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A‘bstract,

. Background: |sclates of the Enterobacter cloacae complex have been Increasingly Isolated as nosocomlal pathogens, but
_- phenotypic identification of the £ cloacae complex is unreliable and irreproducible. (dentificatlon of species based on

" currently available genotyping tools is already superior to phenotypic identification, but the taxanomy of isolates belonging
" to this complex is cumbersome,

Methodology/Principal Findings: This study shows that multilocus sequence analysis and comparative genomic
hybridization based on a mixed genome array Is a powerful method for studying species assignment within the E
cloacae complex. The E, cloacae complex Is shown to be evolutionarily divided into two clades that are genetically distinct
from each other. The younger first clade is genetically more homogenous, contains the Enterobacter hormaechel species and
Is the most frequently cultured Enterobacter species in hospitals. The second and older clade consists of several (sub)species
that are genetically more heterogonous. Genetic markers were Identified that could discriminate between the two clades
and cluster 1. .

Conclusions/Significance: Based on genomic differences It is concluded that some previously defined (clonal and
heterogenic) (sub)species of the E cloacae complex have to be redefined because of disagreements with known or

markers presented here,
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proposed nomenclature, However, further improved.identification of the redefined specles will be possible based on novel
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Introduction

Lnterobacter cloacas is a facultative anacrobic Gram-ncgative
bacillus belonging to the family of Enterobacteriaceas, The nomen-
clature (taxonomy) of the L. cloacas complex is mainly based on
whole genome DNA-DNA hybridizations and phenotypic char-
acteristics [1-8]. Currently, 6 species have been assigned to the
Lnlerobacter cloacae complex, including Enterobacler asburize, Entero-
bacter cloacas, Enterobacter hormaechei, Enterobacter kobei, Enterobacter
luhoigit, and Enterobacler nimipressuralis. Only Enterobacter isolates that
belong to the E, cloacaz complex are of clinical significance and are
increasingly isolated as nosocomial pathogens [4,5]. In surveillance
studics, Lnlerobacler specics are often not further classificd heyond
the genus level probably because identification is difficult,
Linlerobacter spp. causes 7% of nosocomial infections in intensive
care units in the USA [5,7].

Accurate specics identification is desirable for determining
whether specific species within the £ cloacae complex are more
prone to cause infections, More precise identification of E. cloacae
complex isolates may permit differentiation between nosocomial
species and commensal or transitional species, However, until now
phenotypic identification of species and subspecies within the £,
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cloacas complex have been largely unveliable and irreproducible
[8]. In this study, the discriminatory power of lour genetically-
based approaches was evaluated, These methods were Asp0- and
rpoB-genotyping, multi-locus sequence analysis (MLSA), and
comparative genomic hybridization (CGH).

The first method cntailed genotypic identification via scquenc-
ing of a fragment of the heat shock protein 60 gene (hsp60), and
way included because Asp60 genotyping appearcd to be a
promising novel method. Using this approach, the B cloacae
complex was divided into 12 genctic clusters (I~XII) and an
unstable sequence cluster (XTI,(Table 1) [9].

The second method consisted of sequencing a fragment ol 7poB,
and possibly represents a good alternative for strain identification
because of the high resolution available to differentiate hetween
closely related species [10],

The third approach employed MLSA, a more sophisticatcd
technique, With this method, scveral widely scparated genomic
loci are analyzed, which minimizes the cffect of recombination
events on clustering analysis,

Finally, microarray-based CGH was also used; this approach is
a powerful method for performing  genome-wide studies on
different bacteria [11-19].
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Table 1. The different clusters of the Enterobacter cloacae
complex and their nomenclature, according hsp60
genotyping by Hoffmann and Roggenkamp [9].
Clusters Specles Reference
1 E, asburlag . 12

I E. kobel [41)

i E cloacaell i ¢ L o

[\ £, cloacae v 7 9]

v E. ludwigh -[42)

vi E. hormaechel subsp, oharae [43)

Vit ' E. hormaechel subsp, hormaechel ' [43]

Vi E, hormaechel subsp. stelgerwaltil {43)

X . cloacae 1X 19l

X E. nimlpressuralls [2]

X E. cloacge subsp. cloacae {4]

XII E. cloacae subsp, dissolvens [4]

i E cloacae sequence crowd 8]
dol:10.137 1/Journal.pone.0003018.1001

The E. cloacae complex could thus be divided into two
genetically distinet clades that were not previously recognized,
The younger first clade contains the E. hormaechei specics, This
species is possibly more clinically relevant because it represents the
most [requently cultured Enkrobacter specics in hospitals, The
sccond clade of the E. clacae complex consists of several clonal and
heterogencous (subspecics, leading us to propose a redefinition of
species assignment within this genomically diverse complex.

