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Abstract

ProbioticEscherichia colstrain Nissle 1917 (06:K5:H1) is a commenEalkoliisolate that has a long tradition in medicine
for the treatment of various intestinal disorders in humans. To elucidate the molecular basis of its probiotic nature, we started
sequencing the genome of this organism with a whole-genome shotgun approach. A 7.8-fold coverage of the genomic sequence
has been generated and is now in the finishing stage. To exploit the genome data as early as possible and to generate hypothese
for functional studies, the unfinished sequencing data were analyzed in this work using a new method [Sun, J., Zeng, A.P., 2004.
IdentiCS—identification of coding sequence and in silico reconstruction of the metabolic network directly from unannotated
low-coverage bacterial genome sequence. BMC Bioinformatics 5, 112] which is particularly suitable for the prediction of coding
sequences (CDSs) from unannotated genome sequence. The CDSs predEtesliddissle 1917 were compared with those
of all five other sequencedl. colistrains E. coliK-12 MG1655E. coliK-12 W3110,E. coliCFT073, EHEC O157:H7 EDL933
and EHEC O157:H7 Sakai) published to date. Five thousand one hundred and ninety-two CDSs were preHiateti fissle
1917, of which 1065 were assigned with enzyme EC numbers. The comparison of all predicted ED&aslicflissle 1917 to
the otherE. coli strains revealed 108 CDSs specific for this isolate. They are organized as four big genome islands and many
other smaller gene clusters. Based on CDSs with EC numbers for enzymes, the potential metabolic network of Nissle 1917 was
reconstructed and compared to those of the otheHiweli strains. Overall, the comparative genomic analysis sheds light on
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the genomic peculiarity of the probiotte. coli strain Nissle 1917 and is helpful for designing further functional studies long

before the sequencing project is completely finished.
© 2005 Published by Elsevier B.V.
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1. Introduction

E. coli strain Nissle 1917 (DSM 6601) is a
non-pathogenic fecal isolat&issle, 1916, 19260f
serotype 06:K5:H1 which is sold as a drug under the
name “MutafloP”. It has been used as a probiotic
agent in the preantibiotic era since the early 1920s
to treat infectious diseases of the intestiigeisse,
1919; Nissle, 1919 Recently, clinical studies have
shown that administration of the strain is equivalent
to standard medication in remission maintenance of
ulcerative colitis Rembacken et al., 1999; Kruis et
al., 2004 and may be an alternative regimen for the
treatment of colonic Crohn’s diseadédlchow, 1997.

E. coli Nissle 1917 successfully colonizes the gut of
humans [(odinova-Zadnikova and Sonnenborn, 1997
and animals Gunzer et al., 2002; Waidmann et al.,
2003. It does not cause colitis, even when gnotobiotic
piglets Gunzer et al., 2002r interleukin-2-deficient
mice (Waidmann et al., 2003mono-associated with
this strain produce high bacterial counts in the fe-
ces. Recently we could show, that recombinant intesti-
nal E. coli Nissle 1917 had no effect on migration,
clonal expansion and activation status of specific CD4
T cells, neither in healthy mice nor in animals with
acute colitis Westendorf et al., 2005 Thus, E. coli

ture, especially at the molecular level, yet have to be
elucidated.

The rapid progress in genome sequencing tech-
niques and new tools for functional genomic studies
now offer a great chance to reveal the underlying ge-
netic make-up and molecular mechanisms responsi-
ble for the probiotic qualities ofE. coli Nissle 1917.
The most detailed analysis on the genome structure of
this strain was published recently Brozdanov et al.
(2004) The authors used three genomic approaches,
namely sequence context screening of tRNA genes as a
potential indication of chromosomal integration of hor-
izontally acquired DNA, sequence analysis of 280 kb of
genomic islands (GEIs) and DNA-DNA hybridisation
using whole-genome microarrays for comparisok of
coli Nissle 1917 genome content with that of otler
coli strains. In particular, the analysis of four partially
sequenced GEls identified many known fitness factor
determinants such as microcins, different iron uptake
systems, adhesins and proteases. It is suggested that
the lack of several defined virulence markers such as
E. coli alpha-hemolysin and P-fimbrial adhesins com-
bined with the expression of the above mentioned fit-
ness factors most likely contributes to the probiotic
character ofe. coli Nissle 1917. However, to have a
broader and deeper insight into the genomic content

Nissle 1917 meets all requirements for a biotherapeu- and thus the genetic basis for the probiotic behaviour of
tic agent generally recognized as a safe organism for this strain, a complete sequencing of its entire genome
human use. Despite the successful therapeutic appli-is necessary. We set out to sequence the whole genome
cations ofE. coli Nissle 1917, only limited informa-  of E. coli Nissle 1917 using high throughput auto-
tion is available about the beneficial traits contribut- mated sequence analysis of shotgun libraries. In order
ing to the strain’s probiotic character. Several features to explore the genomic data for functional experimen-
such as expression of two microcinBafzer et al.,  tal studies as soon as possible, we started to analyse
2003, presence of six different iron uptake systems an early version of the raw sequence with the program
(Grozdanov et al., 2004a semi-rough lipopolysac- IdentiCS that was specially developed to predict bac-
charide phenotype and serum sensitivity or absence ofterial protein-coding sequences (CDSs) from unanno-

known protein toxinsBlum et al., 1995; Grozdanov et
al., 2002 have been described that might be advanta-
geous forE. coli Nissle 1917 in competing with other
intestinal bacteria or adapting to the intestinal situation.
However, the mechanisms underlying the probiotic na-

tated genome dat&5(n and Zeng, 2004The CDSs
predicted forE. coli Nissle 1917 were compared to
those of five other sequencéd coli strains,E. coli
K-12 MG1655 Blattner et al., 199y E. coli K-12
W3110 (famamoto et al., 1997uropathogeni&. coli
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(UPEC) CFTO73 \elch et al., 200 enterohemor-
rhagicE. coli(EHEC) O157:H7 EDL933Rerna et al.,
2007 and Sakai layashi et al., 2001 Efforts were
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pore, Schwalbach, Germany) and subjected to Taq cy-
cle sequencing amplification (PTC-225, MJ Research,
Waltham, USA) using primers CTGCAGGTCGAC-

also made to reconstruct the whole metabolic network TCTAGAGGATC and CTATAGGGAATTCGAGCT-

of E. coli Nissle 1917 and to compare its metabolic
potential with otheE. coli strains.

