009). It was suggested that recA is a stably expressed reference gene
in various bacteria (Takle et al., 2007, Gomes et al., 2018, McMillan and
Pereg, 2014). To eliminate the interference caused by total CDS differ-
ences, the TPM of a gene was normalized to the TPM of recA gene from
the same strain before subjected to comparison with the transcription
level of its ortholog in the other two strains. The whole transcriptome
results can be found in Supplementary data 3 and the differentially ex-
pressed genes are listed in Supplementary data 4.

2.6. Fluorescence assay

The appropriately diluted cultures were added to a 96-well black
plate (Corning® 96 Well Transparent Flat Bottom). The GFP fluores-
cence intensity was quantified with the plate reader Infinite 200 PRO
(Tecan, Austria) at an excitation wavelength of 490 nm and an emission
wavelength of 530 nm. The gain value was set to 55.

2.7. Measurement of acetic acid concentration

Acetic acid concentration was measured using a 1260 Infinity II lig-
uid chromatograph system (Agilent, USA) with an organic acid column
(2.1 x100 mm, 2.7 ym). The column temperature was set to 40°C, the
flow rate was 0.5 mL/min, and the mobile phase was 0.05 mM sulfu-
ric acid (Xie et al., 2011). Acetic acid concentration quantification was
carried out from integrated peak areas of the samples using the corre-
sponding standard curves.
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Fig. 1. Comparative genomes and growth of EcN, BL21(DE3), and MG1655. (a) Genome alignment of the E. coli BL21(DE3) (NC_012971.2), E. coli MG1655
(CP012868.1), and E. coli Nissle 1917 (NZ_CP022686.1) with Mauve. Colored regions represent conserved DNA regions shared by two or more genomes. The
white gaps between the rectangles mean no similar fragments were found in other genomes. (b) A Venn diagram shows the number of common or unique genes in

EcN, BL21(DE3), and MG1655.

Table 2
Classification of EcN’s unique CDSs.

Protein categories Number of CDS

Type VI secretion system 20
Colibactin related 38
Nuclease 78
Phage related protein 41
Fimbrial protein 29
Transposase 75
Transporter 125
Transcriptional regulator 80
Metabolic pathway/Enzyme 304
Toxin/Anti-toxin 36
Hypothetical protein 532
Unpredicted 60

3. Results and Discussion
3.1. Comparative genomics of EcN, BL21(DE3), and MG1655

We performed genome alignment of EcN, BL21(DE3), and MG1655
by Mauve (Darling et al., 2004). The genome comparison results are
shown in Fig. 1a. Colored regions indicate conserved segments shared
by three genomes while the gaps indicate unaligned regions. Compared
to BL21(DE3) and MG1655, EcN contains more unique genomic regions,
as also demonstrated by the larger genome size of EcN (Fig. 1a). The
Venn diagram shows common or unique CDSs among the three bacteria
(Fig. 1b). EcN contained more unique CDSs (1404) when compared to
BL21(DE3) (441) and MG1655 (333).

3.2. Classification of 1404 unique EcN CDS

To better understand the genomic differences between these strains,
we further classified the unique CDS of EcN. As shown in Table 2
and Supplementary data 2, 304 of the 1404 unique CDSs are related
to metabolic activities. Among all three strains, only EcN has a type
VI secretion system, which has been reported to contribute to the en-
hancement of enterohemorrhagic E. coli virulence (Wan et al., 2017).
We predicted the type VI secretion system proteins of EcN through Se-
cReT6 (Li et al., 2015). EcN has a complete type VI secretion system,
which is mainly composed of three clusters on the genome (Fig. 2a, b).
EcN also has a pks locus that codes for colibactin, which closely relates
it to pathogenic E. coli strains. Moreover, EcN possesses 38 colibactin
synthesis-related genes. There are 36 toxins or anti-toxins found within
the EcN’s unique CDS list (Table 2). The toxin/anti-toxin pairs in other
bacteria were reported in response to a range of stresses and nutritional
stimuli. These toxin/anti-toxin pairs went on to play a role in bacte-

