




overnight growth culture was centrifuged, and the supernatant was mixed with
1 g of trichloroacetic acid by vortexing it until the acid was completely dissolved.
After overnight incubation at 4°C, precipitated proteins were collected by cen-
trifugation and dissolved in 100 �l of 0.1 N NaOH. After being heated for 10 min
at 90°C in loading buffer, the proteins were separated by polyacrylamide gel
electrophoresis as described before (33). After electrophoresis, the gel was
stained for 2 h in 1% (wt/vol) Coomassie blue solution, followed by incubation in
destaining solution for 2 to 6 h.

For detection of serine protease activity, the EnzCheck protease assay kit
E-6638 (Molecular Probes, Leiden, The Netherlands) was used, following the
instructions of the manufacturer.

Nucleotide sequence accession numbers. E. coli strain Nissle 1917-specific
sequences of GEI INissle 1917 to GEI IIINissle 1917 determined in this study were
submitted to the EMBL nucleotide sequence database and are available under
accession numbers AJ586887, AJ586888, and AJ586889, respectively.

RESULTS

E. coli strain Nissle 1917 genome size determination and
grouping into main phylogenetic E. coli lineages. The genome
size of nonpathogenic E. coli strain Nissle 1917 was assessed by
I-CeuI restriction followed by PFGE (Fig. 1). The 5.1-Mb
genome is approximately 0.4 Mb larger than that of K-12 strain
MG1655 (4.7 Mb), about 0.1 Mb larger than that of UPEC
strain 536 (5.0 Mb), and roughly 0.13 Mb smaller than that of
UPEC strain CFT073 (5.23 Mb) (5, 18, 56). The affiliation with
the major phylogenetic lineages of E. coli has been determined
for these four strains by PCR (16). Whereas strain MG1655
belongs to ECOR group A, both UPEC strains as well as the
probiotic strain Nissle 1917 are members of ECOR group B2
(data not shown). ECOR group B2 is known to comprise
isolates with considerable amounts of horizontally acquired
DNA, including pathogenicity islands (PAIs) (10).

Detection of horizontally acquired DNA in E. coli strain
Nissle 1917 genome by tRNA screening. The genome size dif-
ferences of the four strains included in this study may result
from the presence or absence of horizontally acquired DNA
regions. Since tRNA genes are common sites for integration of

foreign DNA elements, including bacteriophages, plasmids,
and GEIs (26), a PCR-based tRNA screening of the E. coli
strain Nissle 1917 genome was performed in order to investi-
gate sequence context alterations of tRNA genes due to inser-
tion or deletion of chromosomal DNA regions compared to
those of E. coli K-12 strain MG1655. Size differences in the
PCR products obtained or the lack of a PCR product indicate
genomic variations or even chromosomal integration of foreign
DNA at the 3� end of the respective tRNA gene which is
absent in K-12 strain MG1655 (42). Such genes, which could
not be amplified with K-12-specific primers, were then
screened with one primer binding to the region immediately
downstream of this tRNA-encoding gene in the genome of E.
coli strain CFT073 (56), in combination with the primer that
binds upstream of the respective tRNA-encoding gene in E.
coli K-12 strain MG1655. The results from the tRNA screening
are shown in Fig. 2. When K-12-specific primers were used,
sequence context variations in 15 out of 37 tRNA loci tested
were detected in strain Nissle 1917 compared to E. coli K-12

FIG. 1. Assessment of the genome size of E. coli strain Nissle 1917
by I-CeuI restriction, followed by PFGE. Genomic DNA of E. coli
strains MG1655, Nissle 1917, CFT073, and 536 was digested with the
indicated restriction enzyme(s). Restriction fragments were separated
by PFGE. Lane 1, lambda ladder PFGE marker; lanes 2, 6, and 10, E.
coli strain MG1655; lanes 3, 7, and 11, E. coli strain Nissle 1917; lanes
4, 8, and 12, E. coli strain CFT073; lanes 5, 9, and 13, E. coli strain 536;
lane 14, low-range PFGE marker.