Results

Identificatlon of isolates based on hsp60 sequences

The population structure of the E, cloacae complex in hospitals was
studied using 158 isolates. OF these, 120 (including 27 outbreak I
isolates and 13 commensal fecal isolates) were obtained in the
University Medical Centre Utrecht, Utrecht, The Netherlands
(UMCU); 21 isolates (including 10 outbreak I isolates) from 11 other
Dutch hospitals; 12 isalates from 12 different European hospitals; 3
isolates [rom an industidal site, and 2 isolaics were E cloacar
ATCC13047. (See Matcrials and Methods for more information
about the isolates). All isolates were identificd as £ cloacae using the
Phocnix Automated Microbiology System (Becton Dickinson
Bioscicnees, Sparks, MD, U.S)). Thesc rcsults were compared to
identification based on sequencing of a previously described 273 bp
[ragment of ksp60 that appearcd to give reliable identification of E.
tloacae complex isolates [9]. Twenty-nine different sequences were
obtained and compared with sequences described by Hoflinan and
Roggenkamp [9]. The isolates were identified as E. eloacas ITI (n = 26),
L. cloncae IV (n = 18), L. cloacas TX (n = 1), £. cloagae cloacae (n=4), E,
cloacae dissologns (n=1), E. hormacchei oharae (n=18), E. honmacchei
steigerwaltii (n = 78), Enferchacter kobei (n=7), E. ludwigsi (n=6), and E.
asburice (0 =9) (Table 81). The k60 genotyping data indicate that
phenotypic identification using the Phocnix Automated Microbiology
System cannot discriminate between different specics and subspecics
of the B, cloacae complex.

Identification of isolates based on rpo8 sequences

Becausc identification of Enerobacieriaceas by sequencing of a
(ragment of rpeB has been reported as a robust and promising
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method for identification [19], isolates were also classificd based
on the 7p0B sequence, Thirty-two diflcrent scquences were
detected in the sct of 158 isolates aller analysis of a 501 bp
fragment of rpoB. Scquences were compared with a database of
7peB scquences that represents the major phylogenctic clades in the
family Enterobacteriaceae [20]; this databasc is managed by the
Pasteur Institute in Paris, France. The isolates were identiflied as £,
hormaechel (n=117), Duterobacier asburiae (n=10), E. cloacac (n =5),
Entgrobacter cloacaz IV (n = 20), and Enlerobacter luduwigii (n =6) (Table
S1). As with /60 genotyping, the results of 7poB typing showed
that phenotypic identification by the Phoenix  Automated
Microbiology System cannot discriminate bctween  dillerent
species and subspecies of the E. cloacac complex. Furthermore,
the results also show discrepancies between the two single genc
genotyping methods (Tablc §1). These discrepancics may at least
in part be explained by recombination cvents.

Reliability of DNA fragments for MLSA analysis of the
Enterobacter cloacae complex

To minimize the cllects of potential recombination cvents
between isolates, MLSA was used. Gene fragments of five
additional genes (fisd, gyrB, leuS, pyrG, and 1piB) of 50 E. cloacae
complex isolates were sequenced. These isolates where sclected
based on their differences in 4p60 sequence and a preliminary
analysis of the CGH dala. For unique Asp60 sequence, onc isolate
was sclected, In addition, isolates with similar Asp60 sequences but
different preliminary CGH clustering results were included with
the limitation that only one isolate was selected from each cluster
(data not shown). The accession numbers of the sequenced genc
fragments are listed in Table 82. Initial analysis of the sequence
data revealed that the E. cloacae complex consists of 2 clades. To
determine  whether the scquence data was appropriate for
phylogenctic studlies, we assessed whether positive sclection might
have affected our data using two population genctic tests: Tajima’s
D statistic [21] and Fu’s F, statistic [22], [30] (Table 2). Tajima’s D
statistic only produced a significant (p<<0.05) result for the rplB
gene from clade 1. This indicates that the 7p/B pene might be
under positive selcction, This finding is supported by a significant
resplt in Fu’s T test (p<0.01). In addition, the transition/
transversion ratio of 7p(B was estimated by plotting the transversion
and transition rates as a function of the genctic distanccs (data not
shown). The data show no saturation for either curve. However,
the transition/transversion ratio was estimated to be I, indicating
a nan-random distribution of mutation frequency. This supports
the notion that the 748 gene is under pasitive selection, The only
other significant Fu’s I test was lor the 7p08 fragment from clade 2,
indicating that these isolates arc possibly under positive selection
or that this population expancs, However, this result was not
supported by Tajima’s D test (Table 2) or the Ku/K, ratio (data
not shown). Therefore, pesitive sclection of 708 is not likely, These
resulty indlicate that all gene fragments except for 748 arc suitable
for phylogenctic analysis of the £. eloacas complex,