2. Materials and methods

2.1. Preparation of genomic DNA for sequencing

Pure cultures ofE. coli Nissle 1917 (serotype
06:K5:H1; DSM 6601) were isolated from a tablet of
Mutaflor® dissolved in PBS and streaked onto Mac-
Conkey agar plates (Oxoid, Wesel, Germany). A single
colony was inoculated into LB broth (Invitrogen, Karl-
sruhe, Germany) and grown overnight. Genomic DNA
was then isolated from liquid cultures using Qiagen-tip
100 columns and the Genomic DNA Buffer Set from
Qiagen (Hilden, Germany), according to manufactur-
ers’ protocols.

2.2. Shotgun libraries

Chromosomal DNA was disrupted mechanically
with a Hydroshe& instrument (GeneMachines, Ann
Arbor, USA) into fragments of 1.5-3.0 kb in size. They
were cloned into Smal linearized high copy vectors
pUC18 (Norrander et al., 1983and pTZ18r ead et
al., 198§. Recombinant plasmids were transformed
into electroporation competeft coli DH10B (Invit-

rogen). Seven shotgun libraries of 69,888 clones were

organized and transferred into 384-well plates by a Q-
Bot picking robot (Genetix, Munich, Germany) and
stored at-70°C.

2.3. BAC library

Genomic DNA fragments of about 20kb in size
were generated by enzymatic digest with Sau3A |
and cloned into BamHI linearized PCC 1-Bac vector
(EPICENTRE, Madison, USA). The BAC library was
transformed intd&. colistrain TransforMax EP1300-T1
(EPICENTRE) and stored at70°C.

2.4. Automated sequencing

Plasmid DNA from the shotgun clones was iso-
lated using MultiScree! 96-well columns (Milli-

CGGTAC in an automated DNA purification and

amplification setup. Automated sequencing with dye
terminator chemistry was performed on MegaBACE
1000 and 4000 (Molecular Dynamics, Albertville,

USA), ABI 377 (Applied Biosystems, Darmstadt, Ger-

many) and Long Reader 4200 (LI-COR, Bad Homburg,
Germany) sequencers.

2.5. Coding sequence prediction and function
assignment

The raw sequence reads were assembled using
Phrap bttp://www.phrap.com This resulted in 95
contigs (>2kb) corresponding to a 7.8-fold cov-
erage (Phred20) of the genome. All contigs were
analyzed by using the program IdentiCSuf
and Zeng, 2004 http://genome.gbf.de/bioinformatics/
index.htm). This program that uses a reversed query
process was developed to identify coding sequences
(CDS) directly from unannotated raw genome se-
guence and at the same time to reconstruct, visualize
and compare the metabolic network. This large-scale
comparative-genome based method is able to minimize
the negative effects of sequencing errors, and there-
fore, to obtain a better prediction and a simultane-
ous function assignment of CDSs. Blast search was
done though a local Blast programl{schul et al.,
1997 or over the webserver of NCBh{tp://www.ncbi.
nim.nih.gov/blast

2.6. Metabolic network reconstruction,
visualization and comparison

The metabolic network oE. coli Nissle 1917 was
reconstructed based on the enzymes (with EC humbers)
predicted from the genome sequence and compared to
those of the five otheE. coli strains with IdentiCS.

If an enzyme is present in a strain (suppose strain A)
but absent in another (suppose strain B), then the ab-
sence is confirmed by searching again in the genome
B for the homolog of the enzyme in strain A. In this
way, mistakes or insufficiencies in the annotation can be
avoided. A Microsoft Excelfile is then generated for the
visualization and comparison of metabolic networks
based on the metabolic maps of KEGkagehisa et


http://www.phrap.com/
http://genome.gbf.de/bioinformatics/index.html
http://genome.gbf.de/bioinformatics/index.html
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al., 2004. The map-by-map comparison serves as a to others, indicating dramatic changes (i.e. genomic is-
user friendly platform to explore the metabolic poten- land obtainment, DNA rearrangement and DNA dele-

tial in detail.

3. Results and discussion

3.1. Overall comparison of protein-coding
sequences in different E. coli strains

Using the software program IdentiCSyn and
Zeng, 20045192 CDSs are predicted from the 7.8-fold
genomic sequence Bf coliNissle 1917, of which 1065
are assigned with enzyme EC numbéralfe 1. The
coding sequences of ea€hcoliisolate were compared
to those of the otheE. coli strains. The differences in

tion events) among these three groupk ofoli strains
during their evolution.

Although E. coli CFT073 is more similar tce.
coli Nissle 1917 than to others, significant difference
still exists between these two strairis. coli Nissle
1917 possesses 166 CDSs absert.ioli CFT073,
wherea<. coliCFT073 has 350 CDSs that are absent
in E. coli Nissle 1917. Thee. coli CFT073 specific
CDSs are mainly organized as big genomic islands in-
cluding three prophage islands (containing 48, 75 and
36 E. coli CFT073-specific CDSs, respectively), two
pathogenicity islands (containing 21 and B2 coli
CFT073-specific CDSs, respectively), and another big
genomic island (containing @®. coli CFT073-specific

the protein-coding sequences of these strains are sum-CDSs). The comparison of all predicted CDSs Eor

marized inTable 2 In consistence witlbrozdanov et al.
(2004) at genome levet. coliNissle 1917 is found to
be more similar t&. coli CFT073 than to any othét.
coli strains comparedt. coliMG1655 is more similar
toE. coliw3110,and EHEC O157:H7 Sakai more sim-
ilar to EHEC EDL933. Around one fifth of the coding
sequences d. coliNissle 1917 or CFT073 are differ-

coli Nissle 1917 to other fiv&. coli strains reveals
108 CDSs specific foE. coli Nissle 1917 Table 3.
They are organized as four big genome islands, in-
cluding a ferric dicitrate transport island, a capsule
synthesis and type Il secretion island, a phage is-
land and an island with unknown function, and many
other smaller gene clusters. Some of thé&secoli

ent from those of the other four strains. An even bigger Nissle 1917 specific CDSs are illustrated in more detail
difference exists when comparing the O157:H7 strain below.