FIG. 2. Comprehensive genomic map of E. coli strain Nissle 1917
based on the chromosome of E. coli strain MG1655. GEIs INissle 1917 to
IVNissle 1917 and smaller genomic islets coding for fitness factors have
been indicated according to their chromosomal insertion site next to
tRNA-encoding genes. The positions of the tRNA-encoding genes,
which seem to be possible chromosomal insertion sites for horizontally
transferred DNA, are indicated as well as those of chromosomal re-
striction sites of CeuI. Grey marks indicate tRNA genes with sequence
contexts identical to that of K-12 strain MG1655. Black marks indicate
tRNA genes with sequence contexts identical to that of UPEC O6
strain CFT073. Dotted marks indicate tRNA genes with an as-yet-
unknown downstream region. fim, type 1 fimbrial determinant; mch/
mcm, microcin M- and H47-encoding determinants; foc, F1C fimbrial
determinant; iro, salmochelin-encoding determinant; ybt, yersiniabac-
tin-encoding determinant; iuc, aerobactin-encoding determinant; sat,
Sat protease-encoding determinant; iha, Iha adhesin-encoding deter-
minant; sap, Sap-like autotransporter-encoding determinant; kps, cap-
sule determinant; chu, Chu hemin uptake determinant; wa*/wb*, gene
clusters required for LPS biosynthesis.

5434 GROZDANOV ET AL. J. BACTERIOL.

 on N
ovem

ber 19, 2019 by guest
http://jb.asm

.org/
D

ow
nloaded from

 



strain MG1655. The immediate downstream regions of 11 of
these loci were identical in the nonpathogenic, probiotic strain
Nissle 1917 and in UPEC strain CFT073. Among them are
most of the tRNA-encoding genes, which represent already
known integration sites of foreign DNA in other E. coli strains
(asnT, argW, leuX, pheV, serX, and thrW). This finding may
indicate the presence of identical or similar GEIs in both
strains. However, similar bacteriophage integrase-encoding
genes are frequently located downstream of a tRNA-encoding
gene in different E. coli strains, although the DNA contents of
the corresponding islands are not identical. The sequence con-
text of tRNA-encoding genes in UPEC strain 536 also seems to
be very similar to that of E. coli strain Nissle 1917 when E. coli
K-12-specific primers were used. In both strains, the pheU gene
could be amplified with K-12-specific primers, suggesting that
the strains lack the pap-containing island (coding for P fim-
briae) associated with this tRNA-encoding gene in strain
CFT073.

In summary, the larger genome size of nonpathogenic, pro-
biotic E. coli strain Nissle 1917 compared to that of nonpatho-
genic E. coli K-12 strain MG1655 mirrors the presence of
several horizontally acquired DNA regions which may also be,
at least partially, present in other E. coli isolates (e.g., E. coli
strains 536 and CFT073) and which may contribute to the
phenotypic traits of strain Nissle 1917.

Analysis of the genome content of strain Nissle 1917 by
DNA-DNA hybridization using DNA arrays. To further sub-

stantiate the analysis of the genome structure of strain Nissle
1917, the overall genome content was analyzed by DNA-DNA
hybridization experiments. The fraction of the conserved E.
coli core genome was assessed by hybridization with E. coli
K-12 strain MG1655-specific DNA arrays. Hybridization with
the E. coli pathoarray (18) allowed the rapid detection of
virulence- and fitness-associated genes of pathogenic E. coli
belonging to the flexible E. coli gene pool. The results of the
DNA-DNA hybridization of genomic DNA isolated from
strain Nissle 1917 with E. coli K-12 gene arrays demonstrated
that 3,893 translatable ORFs present in the nonpathogenic
reference strain (5) were detectable in strain Nissle 1917
(90.7% of all translatable ORFs of E. coli K-12 strain MG1655)
(Table 2). Based on the functional classification of the Gen-
ProtEC database of the chromosomally encoded genes and
proteins of E. coli K-12 (http://genprotec.mbl.edu), the major-
ity of these missing ORFs can be functionally grouped as
coding for hypothetical, not experimentally classified, or un-
known gene products. A great diversity of ORFs which repre-
sent mobile and accessory genetic elements, e.g., insertion se-
quence (IS) elements, or which code for structural components
of the cell in the K-12 genome were not detectable in strain
Nissle 1917. Ten prophages found in E. coli strain MG1655
were not detected in strain Nissle 1917 (Fig. 3A). The chro-
mosomal context of several tRNA-encoding genes (e.g., serX,
argW, ileY, pheV, and leuX) was found to contain alterations in
strain Nissle 1917 in comparison to the corresponding se-
quences in E. coli MG1655, implying the presence of horizon-
tally acquired genetic information downstream of these tRNA
loci.