The quality of the phylogenetic information obtained for the
other remaining genes was also analyzed by plotting the
transversion and transition rates as a function of the genctic
distance (Figure !). Transversion and wansition rates increase
concomitantly with genctic distance, indicating that there is little
or no saturation, The transition/transversion ratio was estimated
to be 2. These data further support that the sequences of the
remaining genes can be used for phylogenetic studies.

Phylogenetic analyses

The genetic heterogeneity of the E. cloacae complex was
analyzed by generating phylogenetic trees based on the MLSA
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Table 2. Polymorphisms observed in seven protein-encoding genes among 50 E, cloacae complex isolates.

Length No of varlable no. of
Clade 1 (n=30) (bp) sites haplotypes " Tajlma’s D Fu's Fs
synonymous non-synonymous
0 (Total) Total changes changaes
Included for analysis
fusA 633 1 9 0.0044 0.0039 0.0153 0.0006 —0,3246 ~1,339
gvrg 17 43 18 0.0297 0.0284 0,0910 0.0075 =0,15%94 ~1437
leus 642 54 19 00232 00201 0.0817 00008 -0,5045 -1761
pyrG 306 8 8 0.0066 0.,0056 0,0227 0.0000 -04510 -1817
rpoB 501 il 21 14 00106 0.0089 0.0351 0.0000 -0:5739 —3.083
hsp60 273 26 10 0.0259 0.0234 0.0842 0,0022 -0,0351 1.387
Mean * © 0 ' 2772 83 25 00160 00143' 00538 0.0017 ~04061 -1391

excluded from further analyses
rpiB 333 4 6 0.0038 0.0012 0.0043 0.0000 -1.87843" —4,834¢

Clade 2 (n=20}
Included fot analysis

fusA 633 21 1 00098 0.0087 0,0319 00018 —0.4267 -1.364
‘gyrB AT A 50 19 00737 00671 02241 00141 -03705 ~3526
leuS 642 157 20 0.0053 0.0947 03399 00175 0.1523 -2776
pyrG 306 32 A5 0.0350 o.0418 0.1476 00074 0771 -1.783
rpoB 501 32 18 00191 0.0173 0.0686 0,0000 —0.0384 -8,191°
i, hsp60 22730 44 17 0.0578 00507 01719 00079 ~05243 -3.707
Mean 2772 376 20 0.0475 0.0467° 0,1663 0.0082 ~0.0700 ~-1116
excluded from further analyses
ol 333 9 7 0.0076 0.0097 0.0357 00000 09347 0.229
Dlfference indicates that clade 2 Is older than clade 1.
bp<0.05.
‘P<0,01.

dol:10,1371/Journal.pone.0003018.£002
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Figure 1. Transitions/transverslon vs genetic distance, From the six concatenated sequences used for phylogentic studles the transitlons (blue
crosses) and transversions (green trlangles) are plotted against genetic distance according to the K80 model, No saturation is detected and the
transitions/transversion ratlo Is estimated at 2.

doi:10,1371/journal.pone.0003018,g001
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data, Noncongruence between trees based on the sequences of
single DNA fragments indicated that recombination events had
occurred (data not shown) [23], Genetic relationships between the
isolatcs could not be determined by B-burst or minimal spanning
tree, because the concatenated sequences of the six gene fragments
contained more than two mutations per sequence. Therefore,
ClonalFrame was used to determine the genctic relationship
between the tested isolates, The resulting tree contained the
sequences of 51 isolates, including 50 E. cloacae complex isolates
and onc Escherichia coli K12 that was used as the outgroup
(Iigurc 2A). Tor reasons mentioned previously, the sequences of
the piB gene were not included in the final analysis, The nodes of
several branches were different when using maximum likelihood
clustering with concatenated sequences of the six gene fragments
(Figure 2B), However, isolates that clustered together in the same
branches of the ClonalFrame tree also clustered in the maximum
likelihood-tree. This indicates that the genctic relationship
between the clusters is perhaps uncertain but that isolates in
each cluster are genetically similar to each other because the
same isolates cluster together in both trees, The recombination/
mutation ratio was 1.04 (95% confidence interval 0.72-1.45),
indicating that recombination events are involved in the cvolution
of the E, cloacae complex. This may cxplain the differences
between the phylogenctic trees. Based on the ClonalFrame trec
the isolates, except onc were divided into 7 scparate clusters
(Figure 2A+DB).