rial persistence, multidrug tolerance, and biofilm formation (Hayes and
Van Melderen, 2011, Wang et al., 2015, Kamruzzaman et al., 2021).
We found 125 unique CDSs that encode for transporters, with three of
those being extra iron transport systems. This is consistent with reports
that probiotic E. coli strains are equipped with more iron siderophore
and sugar transporters than E. coli K-12 strains (Do et al., 2017). Other
unique CDSs encode proteins that were predicted to be transposases,
regulators, and more. (Table 2 and Supplementary data 2).

3.3. Tolerance of EcN, BL21(DE3), and MG1655 to iron scarcity

By classification of EcN’s unique CDSs, we found that EcN had addi-
tional siderophores, such as salmochelin, yersiniabactin, and hydroxam-
ate aerobactin to transport iron. Due to the high-affinity of siderophores
to ferric iron, they can capture ferric iron from ferritin and transferrins.
After ferric iron enters bacteria, it is reduced to divalent iron with little
affinity to siderophores and then released (Fig. 3a). We further explored
whether the iron transport system can make EcN more tolerant to the
iron limitation. We cultivated EcN, BL21(DE3), and MG1655 in M9 min-
imal medium with a normal concentration of iron (31xM) or 1% of the
normal concentration of iron (0.31xM). As expected, the growth of EcN
was less affected by iron scarcity than the growth of both MG1655 and
BL21(DE3). The latter two strains showed growth retardation at low
iron concentrations. Compared to normal iron concentration conditions
found in M9 minimal media, the final ODg( of all three bacteria was
reduced at 1% of the normal iron concentration (Fig. 3b, c¢). This result
is in accordance with the conclusion that EcN competes for iron with
pathogenic bacteria and thus provides protection against pathogenicity
(Deriu et al., 2013).

3.4. Comparing the transcriptomic difference between EcN, BL21(DE3),
and MG1655

To better elucidate the differences between the transcriptomes of
EcN, BL21(DE3), and MG1655, we conducted a basic transcriptome
analysis. We first focused on the differentially expressed genes between
EcN, BL21(DE3), and MG1655. We found 170 differentially expressed
gene orthologs between the three strains, as indicated by the normalized
TPM values. In order to make these comparisons and eliminate the im-
pact of great differences in the total number of CDS (Fig. 1a), the TPM
of any gene was normalized to the TPM of recA gene (Supplementary
data 4). Cluster analysis based on Pearson correlation distance was per-
formed to get more insight on the similarities between their transcrip-
tion patterns. The detailed map, framed by the cyan rectangle, shows
genes whose expression levels are more similar to those of BL21(DE3).
We found 75 and 32 genes of EcN showed more similarity to the nor-
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Fig. 2. The type VI secretion system. (a) Diagrammatic depiction of the type VI secretion system apparatus extension and contraction in EcN. The Type VI secretion
system is composed of a membrane complex (orange color), a baseplate complex (green color), and a needle like structure (dark blue and grey color). Effectors can
be directly delivered or through interaction with VgrG, PAAR, or other chaperones. (b) Genome arrangement of type VI secretion system genes in EcN.
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Fig. 3. Growth and acetic acid metabolism of EcN, BL21(DE3), and MG1655 at low iron concentrations. (a) Schematic of siderophore-mediated iron uptake in EcN.
Salmochelins synthesis and iron transport proteins are indicated in orange. Yersiniabactin synthesis and iron transport proteins are indicated in green. Aerobactin
synthesis and iron transport proteins are indicated in purple. The growth of EcN, BL21(DE3), and MG1655 in (b) M9 minimal medium or (¢) M9 minimal medium
with 1% of normal iron concentration. The dotted lines were references for the final ODg4, or growth retardation of EcN, BL21(DE3), and MG1655. Data points
represent mean values of three biological replicates with error-bars showing standard deviation.

malized TPM of counterparts in BL21(DE3) and in MG1655, respectively
(Fig. 4a).