The genome of strain Nissle 1917 was also screened for the
presence of DNA sequences which belong to the flexible gene
pool of UPEC strain 536, as well as for typical fitness-associ-
ated genes and genes specific for ExPEC and IPEC strains, as
well as Shigella, with the previously described E. coli pathoar-
ray (18) (Table 3). A considerable amount of sequences spe-
cific for PAIs I536 to V536 and pathogenicity islets as well as
genes specific for ExPEC or homologous sequences thereof
were detectable in this strain (55% of the probes specific for
ORFs of PAIs I536 to V536 and 37% of the probes for other
ExPEC-specific genes spotted with the E. coli pathoarray).

FIG. 3. Assessment of the genome content of strain Nissle 1917 by DNA arrays. (A) Genome comparison of nonpathogenic E. coli strain Nissle
1917 and E. coli K-12 strain MG1655 by Panorama E. coli gene arrays. The individual chromosomes are displayed linearly and in equal length.
Missing and/or undetectable ORFs are marked by vertical black lines in the individual chromosomes. The positions of the undetectable ORFs refer
to the E. coli MG1655 chromosome. The positions of tRNA genes frequently used as chromosomal insertion sites of horizontally acquired DNA
elements, those of 10 prophages of strain MG1655, and the chromosomal origin and terminus of replication are marked within the map of E. coli
strain MG1655. (B) Detection of various genes of the flexible gene pool of E. coli and Shigella in nonpathogenic E. coli strain Nissle 1917 by the
E. coli pathoarray. The genes are grouped by typical E. coli pathotypes. Missing and/or undetectable ORFs are marked by vertical black lines.

TABLE 2. Assessment of E. coli K-12 strain MG1655-specific genes
detectable in strain Nissle 1917 core genome by E. coli Panorama

DNA array hybridization

ORF functional category

No. of ORFs detected in
E. coli strain:

MG1655 Nissle 1917

Hypothetical, not experimentally
classified, or unknown

1,634 1,415

Phage, transposon, or plasmid 87 55
Cell structure 182 163
Other 2,387 2,260

Total 4,290 3,893
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Generally, the hybridization signals confirmed the results ob-
tained from the characterization of GEIs of strain Nissle 1917.
The presence of several determinants encoding adhesins (type
1 and F1C fimbriae, Iha, curli, AIDA-I/Sap-like), proteases
(Sat and Tsh), microcins, and multiple-gene clusters coding for
proteins involved in iron acquisition (yersiniabactin, aerobac-
tin, salmochelin, and Chu hemin receptor) was confirmed. The
gene cluster required for capsule biosynthesis and many puta-
tive ORFs located on PAIs of strains CFT073 and 536 were
detected as well. About 18% of the probes for IPEC-specific
genes showed a clear hybridization signal (Fig. 3B; Table 3).
Most of these probes are complementary to fimbrial determi-
nants (indicating a possible cross-reaction of probes designed
for the detection of ExPEC fimbria-encoding determinants) or
to putative ORFs present on PAIs of the enterohemorrhagic E.
coli (EHEC) O157:H7 strain EDL 933 (47). However, the
detection of these genes or homologues thereof does not show
whether they are intact and functional. They may have prema-
ture stop codons, insertions, or deletions, thus rendering them
nonfunctional, which may also explain why strain Nissle 1917 is
nonpathogenic. Importantly, known protein toxin-encoding
determinants of pathogenic E. coli have not been detected in
strain Nissle 1917 by this approach.

These results demonstrate that such factors as adhesins, iron
uptake systems, and proteases do not necessarily have to be
considered virulence-associated factors but can also contribute
to the fitness and adaptability of nonpathogenic bacteria. Al-
though many DNA regions which belong to the flexible gene
pool of pathogenic E. coli or at least homologues thereof can
be detected in the genome of nonpathogenic strain Nissle
1917, those coding for important virulence factors of UPEC
strains are absent (protein toxin- or P-fimbria-encoding genes).

Characterization of GEIs of E. coli strain Nissle 1917. Ac-
cording to the results of the tRNA screening and DNA-DNA
hybridization experiments, several horizontally acquired DNA
regions may be chromosomally inserted downstream of tRNA-
encoding genes in the E. coli Nissle 1917 genome. To verify this
assumption and to subclone parts of GEIs contributing to this
strain’s probiotic character, a cosmid genomic library of strain
Nissle 1917 was screened for clones containing tRNA genes of
interest and their downstream sequence contexts. The genetic
structure of the GEI IVNissle 1917 equivalent has been deter-
mined for other E. coli and Yersinia isolates and was confirmed
for strain Nissle 1917 by PCR screening and sample sequencing
with primers described previously (13, 32).