Table 1

Comparison of genome size, protein-coding sequences and enzymes in the six diffe@istrains

Abreviation Strain Serotype Genome size Number of Proteins with Unique EC
proteins EC number numbers

ecn E. coliNissle 1917 06:K5:H1 5061544 (167 contigs) 5192 1065 668

ecc E. coliCFT073 06:K2:H1 5231428 5379 1077 647

eco E. coliK-12 MG1655 OR:K:H48 4639221 4289 1199 716

ecj E. coliK-12 W3110 OR:K:H48 4641433 4390 1209 720

ecs EHEC Sakai 0157:H7 5498450 5361 1168 701

ece EHEC EDL933 0157:H7 5528445 5349 1173 700

Table 2

Number of different coding sequences amonggixoli strains

Specific for In comparison to

ecn ecc eco ecj ece ecs All others

ecn 0 166 965 965 882 874 108

ecc 350 0 1243 1243 1047 1039 222

eco 532 508 0 11 384 377 11

ecj 555 540 2 0 413 406 2

ece 1343 1141 1316 1316 0 15 11

ecs 1459 1241 1432 1431 70 0 66
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Table 3
Protein-coding sequences specifi&ncoli Nissle 1917
CDS number  Size (bp) Contig Function Homolog Similarity Remarks
e-value/identity (%)
ecn0400 1446 107 Hypothetical protein Q8zIV1 2E-45/28 Island GI1
YPO0387
ecn0401 717 107 Putative glycosyl transferase Q8ZJC6 4E-35/35 Island GI1
(Hypothetical)
ecn0119 1218 83 Hypothetical protein Q8zIV0o 2E-83/41 Island GI1
YPO0388
ecn0118 1732 83 Restriction endonuclease Q8RNY7 0/99 Restriction-modification
system type Il
ecn0117 606 83 Site-specific Q8YUQ9 2E-25/35 Restriction-modification
DNA-methyltransferase system type Il
ecn0116 1458 83 M6 adenine DNA Q8RNY5 0/99 Restriction-modification
methyltransferase system type Il
[EC:2.1.1.73]
ecn0120 531 83 GTPase subunit of restriction Q8ZIV1 2E-44/51 Restriction-modification
endonuclease system type Il
ecn3541 210 160 M6 adenine DNA Q8RNY5 1E-23/77 Restriction-modification
methyltransferase system type Il
ecn3542 345 160 Putative cytoplasmic protein Q8ZQE1 -—8&67 Island GI1
ecn3558 915 160 Hypothetical 36.2kDa protein  Q93F05  —1BE3/100 Island GI1
ecn3559 213 160 Hypothetical 7.9 kDa protein Q93F06  —3%100 Island GI1
ecn3560 248 160 Hypothetical 9.5 kDa protein Q93F07  —B&/96 Island GI1
ecn3572 1356 160 Hypothetical 49.1kDa protein  Q93F16 0/100 Island GI1
ecn3588 570 160 Putative lysogenic conversionQ858R9 8E-79/70 Island GI1
protein
ecn3589 528 160 Hypothetical protein Q87wW25 -3H/26 Island GI1
ecn3592 840 160 Hypothetical protein Q8PDJ6 2E-63/45 Island GI1
XCC0340
ecn0737 174 119 Hypothetical 6.5 kDa protein Q8W609 —TH/60 Island GI2
ecn0738 426 119 Putative peptidase Q8ZNJ5 1E-67/85 UV protection and
[EC:3.4.21.-] mutation
ecn0739 210 119 Homolog of MsgA, Q8ZNJ4 3E-35/98 Affects survival in
SsrB-regulated factor macrophages.
ecn0744 3895 119 Tail fiber QI9MCR7 0/66 Bacteriophage
ecn0745 609 119 Probable phage HK022 Q8XYR2 2E-36/38 Bacteriophage
GP20-related protein
ecn0746 705 119 Gp19 Q9MCU3  5B4/46 Bacteriophage
ecn0747 726 119 Gpl8 064332 4F0/51 Bacteriophage
ecn0748 330 119 Putative phage protein Q8ZEPO 3E-23/44 Bacteriophage
(putative phage tail protein)
ecn0753 399 119 Gifsy-2 prophage probable Q82Q88 4E-15/33 Bacteriophage
minor tail protein
ecn0755 369 119 Hypothetical protein Q8FI166 -BH/46 Bacteriophage
ecn0756 399 119 Gifsy-2 prophage probable Q8ZQ90 7E-45/60 Bacteriophage
minor tail protein
ecn0757 570 119 Gifsy-1 prophage: similarto Q8ZNO01 3E-57/59 Bacteriophage
minor tail protein Z
ecn0758 273 119 Hypothetical 106 kDa protein Q8VNN4  —24/57 Bacteriophage
ecn0761 210 119 Hypothetical protein ECs0826  Q8X3E1 —B&72 Bacteriophage
ecn0763 474 119 Hypothetical protein Z0963 Q8X876  —2B/60 Bacteriophage
ecnl527 1308 136 Putative integrase Q8W658 0/89 Bacteriophage
ecnl528 234 136 Putative excisionase Q8W657 —#H89 Bacteriophage
ecnl529 567 136 Sbh30 Q8HAA8 2B5/78 Bacteriophage
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Table 3 Continued

CDS number  Size (bp) Contig Function Homolog Similarity Remarks
e-value/identity (%)

ecnl530 237 136 Hypothetical bacteriophage AAP17294 2E-17/51 Bacteriophage
protein

ecnl531 384 136 Hypothetical bacteriophage Q827X5 4E-46/70 Bacteriophage
protein STY1027

ecnl532 180 136 Ead protein VEABPP22  6E-16/65 Bacteriophage

ecnl533 237 136 Hypothetical protein ECs2628 Q8X2I3 —28/42 Bacteriophage

ecnl534 546 136 Hypothetical protein YfdR Q8FET1 -514/62 Bacteriophage

ecnl535 903 136 Recombination associated RDGCSALTY 1E-121/69 Bacteriophage
protein RdgC

ecnl536 393 136 Fels-1 prophage, predicted Q8zZQl4 2E-26/45 Bacteriophage
transcriptional regulator