We then analyzed central metabolic pathways of EcN, BL21(DE3),
and MG1655. In general, the central metabolic pathways of these three
strains have similar expression levels (Fig. 4b). Among the 34 glycol-
ysis and tricarboxylic acid (TCA) cycle-related genes of three strains,
25 genes belonging to MG1655 have the highest normalized TPM value
(Fig. 4b and Supplementary data 5), which indicate that MG1655 has
the strongest central carbon metabolism pathway. The metabolic activ-
ity level of the glycolysis pathway in BL21(DE3) was in between that
of EcN and MG1655, as shown by the normalized TPM value (Fig. 4b
and Supplementary data 5). In the same way, we demonstrated that
the TCA cycle activity of EcN was in between that of MG1655 and
BL21(DE3) (Fig. 4b and Supplementary data 5). Next, we looked at five
acetic acid metabolism genes: poxB, pta, eutD, ackA and acs. The acs

gene encodes the acetyl-coenzyme A synthetase, which catalyzes the
conversion of acetic acid to acetyl-CoA (Fig. 4b). The others 4 genes en-
code enzymes that lead to the synthesis of acetic acid. MG1655 had the
highest normalized TPM value of all the 5 acetic acid metabolism genes
while BL21(DE3) showed the lowest normalized TPM value (Fig. 4b).

3.5. Unique CDSs with high expression level in ECN

We ranked the TPM values of gene expression for EcN’s unique CDSs
and listed the top 16 that were expressed. Seven of them encode protein
orthologs within the genome of MG1655 but fail to be recognized by
Mauve due to heavy synonymous mutations. For the other 9 genes, 6 of
them encode proteins with unclear functions (Table 3). Therefore, we
focused on the remaining 3 genes: ompD, arcA and clbS (Table 3). The
ompD gene is most studied in Salmonella enterica serovar Typhimurium
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TPM of the above three pathways’ genes. The colored bar below represents their expression levels.
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The top 16 EcN unique genes ranked according to the TPM value.

EcN gene locus Gene name TPM value Function (encoded protein)
CIW80_02890 ompD 5012.12 porin OmpD

CIW80_23470 fimA 3995.93 type-1 fimbrial protein, C chain
CIW80_24420 phoE 3357.32 phosphoporin PhoE

CIW80_16610 arcC 1996.67 carbamate kinase

CIW80_21600 sdhB 1822.68 succinate dehydrogenase iron-sulfur subunit
CIW80_16615 arcA 1217.66 arginine deiminase

CIW80_.11665 glpD 1129.3 glycerol-3-phosphate dehydrogenase
CIW80_16605 argl 864.08 ornithine carbamoyltransferase
CIW80_21575 Unpredicted 799.39 hypothetical protein

CIW80_02830 filc 612.66 flagellin FliC

CIW80_15385 Unpredicted 412.21 quinone oxidoreductase
CIW80_16540 Unpredicted 408.03 soluble cytochrome b562
CIW80_24980 Unpredicted 373.84 hypothetical protein

CIW80_16600 Unpredicted 363.69 YfcC family protein

CIW80_07470 Unpredicted 345.8 Hok/Gef family protein
CIW80_03385 clbS 335.67 colibactin self-protection protein ClbS

H20 NH3
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Carbamyl phosphate

—
e Motess BLIOES) .
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E .
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Fig. 5. The arginine deiminase pathway of EcN. Genes with a blue background
are shared by these three bacteria, while the arcA gene was found in EcN but not
in the other two strains. The heat maps below the gene name represent the ex-
pression level of the gene. arcA, arginine deiminase; argl, ornithine carbamoyl-
transferase; arcC, carbamate kinase; ydgl, arginine and ornithine antiporter. The
colored bar below represents their expression levels.