Characterization of GEI INissle 1917. A 97,174-bp genomic
region of E. coli strain Nissle 1917 covering the serX tRNA
locus and its downstream-located sequences was characterized.
For this purpose, two overlapping cosmid clones (pCos3YE4
and pCos2RA4) and four overlapping PCR products were
identified or generated and sequenced. This DNA region cov-
ers the mch and mcm microcin determinants of strain Nissle
1917 (46), as well as the foc and iro gene clusters coding for
F1C fimbriae and the salmochelin iron uptake system, respec-
tively (Fig. 4). The genetic organization and DNA content of
this chromosomal fragment are almost identical (99% homol-
ogy on the nucleotide level) to those of a putative horizontally
acquired chromosomal region of E. coli strain CFT073 (acces-
sion number AE014075) inserted at serX (56). Consequently,
this region represents a GEI of E. coli strain Nissle 1917 (GEI
INissle 1917). Thus, the structure and DNA content of this GEI,
which carries several determinants coding for fitness-confer-
ring traits (microcins, adhesion, and iron uptake), are highly
similar in both strains. In UPEC strain 536, however, PAI
III536 (accession number AF302690) shows a different overall
genetic organization and chromosomal insertion site (thrW),
although this island also carries the iro- and another foc-related
S adhesin-encoding determinant sfa(I) as well as remnants of
the mcm operon (19).

Characterization of GEI IINissle 1917. The assembly of over-
lapping inserts of three cosmids (pCos9YB4, pCos2YE4, and
pCos2RF2) resulted in a 103,135-bp DNA region which was
termed GEI IINissle 1917 (Fig. 4). This GEI carries the iuc, sat,
and iha genes which encode the aerobactin siderophore sys-
tem, the serine protease Sat (autotransporter), and the puta-
tive adherence-conferring protein Iha, respectively, as well as
the determinant required for K5 capsule biosynthesis. Addi-
tionally, GEI IINissle 1917 contains many putative ORFs with
as-yet-unknown functions, a considerable number of transpo-
son- and IS element-related features, and fragments of inte-
grase-encoding genes (Fig. 4). The G�C content of GEI
IINissle 1917 (46.9%) differs markedly from that of the E. coli
K-12-specific chromosomal backbone (50.8%). The organiza-
tion and DNA content of this GEI partially resemble those of
the pheV-located island of E. coli CFT073.

Two autotransporter proteins are encoded on GEI
IINissle 1917: one protein homologous to antigen 43, which may
be involved in autoaggregation and biofilm formation (17), and
the Sat serine protease. Since the mutational inactivation of sat
in E. coli strain CFT073 did not affect its virulence capacity (21,
22), the encoded protease cannot be considered a virulence
factor, and the importance of the Sat protein for infection or
colonization of the host in vivo remains to be elucidated.

Many GEIs have the capacity to be completely or partially
deleted from the chromosome due to homologous or site-
specific recombination mediated by bacteriophage integrases
(8, 55). In GEI IINissle 1917, two regions which may be deleted
by site-specific recombination between flanking repeats were
identified (Fig. 4). One of them is about 30 kb in size; contains
the iuc, sat, and iha genes; and is flanked by inverted repeats
formed by two IS2 elements oriented in opposite directions.
Interestingly, the corresponding region of the pheV-associated
island of UPEC strain CFT073 contains only one IS2 element
and displays a slightly different order of the genes than GEI
IINissle 1917 (Fig. 5). Another region of GEI IINissle 1917 also

TABLE 3. Assessment of the flexible gene pool of E. coli strain
Nissle 1917 by DNA-DNA hybridization using

the E. coli pathoarray

Gene specificity

No. of genes detectable by:

E. coli
pathoarray

Screening E. coli
strain Nissle 1917

PAI I536–PAI V536 212 116
ExPEC 100 37
IPEC 95 17

Total 407 170
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exhibits a transposon-like structure of about 4 kb which is
flanked by two IS10 elements in opposite orientation and con-
sists of putative ORFs with homology to transposase-encoding
genes and remnants of the pap gene cluster (Fig. 4). This
transposon-like structure is absent in UPEC O6 strain CFT073
but is replaced by a 30-kb region containing intact hly and pap
determinants coding for the toxin alpha-hemolysin and the
P-fimbrial adhesin, which are important UPEC virulence fac-
tors (Fig. 5). The pheV-associated GEI of UPEC O6 strain 536
shows a completely different genetic structure although it also
contains the pix operon, which is similar to the pap determi-
nant, as well as the K15 capsule-encoding determinant (unpub-
lished data).