ecnl540 384 136 Sh45 Q8HA93 5B3/85 Island GI2

ecnl541 624 136 Phage regulatory protein ~ Q8ZEQ5 TE-43/46 Island GI2
(putative phage antirepressor)

ecnl542 987 136 Hypothetical protein YdfU Q8FEUS5 -1F14/69 Island GI2

ecnl543 267 136 Hypothetical protein Q8KTV8 3H/41 Island GI2

ecnl544 669 136 Antitermination protein Q Rp82 2E-28/30 Bacteriophage

ecnl545 870 136 Periplasmic serine proteasesQ8NPI9 5E-75/46 Island GI2
(ClpP class)

ecn1546 276 136 Hypothetical 12.1 kDa proteirQ8XC83 8E-26/65 Island GI2
(hypothetical lipoprotein)

ecn1547 1041 136 Hypothetical 40.3kDa protein  Q8SBE2 —165/78 Island GI2

ecnl548 360 136 Hypothetical protein Q8KTU9 -189/35 Island GI2

ecn1551 469 136 Putative secreted protein Q8z7W1 — 23160 Island GI2

ecnl552 189 136 Gp56 064364 41E2/55 Bacteriophage

ecn0089 405 78 KfoB hypothetical protein Q8LOV3 483/51 Capsule synthesis

ecn0091 270 78 Hypothetical ORF protein Q47331 —3E/78 Capsule synthesis

ecn0092 222 78 Hypothetical protein AAP42476 —20/57 Capsule synthesis

ecn0093 1557 78 Putative glycosyltransferase Q47330 0/97 Capsule synthesis

ecn3705 714 161 KfiA protein Q47332 1#39/100 Capsule synthesis

ecn3711 561 161 Hypothetical type Il secretionQ8VRM4 1E-102/97 Type |l secretion
protein GspJ

ecn3712 369 161 Hypothetical type Il secretionQ8VPC3 8E-61/94 Type Il secretion
protein

ecn3713 528 161 Hypothetical type Il secretionQ8VRM6 3E-92/93 Type Il secretion
protein GspH

ecn3715 1221 161 Hypothetical type Il secretionQ8VPC6 0/83 Type Il secretion
protein

ecn3716 1491 161 Hypothetical type Il secretionQ8VRM9 0/98 Type |l secretion
protein GspE

ecn3717 1848 161 Hypothetical type Il secretionrQ8VRNO 0/98 Type Il secretion
protein GspD

ecn4407 603 165 Hypothetical protein Q8z217 2E-78/71 Island Gl4
STY4039

ecn4408 1287 165 Putative ATP binding protein Q92628 0/86 Island Gl4
SugR

ecn4412 453 165 Putative radC-like protein ~ YFJY_ECOLI 9E-44/54 Toxin—antitoxin
YfiY

ecn4413 375 165 Putative radC-like protein  YKFG_ECOLI  3E-13/34 Toxin—antitoxin
YkIG

ecn4416 909 165 Orf, conserved hypothetical Q83JP5 5E-15/25 Island Gl4
protein

ecn4417 585 165 Hypothetical protein Q8GC57 —A/43 Island Gl4
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CDS number Size (bp) Contig Function Homolog Similarity Remarks
e-value/identity (%)
ecn4418 177 165 Hypothetical protein Q8GA57 2R[72 Island Gl4
ecn4419 861 165 Hypothetical protein sap AAP18287 —BbE/44 Island Gl4
ecn4420 675 165 Hypothetical protein Q8GA21 —HA4/48 Island Gl4
ecnd421 987 165 Conserved hypothetical Q89746 2E-26/26 Island G14
protein
ecnd422 432 165 Hypothetical protein Z0327 Q8X7K4 —-aB/26 Island Gl4
ecn4423 1311 165 Conserved hypothetical Q89244 1E-20/25 Island Gl4
protein
ecn0094 426 79 Hypothetical 16.6 kDa protein  Q93FI4 —3B/90 Plasmid pMUT1
ecn0095 426 79 Hypothetical 16.2 kDa protein  Q93FI5 —28/99 Plasmid pMUT1
ecn0287 1583 102 Putative mobilisation protein ~ Q9RLF1 0/94 Plasmid pMUT2
ecn0288 534 102 Hypothetical 31.5 kDa protein 052996 —B®EH40 Plasmid pMUT2
ecn0289 306 102 MobC protein Q47384 -119/48 Plasmid pMUT2
ecn0290 330 102 Conserved hypothetical Q888D5 7E-13/32 Plasmid pMUT2
protein
ecn0291 867 102 Putative replicon protein Q9RLES —1E7/84 Plasmid pMUT2
ecn0292 318 102 Putative RelE protein Q8GMN9 —-&5/63 Plasmid pMUT2
ecnl754 300 140 Hypothetical protein (putativdQ8XFJ7 3E-44/84
cytoplasmic protein)
ecnl755 495 140 Probable restriction system D94741 2E-19/41 Restriction-modification
protein Mrr system type |
ecnl756 1578 140 HsdM 034139 0/93 Restriction-modification
system type |
ecnl757 405 140 Restriction-modification Q82XA3 4E-18/37 Restriction-modification
system, type | [EC:3.1.21.3] system type |
ecnl758 3261 140 Sty SBLI P72420 0/92 Restriction-modification
system type |
ecnl790 438 140 Hypothetical 19.6 kDa protein  Q9L910 —38/97
ecn0529 258 112 Hypothetical 19.6 kDa protein  Q9L910 —aB/100
ecn3228 516 157 Hypothetical 19.6 kDa protein  Q9L910 —98/100
ecn2273 1527 148 1S3 family transposase Q8UDL7 —1854/51 Transposon
ecn2293 636 148  vr-Fuculose phosphate FUCA_ECOLI 5E-70/58 L-Fuculose metabolism
aldolase
(L-fuculose-1-phosphate
aldolase) [EC:4.1.2.17]
ecn2294 1080 148 Methylthioribose-1-phosphatéd TNA_BACSU  1E-126/62 Methionine salvage
isomerase; MTR-1-P pathway
isomerase [EC:5.3.1.23]
ecn2295 1236 148 5-Methylthioribose kinase; G1EAA23684 3E-91/44 Methionine salvage
MTR kinase [EC:2.7.1.100] pathway
ecn0020 687 34 Replication protein RepA REPGOLI 1E-118/93 Essential for origin
function
ecn0021 1233 35 MtaE Q9RFK7 208/49 Complex polyketide
formation
ecn0022 423 37 MtaF Q9RFK6 3B2/73 Complex polyketide
formation
ecn0024 1178 39 MtaF Q9RFK6 563/53 Complex polyketide
formation
ecn0025 630 39 Mucin 1 precursor (MUC-1) MUEGIUMAN  1E-17/32 Major component of the
outer cell wall
ecn0060 351 70 LF3 Q8UZE1 7H1/35 Major component of the

outer cell wall
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Table 3 Continued