Comparative genome hybridization analysis

The six DNA fragments uscd for MLSA present only a small
fraction of the genome. To evaluate whether MLSA results arc
representative of population structure on the genomie level,
comparative genome hybridization (CGH) was performed, CCGH
was performed with 3,072 DNA fragments [rom a shotgun library
obtained from 8 L. cloacas complex isolates (7 strains) thesc
fragments functioned as probes (mixed genome array or MGA).

Diversity within the ECC

Alfter analyzing all 158 slides, a total of 2,614 spots (85%) mct the
quality criteria and were included in the study (Table S3). The
average size of thc DNA [ragments spotted on the slides was 1202 bp.
Eighteen randomly sclected DNA fragments of the core genome (corc
genome was defined as genes present in all isolates with a likclihood of
>95%) were sequenced (Table S4). The average size of fragments
representing the core genome was 1178 bp, No redundancy was
detected in these sequenced DNA fragments, The overall redundancy
of the MGA was calculated to be less than 5.3%, thus a maximum of
138 of the 2,614 DNA ([ragments have a sequence overlap with
another insert. The total genetic coverage of each of the scven
diffrent strains used for construction of the array was calculated
[16,24] (Table 3). The gene coverage varied between 55% and 60%
for the 7 isolates and the pan-genomic coverage of the £ coacae
complex was cstimated to be 55% to 60%. The calculated minimal
nugleotide coverage of the core genome was 58%, Resulls show that
marc than hall of the genes, but also non-encoding or other coding
DNA sequences, are represented in the constructed MGA. For inscrts
EnClL014E12 and EnCl.020H03, 98% and 97% of the PCR results
correlated with the results of the CGH array, respectively. The high
similarity between GGH and PCR results indicatc that MGA
hyhridization results were consistent, All replicates were found in the
same cluster as the originals, Clearly, CGH array data arc reliablc for
comparative genomic studlics,

Ofthe 2,614 spots analyzed, 1,358 were considered to contain core
genome DNA. fragments becawse they were present in all isolates
tested. These fragments were omitted for further analysis because
they do not contribute to the speciation of the £ cloacae complex.
Principal component analysis (PCA) showed that the isolates were
mainly divided on the basis of the absence or presonce of the pQC
plasmid (data not shown), Based on the PCA data and beeause pQC
is approximately 300 kb in size, it was expeeted that pQC-derived
DNA fragments in the MGA would influence the assignment of
isolates to different specics or clades. Statistical and clustering analysis
(deseribed in Materials and Methods) showed that 106 DNA

A

‘I’. cluster 3

Figure 2, Phylogenetic trees of £, cloacae complex, A) Phylogenetic tree based on results of MLSA clustered with Clonalframe. Numbers Indlcate
confidence values of the branches, * Solitalre Isolate, K12: £, coli K12 used as the outgroup. B) Phylogenetic tree based on concatenated sequences of
six gene fragments clustered with the Maximum Likelihood, Each color deplcts f cluster according to the CGH results. * Solitaire isolate. K12: £, cofi

K12 used as the outgroup,
dol:10,1371/journal.pone.0003018,002

@ PLoS ONE | www.plosone.org

August 2008 | Volume 3 | Issue 8 | e3018



Dlversity within the £CC

Table 3. Characteristics of isolates used for construction of DNA library and the calculated gene coverage of each isolate,

Isolate PFGE- gene coverage plasmid
no. Country Hosplital Year Source cluster" rpoB genotyping hsp60 genotyping type (%+/—SD") pQC

3 NL 1 2002 wound/sst® 2 E. hormaechel E. hormaechel stelgerwalll ! 58.5+/-2.2 posltive

55 NL 1 2003 rectal swab 2 E homaechel E. hormaechel stelgerwalti 1 58.5+/~2.2 posltlve

48 NL. i 2002 urlna tract 2 E: hormaechel - E hormaechel oharaé 14 56 negative
19 NL 1 2003 pneumonla 1 E. hormaechel E. cloacae ill 15 60+/—4 negative
142 AUS 18 1997 . woundisst T E fiormagchel . £ cloacae Il 17 58 negative
146 ITA 20 1998 blood 2 E. hormaechel E, hormaechel oharae 27 60 negatlve
104 NL 1 2003 rectal swab 7 E cloacae |V E, cloacae IV 53 S6+/—3 positive