Characterization of GEI IIINissle 1917 and GEI IVNissle 1917.
Sequence analysis of the insert of cosmid clone pCos1YA7
demonstrated that the tRNA-encoding gene argW serves as a
chromosomal insertion site of horizontally acquired DNA in
the genome of strain Nissle 1917 (Fig. 4), which represents a
part of GEI IIINissle 1917. The overall homology of this 37.9-kb
Nissle 1917-specific genome fragment (47.9% G�C content)
to E. coli CFT073-specific sequences is high (98%). The region
downstream of argW is homologous to that of the argW-asso-
ciated island of E. coli strain CFT073, which contains two
putative autotransporter protein-encoding ORFs (56). The ge-
netic organization of the argW upstream region differs between
both strains. The argW sequence context in the genome of

FIG. 4. Genetic structure of E. coli Nissle 1917-specific GEIs (GEI INissle 1917 to GEI IVNissle 1917). Important GEI regions or fitness-conferring
determinants are highlighted with different colors or patterns. The argW downstream region, identified as a part of GEI IIINissle 1917, is underlined.
The localization of tRNA-encoding genes is indicated as well as that of the DNA regions included in the PCR-screening approach for the detection
of E. coli strain Nissle 1917-specific sequences.

FIG. 5. Comparison of the genetic organization of the left-hand end of GEI IINissle 1917 and the pheV-associated PAI of E. coli strain CFT073,
demonstrating the loss of the alpha-hemolysin-encoding determinant (hly) and large parts of the P-fimbrial operon (pap) in strain Nissle 1917.
Homologous regions between the two islands are highlighted by identical colors. The color code is identical to that shown on Fig. 4.
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strain UPEC 536 differs from those of strains Nissle 1917 and
CFT073 (Grozdanov and Dobrindt, unpublished).

The presence and genetic organization of the DNA region
which encodes the siderophore system yersiniabactin (15) was
verified in strain Nissle 1917 by sample sequencing of PCR
products obtained with primers described before (13, 32). Ac-
cording to the results obtained, we conclude that by analogy to
the high-pathogenicity island of Yersinia pseudotuberculosis,
the asnT-associated GEI IVNissle 1917 is about 30.2 kb in size
and has a G�C content of 57%. The left and right junctions of
GEI
IVNissle 1917 have already been sequenced, and flanking repeat
structures have not been reported (51). This island is present in
the same chromosomal insertion site in UPEC O6 strains
CFT073 and 536 (19, 56), many isolates of nonhuman patho-
genic Salmonella enterica subspecies III and VI, and other
commensal E. coli isolates (18, 43).

Analysis of the distribution of E. coli strain Nissle 1917-
specific sequences among various E. coli strains from different
sources. In order to study the distribution of E. coli strain
Nissle 1917-specific sequences among 324 nonpathogenic and
pathogenic E. coli isolates as well as to find out whether an
identical repertoire of genetic information can be detected in
other E. coli strains, PCRs were designed for the amplification
of selected regions of GEI INissle 1917 to GEI IVNissle 1917.
These regions include (putative) fitness factor determinants, IS
elements, and the border regions of GEI INissle 1917 and GEI
IINissle 1917 (Fig. 4). The complete list of the PCR screening
results is available as supplementary material on the homepage
of the IMIB research group “Enterobacteria” (http://www.uni
-wuerzburg.de/infektionsbiologie/imi-start.htm). A large group
of ExPEC and IPEC strains, as well as nonpathogenic E. coli
strains, has been screened, including (i) ExPEC and IPEC
strains from the IMIB collection obtained from various
sources, including the ECOR collection, (ii) 70 UPEC isolates
of serotype O6 (56, 57), and (iii) 135 nonpathogenic fecal E.
coli strains isolated from healthy volunteers. The results ob-
tained (Table 3 and 4) demonstrate that strain Nissle 1917-
specific sequences were widely distributed among ExPEC
strains, but less frequently present in IPEC strains and the
nonpathogenic fecal isolates which are phylogenetically unre-
lated to E. coli Nissle 1917 relative to the O6:K5 strains. In-
terestingly, many regions of the GEI INissle 1917 and GEI
II Nissle 1917 were highly specific for O6:K5 strains (data avail-
able as supplementary material). All of the strain Nissle 1917-
specific sequences included into the PCR screening approach

were detectable in two of the investigated O6:K5 isolates
(strains RZ442 and RZ525), thus suggesting a common clonal
origin of these strains. However, further comparison of their
genome content using PCR primer pairs for amplification of
the two cryptic plasmids of strain Nissle 1917, pMUT1 and
pMUT2 (9), showed that both strains contained only pMUT1.
In addition, the E. coli strains RZ442 and RZ525 differ phe-
notypically from strain Nissle 1917. These results imply that the
flexible gene pool of E. coli strain Nissle 1917, although lacking
typical virulence determinants of pathogenic E. coli strains,
more closely resembles that of ExPEC O6:K5 strains. Never-
theless, these DNA regions are, to a certain extent, also de-
tectable in nonpathogenic isolates.