CDS number  Size (bp) Contig  Function Homolog Similarity Remarks
e-value/identity (%)
ecn0023 1170 38 LF3 Q8UZE1 384/25
ecn0026 519 40 Membrane-associated Q8R7D3 3E-32/39 Biosynthesis of thiamine

lipoprotein involved in
thiamine biosynthesis

ecn0030 390 48 Probable isoleucyl-tRNA D75273 1E-39/61 Protein synthesis
synthetase [EC:6.1.1.5]
ecn0031 177 52 Recombinase FLP protein FLP_.YEAST  4E-29/100 DNA recombination
(protein able)
ecn4546 1158 166 Prophage CP4-57 integrase IEOOLI  1E-119/54 Bacteriophage
ecn4560 486 166 Gpl 064316 2B88/46 Bacteriophage
ecn0040 372 57 Conserved hypothetical Q8FJ24 4E-14/43
protein
3.2. Genomic peculiarity of coding sequences in (>100,000 Da), CPSs are considered to be able to be
E. coli Nissle 1917 “threaded” through the channel as linear strand because
of the flexible random coil structure in solutiddgsper
3.2.1. Capsule biosynthesis etal., 2003. Till now, experimental proof for genes re-

Genes responsible for the biosynthesis of K5 cap- sponsible for the outer membrane translocation is still
sule are known to be organizedin gene clusteezg¢ani missing.
et al., 1993; Whitfield and Roberts, 199@\l of the
components for the capsule biosynthesis, including 3.2.2. Type Il secretion apparatus
kfiA—D required for the polymerizatiorkpsC-F M, Interestingly, just next to the cluster of the capsule
T, S U for the translocation of polysaccharide across biosynthesis, another large gene clusgspC—M cod-
the plasma membrane, are identified in the genomic ing for a type Il secretion pathway is identified i
sequence dE. coliNissle 1917 Fig. 1). No homologs coli Nissle 1917 Fig. 1). The type Il secretion path-
to kfiA, kfiB, kfiC andkfiD are found in the other five  way, also named as the main terminal branch of the
E. colistrains whereas homologs to kps genes are alsogeneral secretion pathway, is known to be responsible
found inE. coli CFT073 but not in the other folk. for the extracellular secretion of toxins and hydrolytic
coli strains, indicating the diversity of biosynthesis of enzymes, many of which contribute to pathogenesis
K antigens inE. coli strains. Genes responsible for of microorganisms $andkvist, 200l The complex
the translocation of group 1 capsule across the outer secretion apparatus is composed of over 10 proteins.
membranewza wzbandwzg are also found itk. coli From the genome oE. coli Nissle 1917, two dif-
Nissle 1917, clustered with many genes for biosyn- ferent type Il secretion clusters are identified. One is
thesis of colanic acid, an exopolysaccharide (results nearly identical (95-100%) to the only type Il secre-
not shown). Although the average central cavity di- tion system of the completely sequendgdcoli K-
ameter (2.28 nm) of the ring-like structure formed by 12 strains and the uropathogenic CFT073 strain. Its
Wza multimers is relatively small compared to the large function is believed to secrete chitinaseédincoli K-12
molecular weight of capsular polysaccharides (CPS) (Francetic et al., 20Q0In the other type Il secretion

gspH
gspe gspG kpsM ecn0092
yghG gspi F .'. psT ecn0091
5p 9P

pppA gSpE 1- ka ( KfiD kpsS kpsUL kpsE
gleB - leA -.‘ || w1 w0
gspM - kpsc kpsF
gsp! gspK

Fig. 1. Genes involved in biosynthesis of capsule and clusters of translocation and type Il secretion. Genes marked with green color are specific
for E. coliNissle 1917.
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cluster, the components GspD, E, F are merely 45-59% 3.2.3. Methionine salvage

identical to the corresponding ones of othgr coli Methionine is normally activated by S
strains while GspH, I, J have only weak homologies adenosylmethionine synthetase (coded by the
(identity < 30%g-value > 1E-10) tothe big plasmid of ~ genemetK) as S-adenosylmethionine (SAM) before
EHEC O157:H7 strains. Searching the protein databasetaking part in metabolic reaction&if. 2. SAM can
Swissprot and TrEMBL revealed that all the compo- be involved in SAM-dependent methyl transference,
nents of this cluster are 91-99% identical to the protein producing S-adenosyl homocysteine (SAH), or in
secretion pathway for the secretion of heat-labile en- SAM-dependent aminopropyl-group transference,
terotoxin by the enterotoxigente. coli strain H10407 producing methylthioadenosine (MTA) as by-product.
of serotype O78:K80:H1IT@uschek et al., 2002The Both SAH and MTA should be recycled to generate
hits to the corresponding components of GspH, | and methionine to utilize the sulfur more economically,
J from Vibrio choleraecome to the second position. and therefore, gain a better survival in certain eco-
The genes coding for heat-labile enterotoxin cannot be logical niches. All sixE. coli strains are found to
found in the genome d&. coliNissle 1917. Thismay  use Pfs and LuxS for the complete cycle of SAH.
reflect the incompleteness of the current genomic se- In contrast, the genes to recycle MTA to methionine
quence or indicate another function of this system. It are incompleteKig. 2). All strains can also activate
was reported that mutations in the genes of a type Il methionine to SAM, generate spermidine by two
secretion cluster interfere with polysaccharide produc- successive reactions encoded by the gepeand
tion and biofilm formation inV. cholerae(Ali et al., speE and also convert MTA to methylthioribose
2000. Based on the genomic context of the second (MTR). However, onlyE. coliNissle 1917 can further
type Il secretion cluster, it may be hypothesized that convert MTR to methylthioribulose-1-phosphate
this system could also interact with or even be involved (MTRu-1-P) by two enzymes MTR kinase (coded by
in the capsule formation process. mtnK, ecn2295) and methylthioribose-1-phosphate