and the abundance of OmpD increases in response to anaerobiosis and
decreases in response to low pH (Santiviago et al., 2003, Sandrini et al.,
2013). OmpD is involved in iron uptake and the porin proteins OmpA
and OmpC in E. coli are utilized in the acquisition of iron (Sandrini et
al., 2013, Gerken et al., 2020). Since EcN competes for iron with en-
teropathogenic bacteria (Deriu et al., 2013), OmpD may also contribute
to the acquisition of iron in EcN. We also noticed that the colibactin
self-protection protein (CIbS) gene was expressed at a high level (Table
3). CIbS is a cyclopropane hydrolase, which has been reported to protect
colibactin-producing bacteria by opening its electrophilic cyclopropane
ring (Tripathi et al., 2017). It was speculated that CIbS protects the
bacterial genome from degradation by directly interacting with single-
stranded DNA and double-stranded DNA (Molan et al., 2019).

The existence of arcA gene (encodes arginine deiminase) indicates
EcN possesses the arginine deiminase pathway, which is missing from
MG1655 and BL21(DE3). The degradation of arginine via the arginine
deiminase pathway supports anaerobic metabolism in many pathogens
(Zuniga and Gonzalez-Candelas, 2002, Novak et al., 2016). This path-
way generates ammonia, ornithine, and carbon dioxide, and coupling
the phosphorylation of ADP to ATP, and providing bacteria with en-
ergy in the absence of oxygen (Fig. 5). Ammonia and carbon dioxide
can be further converted to L-arginine through the L-arginine synthesis
pathway. The normalized TPM values of genes arcC and argl were con-
siderably higher than that found in MG1655 and BL21(DE3) (Fig. 5 and
Supplementary data 6). The high expression level of arginine deiminase
may indicate that us of arginine degradation is used to generate energy
in EcN.

3.6. Low expression of ribosomal proteins in ECN

Through transcriptome analysis, we found 63 ribosomal proteins of
EcN all had the lowest relative gene expression value when compared
with BL21(DE3) and MG1655 (Fig. 6a). This may lead to a lower transla-
tion level for EcN. To characterize the protein expression ability of EcN,
we chose constitutive promoters J23119 to express GFP. Growth anal-
ysis showed a slight difference between EcN, BL21(DE3), and MG1655,
which indicates there is little metabolic stress caused by expression of
GFP. The order of fluorescence intensity was MG1655 > BL21(DE3)
>EcN (Fig. 6b). Another reason for the low GFP expression level seen
in EcN may be the existence of two stable cryptic plasmids, pMUT1
and pMUT2. It seemed that the presence of pMUT1 and pMUT2 in EcN
limited the usefulness of other heterologous plasmids due to resource
competition or plasmid incompatibility (Lan et al., 2021, Zainuddin
et al., 2019). Therefore, the engineering of EcN into a biotechnologi-
cal chassis may require increasing the protein expression capabilities of
EcN by developing synthetic promoters, screening for native promoters
with super high transcriptional strengths, or deactivating endogenous
proteinases.

3.7. Growth and metabolic properties of EcN, BL21(DE3), and MG1655

As an industrial fermentation host, the glucose consumption rate
and biomass of E. coli are the primary parameters affecting product
yield. Acetic acid is a common by-product of E. coli fermentation, es-
pecially with glucose as carbon source. The secreted acetic acid inhibits
growth at high concentrations, especially during high-cell-density culti-
vation (Shi et al., 2017, Eiteman and Altman, 2006). Upon sugar starva-
tion, E. coli reuses the secreted acetic acid. Herein, we focused on these
three indicators and made a comparison between EcN, BL21(DE3), and
MG1655. When the growth rates of the three strains in LB medium were
examined, we found that EcN displayed a faster growth rate in exponen-
tial phase (Fig. 7a). The final ODg, of EcN was between that of MG1655
and BL21(DE3).