DISCUSSION

In this study, the genome content and organization of E. coli
strain Nissle 1917 were analyzed to elucidate the genetic basis
of its probiotic nature as well as mechanisms underlying its
evolution. The nucleotide sequence information of four GEIs
carrying fitness factor-encoding determinants was combined
with different whole-genome approaches, i.e., a PCR-based
tRNA screening and DNA-DNA hybridizations using whole-
genome macroarrays. This integrated picture of the strain
Nissle 1917 genome was compared with the available informa-
tion on the genome organization and content of nonpatho-
genic E. coli K-12 strain MG1655 and two UPEC O6 strains.
Thus, it should be possible to define genomic differences re-
sponsible for the nonpathogenic, pathogenic, or probiotic na-
ture of these E. coli strains and to speculate on their evolution
(Fig. 1).

At least four genomic islands were identified and partially
characterized, which are absent in K-12 strain MG1655 and
contain most of the determinants coding for known fitness
factors of strain Nissle 1917 (7). Additional determinants
which may contribute to fitness and which were previously
unknown in this strain’s genome were identified within these
islands (sat, iha, and iro) as well as many putative ORFs coding
for hypothetical proteins of unknown function. The overall
genome structure and genetic organization of many GEIs of E.
coli strain Nissle 1917 more closely resemble those of UPEC
strain CFT073 than those of UPEC strain 536. It is tempting to
speculate that the first two strains have a common clonal ori-
gin. This is also supported by genome restriction patterns an-
alyzed by PFGE (data available as supplementary material).
Although the overall genetic structure of the investigated GEIs

TABLE 4. Distribution of the investigated E. coli Nissle 1917-specific sequences among nonpathogenic E. coli, ExPEC, and IPEC isolates

E. coli isolate (n) and/or
sourceb

% of E. coli strain Nissle 1917-specific sequences by PCR analysis in regiona (GEI):

1 (I) 2 (I) 3 (I) 4 (I) 5 (I) 6 (II) 7 (II) 8 (II) 9 (II) 10 (II) 11 (II) 12 (II) 13 (III) 14 (IV) 15 (IV)

O6:K5 UTI (34) 100.0 97.1 94.1 100.0 100.0 100.0 23.5 97.1 97.1 100.0 67.6 100.0 76.5 100.0 100.0
UTI Non-O6:K5 (88) 55.7 21.6 28.4 71.6 69.3 54.5 6.8 30.7 14.8 29.5 8.0 13.6 5.7 96.6 77.3
NBM or sepsis (28) 14.3 3.6 7.1 67.9 21.4 10.7 3.6 46.4 7.1 14.3 3.6 3.6 0.0 100.0 75.0
IPEC (17) 29.4 0.0 5.9 17.6 5.9 29.4 0.0 23.5 0.0 41.2 5.9 0.0 0.0 70.6 29.4
Nonpathogenic (157) 27.4 2.5 10.2 43.9 24.2 59.2 5.1 49.7 10.8 24.8 4.5 1.9 0.6 58.0 18.5

Total (324) 41.7 17.6 23.5 58.0 43.5 56.5 7.1 47.8 20.1 34.0 12.0 15.4 9.9 76.5 49.1

a The chromosomal localization of the amplified DNA regions is indicated in Fig. 4.
b NBM, newborn meningitis; UTI, urinary tract infection.

5438 GROZDANOV ET AL. J. BACTERIOL.

 on N
ovem

ber 19, 2019 by guest
http://jb.asm

.org/
D

ow
nloaded from

 

http://jb.asm.org/


is very similar, important differences exist which are responsi-
ble for the nonpathogenic nature of strain Nissle 1917, whereas
strain CFT073 is a uropathogenic isolate.