ATP Keto-acid

Melhioning

FEIE Branched-chain amino acids
Phenylalanine tyrosine glutamine

metK mtnE,

S-Adenosylmethionine metEimetH]  yugE.tyrB
(SAM) Homocysteine 2-Keto-4-methylthicbutyrate
SAM-dependent formate
fransmethylases xS
co, Y ux. minD 0
speD SAH._ pfs SRH 1,2-Dihydroxy-3-keto-5-methylthiopentene
: ioni i Pl Pi
S-Adenosylmethioninamine e ‘\ /> |
Putrescine (for all genes in 2-Hydroxy-3-keto-5-methylthiopentenyl-1-P
the SAH cycle) I mmnc
s mow |

Spermidine 2,3-Diketo-5-methylthiopentyl-1-P

Melhyn(r;fTa:?nosine oy B0
G Bi Methylthioribulose-1-P
2/

I (MTRu-1-P)
minN/pfs \\ ] ’-'é {-'l‘ Adenine

N
minP « minA n

- el
Adenine™ Methylthioribose T — _..’Methylthlurlbose—?P

(MTR) (MTR-1-F)
g _conooine

Fig. 2. Genes involved in methionine cycle in differ&tcoli strains. n, c, 0, j, s, e represdatcoli Nissle 1917, CFT073, MG1655, W3110,

EHEC O157:H7 Sakai and EDL933, respectively. Colored backgrounds for these strains represent the existence of corresponding genes. Striped
backgrounds of these strains represent the potential existence of the genes. Blank background means absence. The yellow shadow on the
metabolic pathway means that genes for these reactions are found in none ofEhedistrains (modified based @ekowska et al., 2004
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(MTR-1-P) isomerase (coded bmtnA ecn2294).
Purine nucleoside phosphorylase, a homolog to MTA
phosphorylasenftnP), is found in all sixE. colistrains,
that probably could catalyze the direct phosphorylation
of MTA to MTR-1-P. The subsequent pathway for
further converting MTRu-1-P through 2,3-diketo-5-
methylthiopentyl-1-P to methionine, and thus, closing
the methionine cycle, which is present in many
other organisms such @&acillus subtilis Klebsiella
pneumoniag Pseudomonas aerugingsaeptospira
interrogans Thermoanaerobacter tengcongenaisd
Xylella fastidiosa(Sekowska et al., 2004 cannot
be found in all sixE. coli strains. Homologs to the
genemtnE encoding for 2-keto-4-methylthiobutyrate
aminotransferase for the last step of this methionine
cycling pathway are found in all si. coliisolates.

In many bacteria (includinge. col), MTR was
found to accumulate in external culture medium
(Schroeder et al., 1973This is consistent to the in-

function of this paralog remains to be elucidated. It is
worthwhile to experimentally test whether this gene is
involved in the MTA recycle and whether the genomic
peculiarity ofE. coli Nissle 1917 with respect to the
methionine cycle generally offers any advantages or
specific properties to this strain in comparison to other
E. coliisolates.

3.2.4. Mobile genetic elements

Most of the identifiedE. coli Nissle 1917 specific
CDSs are associated with mobile elements, in par-
ticular with four genomic islands, indicating thit
coli Nissle 1917 accquired those genes probably by
horizontal gene transfer. These four genomic islands,
termed here as Gl1, GI2, GI3 and Gl4 for convenience,
are different from the four islands GEI I-1V analyzed
by Grozdanov et al. (2004except that GI3 is partly
covered by GEI II. All the four genomic islands are
combined with transposases. GI1 which spans three

completeness of the methionine cycle discussed above.contigs of the raw assembly contains three transposons

No observation foE. coliNissle 1917 regarding MTR
accumulation has been reported so far. Howeker,
coli Nissle 1917 may behave differently since it clearly
has the two enzymes to further metabolize MTR. This
may benefit to its fitness under certain milieu condi-
tions. The missing link in the methionine cycle is still
to be defined. Interestingly, some enzymes in the MTA
cycle are both diverse and unusu8kkowska et al.,
2004). For exampleP. aeruginosaises MTA phospho-
rylase (coded byntnP instead of Pfs or MtnK to phos-
phorylate MTA whileK. pneumonia@ises an enolase-
phosphatase coded bytnCinstead of an enolase and
a phosphatase coded bynXandmtnW respectively,
for the conversion of 2,3-diketo-5-methylthiopentyl-
1-Pto 1,2-dihydroxy-3-keto-5-methylthiopentene. The
sequence of MTR-1-P isomerase encodedhhyAhas

a strong similarity to that of the eukaryotic initiation

at one end, and three transposons and genes for phage
life cycle such as lysogenic conversion protein, re-
solvase and integrase. GI1 includes genes coding for
a type Il restriction-modification systenBiinaite et
al., 2003 (coded by ecn0116-ecn0120). These genes
are not found in the other five. colistrains compared,
but found, for example, in th&. coli RFL31 strain
(Bitinaite et al., 1992 Thirty genes (ecn3555-3584)
in this island resemble genes from the pathogenicity
island of Shigella flexnera YSH6000 lCuck et al.,
2001). They encode a ferric dicitrate transport system
(Fec). Some of these genes are not found in the other
five E. coli strains, indicating probably gene deletion
events after horizontal gene transfer.

The genomic island GI2 is a bacteriophage char-
acterized by integrase, excisionase and lysozyme and
many bacteria phage related proteins. GI2 covers over

factor elF-2B (alpha subunit) whereas the sequence of 50 coding sequences (ecn0737-0764, ecn1527-1552).

the enolase encoded logptnWin B. subtilisis highly
similar to RuBisCO. The incompleteness of the MTA
cycle inE. coli Nissle 1917 may also indicate the ex-
istence of an alternative novel pathway. In this con-
text, it is noticed that just adjacent totnA there is
anotherE. coli Nissle 1917-specific gene coding for
L-fuculose phosphate aldolase (ecn2293) involved in

Twenty-nine of them have no homologues in the other
five E. coli strains.