We found EcN grew better in mineral salt medium supplemented
with 10 g/L glucose, with the order of the final ODgy, being EcN >
MG1655 > BL21(DE3) (Fig. 7b). Acetic acid production of EcN was
less than that of MG1655. The order of both glucose consumption and
acetic acid accumulation was MG1655 > EcN > BL21(DE3) (Fig. 7c,d).
The main reason for the accumulation of acetic acid is the imbalance
of glucose uptake, high expression of acetic acid synthesis genes, and
limited TCA cycle activities (Liu et al., 2015, Yoon et al., 2009). Consis-
tent with the results in Fig. 4b, reasons for the low acetate accumulation
may be that EcN and BL21(DE3) showed lower activity within the gly-
colysis pathway, while the genes related to the TCA cycle in EcN and
BL21(DE3) have relatively high activities. The two main pathways for
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acetate production in BL21(DE3) and EcN all have lower gene expres-
sion levels than MG1655. Another reason for the low acetate accumula-
tion in BL21(DE3) is the absence of a regulatory mechanism and the low
carbon catabolite repression (Phue et al., 2005), however the regulation
mechanism in EcN is not as clear. Indeed, the metabolism of glucose and
acetate in EcN requires further study.

4. Conclusions

In this report, we performed a basic study on the genomes, tran-
scriptomes, and metabolic properties of EcN, BL21(DE3), and MG1655.
Genome comparison showed that EcN has a type VI secretion system
and pks loci, which are missing from the genomes of both BL21(DE3)
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and MG1655, but are commonly found in pathogenic bacteria. The pks
locus in pathogenic E. coli contributes to virulence, while in EcN it plays
a role in visceral analgesia (Perez-Berezo et al., 2017, Homburg et al.,
2007). According to genome comparison results (Supplementary data
2), EcN has multiple iron uptake systems. We found that EcN displays
less sensitivity than BL21(DE) and MG1655 to iron scarcity (Fig. 3a-3c).
The existence of the arginine deiminase pathway may provide EcN with
an additional way to catabolize arginine and generate ATP (Fig. 5). This
may enable EcN to be used in environments where ammonia is metab-
olized into exhaust gas. We cultivated EcN, BL21(DE3), and MG1655 in
inorganic salt medium and found that EcN had certain growth advan-
tages while the byproduct acetic acid production was in between that of
BL21(DE3) and MG1655 (Fig. 7b-7d). This may give EcN an advantage
in high-density fermentation process.

EcN has a K5 polysaccharide capsule and lipopolysaccharide, which
is a potential pyrogen in other gram-negative strains of E. coli. It has
been reported that the K5 polysaccharide capsule and lipopolysaccha-
ride in EcN have immunomodulatory effects and protect EcN against in-
fection with T4 phages (Nzakizwanayo et al., 2015, Hafez et al., 2010,
Soundararajan et al., 2019). An adapted Ames test assessing genotox-
icity showed that EcN had no DNA-damaging activity or genotoxicity
(Dubbert et al., 2020). The polysaccharide capsule in EcN was non-toxic,
but it may limit the efficiency of genetic manipulation in EcN. To im-
prove genetic manipulation efficiency, knocking out key genes involved
in the synthesis of the polysaccharide capsule and lipopolysaccharide
should be studied in the future to improve EcN’s capacity to act as a
metabolic engineering host.

With the increasing attention to the biosafety of microbial prod-
ucts, probiotic EcN is a good prospect as a metabolic engineering host.
However, as far as we know, EcN has only been applied to the pro-
duction of omega-3 fatty acids, heparosan, and 5-aminolevulinic acid
(Datta et al., 2021, Amiri-Jami et al., 2015, Chen et al., 2021); thus,
the metabolic properties of EcN have not been elucidated. In this study,
we found that the glycolysis and acetic acid synthesis activity of EcN
was more similar to BL21(DE3) (Fig. 4a,b). We also found that EcN
showed a lower expression level of ribosomal proteins when compared
to BL21(DE3) and MG1655 (Fig. 6a,b). These results suggest that by
introducing the T7 RNA polymerase-dependent transcription system,
(Fiege and Frankenberg-Dinkel, 2020) and improving the expression of
ribosomal proteins, EcN could be developed into a novel biotechnolog-
ical expression platform.
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