The serX-associated GEI INissle 1917 is almost identical to a
GEI of E. coli strain CFT073 chromosomally inserted at the
same tRNA-encoding gene (56). GEI INissle 1917 and PAI III536

of strain 536 also exhibit some common structural features
(19). Nevertheless, they differ significantly in the presence of
functional determinants coding for fitness factors as the mic-
rocin determinants are truncated in the latter strain. In addi-
tion, PAI III536 is integrated at thrW, whereas the tRNA
screening revealed the same sequence context of thrW in strain
Nissle 1917 as in the E. coli CFT073 genome. Microcin expres-
sion, mediated by GEI INissle 1917, is probably involved in the
antagonistic action of E. coli strain Nissle 1917, which contrib-
utes to the successful competition with other bacteria during
intestinal colonization and is therefore believed to be impor-
tant for this strain’s probiotic effect (46).

GEI IINissle 1917 represents an island responsible for expres-
sion of several important fitness-conferring traits. Many puta-
tive ORFs coding for hypothetical proteins with unknown
functions are located on GEI IINissle 1917, together with a sur-
prisingly great number of ORFs with homology to mobile and
accessory DNA elements, i.e., transposase-encoding genes and
IS elements. The genetic organization and gene content of
GEI IINissle 1917 closely resemble those of the pheV-associated
PAI of E. coli strain CFT073 but also exhibit some important
differences with respect to the structure and stability of that
strain (Fig. 4 and 5). Whereas the K5 capsule-encoding deter-
minant is present on GEI IINissle 1917, a presumed K2 capsule
gene cluster is located on the corresponding island of strain
CFT073 (56). K5 capsule expression is important for bacterial
adhesion and colonization but does not contribute to serum
resistance (14, 29). The expression of the aerobactin iron up-
take system is important for the fitness of strain Nissle 1917, as
the availability of free iron in the human body is limited. Thus,
together with the expression of other systems involved in iron
acquisition (ent, fec, ybt, iro, and chu) the aerobactin system
contributes to competitiveness, successful survival, and coloni-
zation. From our point of view, the presence of six different
determinants involved in iron uptake is noteworthy and seems
to contribute to the great adaptability and fitness of E. coli
strain Nissle 1917. The iha gene codes for a putative nonfim-
brial adherence-conferring molecule initially identified as a
putative siderophore receptor molecule present in the ge-
nomes of EHEC strains, as well as in the genome of UPEC
strain CFT073 (47, 50, 54, 56). It has been demonstrated that
the iha gene, when cloned into an E. coli K-12 strain, resulted
in diffuse adherence to HeLa cells. However, adherence of an
iha mutant of EHEC strain 86-24 was not significantly altered
relative to the corresponding wild type. Though Iha is sufficient
to confer adherence upon nonadherent E. coli, one has to be
cautious about designating Iha a virulence factor, as its role
during pathogenesis of EHEC and ExPEC is unclear (54). The
serine protease-encoding gene sat is located between the iuc
gene cluster and iha. Sat secretion and its protease activity
were demonstrated (data not shown), but the importance of
Sat for gut colonization and fitness of strain Nissle 1917 re-
mains to be elucidated.

The iuc-sat-iha region on GEI IINissle 1917 is flanked by two

IS2 elements with opposite orientations. In comparison, the
corresponding region of the pheV-associated island of strain
CFT073 contains fewer genes per ORF organized in a different
order and is not flanked by IS2 copies. In contrast to GEI
IINissle 1917, the pheV-associated island of strain CFT073 carries
the complete hly and pap gene clusters coding for the impor-
tant virulence factors alpha-hemolysin and P fimbria, respec-
tively. These determinants, together with other putative hypo-
thetical ORFs, represent a 30-kb region, which is presumably
of crucial importance for this strain’s virulence properties (12,
30, 31, 35). Interestingly, only a fragmented pap operon is
present in a similar DNA context on GEI IINissle 1917 (Fig. 4),
associated with a transposon-like element. It is tempting to
speculate that during evolution of GEI IINissle 1917 from a
pheV-associated island as present in strain CFT073, the intact
pap gene cluster was disrupted and partially deleted due to
insertion of IS10 elements and consecutive recombination
events. These events were important for evolution of an an-
cestor of strain Nissle 1917 as they were responsible for inac-
tivation of the P-fimbrial operon (and probably for the loss of
the alpha-hemolysin-encoding determinant as well), reducing
the hypothetical virulence capacity of the corresponding strain.

The organization of GEI IIINissle 1917 (as it is known so far)
and of GEI IVNissle 1917 is similar to that of the islands inserted
at argW and asnT in E. coli strain CFT073, whereas there is
only a counterpart of GEI IVNissle 1917 in strain 536 (PAI
IV536).