A part of GI3 has been discussed in Secti8riz 1
and 3.2.2 The capsule biosynthesis cluster was also
reported in a recent study as GEI Giozdanov et al.,
2009 while the type 1l secretion cluster was not re-
ported there. This island was thought to be horizontally

fucose metabolism. However, since there is another acquired and inserted to the tRNA geserX

gene (ecn0461) responsible for this function that clus-
ters with other genes for fucose metabolism, the real

Similarly, the genomic island Gl4 is inserted
downstream of another tRNA geneselC Many
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pathogenicity islands were demonstrated to be inte- porters, siderophores, miscellaneous and non-bacterial
grated at theselClocus, as shown for the SHI-2 is-  virulence factors Http://www.jenner.ac.uk/bacbix3/
land of S. flexneri the SPI-3 pathogenicity island of ppprints.htn). Two hundred and fifty virulence fac-
Salmonella entericahe PAI-l island of UPEC strains  tors (e-value< 1E—20) covering 97 signatures were
and thestxisland of a subgroup of Shiga toxistg- found to be present in at least oB&e coli strain (see
producingE. coli strains Schmidt et al., 200 The Supplementary Table)1About 70% of them were
Gl4 island, flanking with an integrase, encloses at least found to be common in all the si. coli strains. The

17 genes (ecn4407-4423), 12 of which &ecoli existence of a high number of common virulence fac-
Nissle 1917 specific. The gene ecn4408, 86% iden- tors in these strains and the fact that some of the strains
tical to Q92628 ofSalmonella typhimuriuprcontains are nonpathogenic suggest that these proteins cannot be
an imperfect nucleotide-binding Walker A motif. The considered as virulence factors per se. Many of them
genes ecn4409 and 4410 are 59% and 78% identicalactually function for general fithess or adaptation pur-

to P77692 and Q8FG62 &. coli, respectively, which
encode for putative toxin—antitoxin pairBrown and
Shaw, 2003 All other genes in this island are simi-

pose rather than as a unique virulence factor.
Surprisingly, the comparison of the known “viru-
lence factors” between the probioEccoliNissle 1917

lar to hypothetical proteins of the database so that the strain and the UPEC isolate CFT073 reveals very lit-
function of this island remains unclear. tle difference Table 4. Beyond the about 130 com-
mon virulence factorsk. coli Nissle 1917 has only
three specific “virulence determinants”: a prepilin pep-
tidase A and two proteins from a type Il secretion sys-
tem as mentioned abovE. coli Nissle 1917 does not
ulence factors (proteins) from Swissprot-TrEMBL possess 12 “virulence factors” that are present in the
database were queried in the genomes of theEsix =~ CFTO073 strain, including proteins associated with the
coli strains to examine their existence. These vir- P fimbrae (pili), PapE and PapF, and proteins asso-
ulence factors, covering 170 signatures defined by ciated with alpha-hemolysin, HIyA, C and D. UPEC
the PRINTS protein fingerprint database, are clas- can attach with the help of P fimbrae to digalacto-
sified into eight categories: adherence/colonization side receptors that are expressed on the kidney epithe-
factors, invasins, cell surface factors, exotoxins, trans- lium and then damage the renal epithelium by secreted

3.3. Virulence factors

Three thousand two hundred and thirty-nine vir-

Table 4
Specific “virulence factors” if. coliNissle 1917 and CFT073 identified from the Swissprot-TrEMBL virulence factor protein database

“Virulence factors” Functions

Specific forE. coli Nissle 1917
ecn:ECn3720
ecn:ECn3718
ecn:ECn3717

Specific forE. coli CFT073

Virulence categories

Adherence/colonization factors
Transporters
Transporters

Putative prepilin peptidase A
Hypothetical type Il secretion protein GspC
Hypothetical type Il secretion protein GspD

ecc:c3585 PapE Adherence/colonization factors
ecc:c3584 PapF Adherence/colonization factors
ecc:c3153 Putative outer membrane protein of prophage Cell surface factors
ecc:c0363 Putative RTX family exoprotein A gene Cell surface factors
ecc:c2560 UDP-glucose 4-epimerase [EC:5.1.3.2] Cell surface factors
ecc:c0821 Pal; peptidoglycan-associated lipoprotein precursor Cell surface factors
ecc:c3570 HIyA; hemolysin A Exotoxins and transporters
ecc:c3569 HIyC; hemolysin C Transporters

ecc:c3574 HlyD; hemolysin D Transporters

ecc:c4786 Sec-independent protein translocase protein TatB Transporters

ecc:c2294 Flagellar biosynthetic protein FIhB Transporters

ecc:c4957 HupA; DNA-binding protein HU-alpha Miscellaneous
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Table 5
Enzymes that are absent in at least &neoli strain
EC ecn ecc eco ecj ecs ece Enzyme Metabolism
2714 R n n n VY p-Fructokinase Fructose and mannose metabolism
3.2.1.26 n n n n y y Beta-fructofuranosidase (invertase) Galactose, starch and sucrose metabolism
3.5.15 n n n n y y Urease Purine metabolism
1.1.1.133 n n n n Phosphoribosylglycinamide formyltransNucleotide sugars metabolism
ferase
1.1.1.157 n n y y n 3-Hydroxybutyryl-CoA dehydrogenase Butanoate metabolism
1.2.1.39 n y y n Phenylacetaldehyde dehydrogenase Phenylalanine metabolism
1.4.3.6 n n y y n Amine oxidase (copper-containing) Arginine, proline, phenylalanine and tryp-
tophan metabolism
2.1.1.10 n n y y n n Homocysteirgmethyltransferase Methionine metabolism
3.2.1.37 y y n n Xylan 1,4-beta-xylosidase Nucleotide sugars, starch and sucrose
metabolism
5.1.3.13 n n y y n n dTDP-4-dehydrorhamnose 3,5-epimerase Nucleotide sugars metabolism
6.2.1.30 n n y y n n Phenylacetate-CoA ligase Phenylalanine metabolism
1.1.1.93 n n y y y y Tartrate dehydrogenase Glyoxylate and dicarboxylate metabolism
1.13.11- n n y y y y 2,3-Dihydroxyphenylpropionate 1,27ryptophan metabolism
dioxygenase
1.18.1.3 n n y y y y Ferredoxin-NADreductase Fatty acid metabolism
1.2.1.3 n n y y y y aldH; putative aldehyde dehydrogenase Glycolysis/gluconeogenesis/pyruvate/
propanoate/butanoate/ascorbate and al-
darate/fatty acid/Try, Arg, Pro metabolism
and Val, Leu and lle degradation
1.3.1.- n n y y y y 2,3-Dihydroxy-2,3-dihydrophenylpropionatePropanoate metabolism and Fatty acid
dehydrogenase biosynthesis
1.3.1.- n n y y y y 2,3-Dihydroxy-2,3-dihydrophenylpropionateTryptophan metabolism
dehydrogenase
3.7.1- n n y y y y 2-Hydroxy-6-ketonona-2,4-dienedioic  acid\scorbate, aldarate and phenylalanine
hydrolase metabolism
1.2.1.10 n n y y y y Acetaldehyde dehydrogenase Pyruvate/butanoate metabolism
5.4.99.2 5 p y y y y Methylmalonyl-CoA mutase Propanoate metabolism and Val, Leu and
lle degradation
4.1.2.21 ¢ f y y n n 2-Dehydro-3-deoxy-6-phosphogalactonate Galactose metabolism
aldolase
4.2.1.6 f f y y n n Galactonate dehydratase Galactose metabolism and pentose and
glucuronate interconversions
2.3.1.12 y f y y y y Dihydrolipoamide acetyltransferase compadslycolysis, gluconeogenesis and pyruvate
nent (E2) of pyruvate dehydrogenase complermetabolism
2.7.1.51 y f y y y y FucKy-fuculokinase Fructose and mannose metabolism
2.8.3.1 y y n n n n Propionate CoA-transferase Pyruvate and propanoate metabolism
3.5.3.6 y y n n n n Arginine deiminase Arginine and proline metabolism
11131 y y y y n n 3-Hydroxyisobutyrate dehydrogenase Val, Leu and lle degradation
1.1.3.15 y y y y n n 9-2-Hydroxy-acid oxidase Glyoxylate and dicarboxylate metabolism
27153 'y y y y n n  r-Xylulokinase Pentose and glucuronate interconversions
2.7.1.58 y y y y n n 2-Dehydro-3-deoxygalactonokinase Galactose metabolism
2.8.3.8 y y y y n n Acetate CoA-transferase Propanoate and butanoate metabolism
3.2.1.14 y y y y n n Chitinase Aminosugars metabolism

@ n: does not exist.

b y: exists.

¢ p: partial gene.

d f: frame shift in the gene.
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hemolysin Kaper et al., 2004 AlthoughE. coliNissle and to be able to halt growth of solid tumoRafk et
1917 shares most of the “virulence determinants” with al., 2003.

the UPEC strain CFT073, the absence of pathogenicity
factors essential for renal pathogenesis, will obviously
exclude the possibility th&t. coliNissle 1917 becomes

a uropathogen as its close relativecoliCFT073 does.
The absence of intapapandhly was also reported by
Grozdanov et al. (2004 his could contribute to this
strain’s probiotic nature.

4. Concluding remarks

The analysis of the raw genome data ©f coli
Nissle 1917 as presented above clearly showed a num-
ber of genomic peculiarities and significant differences
in protein-coding sequences, metabolic potential and
possession of possible virulence factors in comparison
with other five sequencell. coli strains. Among the
108E. coliNissle 1917 specific coding sequences iden-
tified, we discussed in some more detail about those
CDSs that are involved in capsule biosynthesis, secre-
tion apparatus, methionine cycle and mobile genetic
strains (Refer tdable 5and theSupplementary da}a elements. To obtain possible links of these genomic
They all have the fully functional pathways for gly- peculiarities to the probiotic nature of this strain the
colysis, TCA cycle, pentose phosphate cycle, sulfur function and physiological roles of these and otRer
reduction and fixation, etc. They all have the ability to coli Nissle 1917 specific CDSs need to be experimen-
de novo synthesize fatty acids, lipopolysaccharide, all tally studied. This in silico analysis of raw genome
essential nucleotide, all essential amino acids, many data has generated useful hypotheses for downstream
vitamins such as riboflavin, nicotinate, pantothenate experiments before sequencing and annotation of the
and CoA, biotin, folate, sideroheme, ubiquinone and genome under investigation have been completely fin-

3.4. Metabolic network reconstruction,
visualization and comparison

The reconstruction and analysis of metabolic net-
work shows that the metabolic capacityeofcoliNissle
1917 is close to that of thie. coliK-12 and O157:H7

so on. ished.
Merely 33 enzymes from the KEGG metabolic maps
were found to have different availability in the dix
coli strains comparedT@ble §. The metabolic net-  Acknowledgements

work of E. coliK-12 strain MG1655 is completely the
same as the one of K-12 isolate W3110 while the one J.S. and A.-P.Z. were Supported by the Ministry for
of EHEC O157:H7 Sakai is completely the same as Education and Research (BMBF) through the Braun-

that of EHEC O157:H7 EDL933. The metabolic po-
tential of E. coli Nissle 1917 resembles mostly that
of E. coli CFT073. The twcE. coli K-12 strains have

schweig Bioinformatic Competence Center project
“Intergenomics” (Grant No. 031U110A). F.G. and J.B.
were supported by the Deutsche Forschungsgemein-

most of those 33 enzymes, indicating these two strains schaft, SFB 621.

should have a higher metabolic capacity than the other
strains compared. Of the enzymes that are absent in

the E. coli K-12 strainsp-fructokinase (EC 2.7.1.4),

beta-fructofuranosidase (EC 3.2.1.26) and urease (EC

3.5.1.5) are merely found in the O157:H7 strains

Appendix A. Supplementary data

Supplementary data associated with this ar-

whereas propionate CoA-transferase (EC 2.8.3.1, for ticle can be found, in the online version, at
pyruvate and propanoate metabolism) and arginine (oj:10.1016/j.jbiotec.2005.01.008

deiminase merely if. coliNissle 1917 and CFT073.
Arginine deiminase (ADI, EC 3.5.3.6) is the first step
of the arginine degradation pathway via arginine deim-

inase, which hydrolyzes arginine to generate energy in

many parasitic microorganismZniga et al., 2002

ADI was reported to have potent anticancer activities
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