Since E. coli belongs to the normal human intestinal micro-
flora (commensal as well as ExPEC variants) it is important to
investigate the genetic mechanisms involved in the evolution of
bacterial pathogens. It has been shown that a considerable
fraction of genetic information of ExPEC, which has so far
been considered as virulence associated, is also present in
many commensal E. coli isolates. Thus, many of these features
can be considered rather as contributing to fitness (e.g., iron
uptake systems, bacteriocins, proteases, fimbriae, and other
adhesins), thereby generally increasing adaptability, competi-
tiveness, and the ability to efficiently colonize the human body,
than as typical virulence factors directly involved in infection.
This finding is supported by the results of this study, indicating
that DNA regions of GEI INissle 1917 to GEI IVNissle 1917 can
also be detected in nonpathogenic E. coli isolates. In addition,
GEIs contain multiple copies of highly homologous functional
and nonfunctional ORFs of mobile genetic elements which do
not directly contribute to virulence (18). Whether a commensal
E. coli will develop into a pathogen depends not only on the
acquisition of fitness-conferring genetic information enabling
successful colonization of the host, but also on the presence of
functional genes directly contributing to pathogenesis.

From the available data on genome content and organiza-
tion of E. coli O6 strains Nissle 1917, CFT073, and 536, it is
tempting to speculate on the evolution of the nonpathogenic,
probiotic character of Nissle 1917 and the uropathogenic char-
acter of the latter two isolates. According to the results of
DNA-DNA hybridization experiments using E. coli K-12-spe-
cific DNA arrays (Fig. 3) and the complete genome sequence
of strain CFT073, the overall K-12-specific genome content of
strain Nissle 1917 does not differ significantly from that of
other pathogenic and nonpathogenic E. coli strains, including
UPEC strains CFT073 and 536 (18, 56). It seems that strain
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Nissle 1917 is characterized by a specific combination of traits,
as it acquired a set of important determinants which enable
successful survival and colonization of the human intestine. In
addition, this strain does not express important UPEC viru-
lence factors (i.e., alpha-hemolysin, P-fimbrial adhesins, serum
resistance-conferring long-chain O6 LPS), and it exhibits some
phenotypic features which are not typical for the two UPEC
isolates included into this study: the presence of six different
iron uptake systems, the temperature-independent expression
of curli and cellulose (unpublished results), a FimB-indepen-
dent type 1 fimbrial switch (53), the presence of two small
plasmids (9), and a semirough LPS responsible for serum sen-
sitivity (20). This specific combination of traits, which most
likely represents the basis of its probiotic nature, might mirror
the process of evolutionary withdrawal from the pathogenic E.
coli serotype O6 lineages, indicating that horizontal gene trans-
fer, subsequent loss of horizontally acquired genetic informa-
tion, and point mutations have been involved in the evolution
of strain Nissle 1917. There is no known E. coli strain that
exhibits the same genotype and phenotype as strain Nissle
1917. Apart from that, the possibility cannot be excluded that
other putative ORFs coding for as-yet-hypothetical proteins
may be important for fitness or virulence of the investigated
strains. The availability of the complete genome sequence of E.
coli strain Nissle 1917 is essential for a better understanding of
the processes involved in the evolution of E. coli O6 strains as
well as for a deeper insight into the genetic basis of the pro-
biotic nature of probiotic strain Nissle 1917.

These findings support our view that E. coli strain Nissle
1917 exhibits a specific pattern of fitness factors but lacks
prominent virulence factors which might contribute to its col-
onization efficiency and survival in the host body, therefore
conferring the probiotic effect of this strain. In comparing the
genome content of one nonpathogenic, probiotic E. coli O6
strain with that of two UPEC O6 isolates, it becomes clear that
it is difficult to define true ExPEC virulence factors. If viru-
lence correlates with the expression of virulence-related fac-
tors in pathogenic but not in closely related nonpathogenic
variants, the presence of identical genes in pathogenic and
nonpathogenic variants of one species indicates that some of
their encoded factors (such as adhesins, iron uptake systems,
or proteases) contribute to general adaptability, fitness, and
competitiveness rather than to particular virulence traits. Con-
sequently, it depends on the niche or growth conditions (a
nonpathogenic milieu such as the gastrointestinal tract versus
a pathogenic milieu such as the urinary tract) to show whether
certain fitness factors can also promote virulence.
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