153 POL 25 1998 pneumonia 2 E. hormaechel E. hormaechel stelgerwaltil 56 62 negative

2Cluster according MLSA results,
bf replicates are tested the standard devlatlon Is calculated.

dol:10.1371/journal.pone.0003018,t003

fragments were likely derived from the pQC plasmid, These 106
plasmid-derived DNA fragments were removed from further analysis.
PCA of the hybridization results of the remaining 1,150 DNA
fragments showed that the k. ¢lacar complex is divided into two
genetically distinct clades (Figure 3A). Subsequenty, these results
where confirmed with a phylogenetic tree created with hierarchical
clustering (not shown), Using the Pars program of the PHYLIP
software package, a parsimony tree was computed (Figurc 3B) that
confirmed the genelic distinction between the two clades, Isolates that
were not previously typed by MLSA were clustered based on the
results of the constructed parsimony tree (Figure 4). Clusters 1-2
rcpresent isolates from the first clade, whereas isolates {rom the
sccond clade belong to clusters 3-7 and the solitaire isolate. Clusters
1-7 contained 25, 91, 6, 6, 9, 7, and 13 isolates, respectively.

Comparison of the results of the different typing
techniques

Cluster 1 isolates were identificd as E. hormacchei using 1poB
sequencing, but according to hsp60 genotyping, all isolates were E.
cloacae T (Table 1), This cluster was a scparate branch in the frst

!
|
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N (o wr
K : .
-,! AL w-;‘
PR -
X! AR U RO
Ttem i . e '. o,
. LW
'

“Wound or skin or soft tlssue infection, Abbrevlatlons, Aus; Austrla, ITA; Italy, NL; The Netherlands, and POL; Poland,

clade of both trees on GGH and MLSA results, Cluster 2 isolates
were all L Aomaecher isolates according ta rpoB, but E. hormaschel
steigerwaltii and £, hormaechei oharae according to hgp60 genolyping.
These isolates were highly similar according to MILSA, but
genietically  heterogencous  according to CGH. MLSA-bascd
further subdivision of cluster 2 was not reliable. However, the
trec bascd on CGH results showed that the outbreak I isolates
cansisted of a separate branch in cluster 2, This clonality of
outbreak I igolates is also supported by the similarity of their 7pol3
and fsp60 scquences. The results from the second clade were less
congruent in the GGIT wee. Cluster 5 isolates formed a distinct
cluster in CGH and MLSA and were all identificd as E. asburiae by
rpoB and hsp60. Cluster 4 isolates were all genotyped as E. ludwighi
and clustered together both in MLSA and CGH. Cluster 6 as well
as cluster 7 were scparatc clusters in MLSA and CGH but all
belonged to . eloacae TV according fo 1poB genotyping, whercas
according to hsp60 genotyping all cluster 7 isolates were Z. cloacae
IV and all cluster 6 isolates were L. kobei, Isolates fram cluster 3
were mixed on GGH analysis, indicating a heteragencous group
consisting of multiple species. The solitaire isolate belonged to £,

i
)
L
3
)

Figure 3. Analyze of the comparative genome hybridization results, Comparative genome hybridization data clustered with PCA and
maximum parsimony. Comparison of CGH data of 180 slides tested for 1150 DNA fragments A) with PCA; B} with the Parsimony method. Both figures
show that isolates of the E. cloacae complex are divided in two separate clades. Red: flrst clade with 116 different Isolates; Green: second clade with

42 different Isolates.
doi:10,1371/Journal.pone,0003018.9003
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clusler 2

cluster 7

Figure 4, Tree constructed on basis of the CGH results of the
Parsimony method. The slanted cladogram deplcts genetic relation-
ships between lsolates each color represents a different MLSA cluster,
*Solltalre isolate In MLSA.

doi:10.1371/journal,pone.0003018,g004

asburige according to rpoB but E, cloacae IIT according to hsp60.
Furthermore, this isolate also clustered separately in the CGH trec
and the maximum likclihood tree, indicating that this specific
isolatc may represent yet another species.

Except for a lack of congruence with cluster 3 the results of
CGH and MLSA were identical, This indicates that MLSA resulis
arc also highly represcntative of genomic relationships between E,
tloaca¢ complex isolates. However, the findings with GGIT or
MLSA arc inconsistent with those abtained using fragments of
rpoB or hsp60 (Table St).

Evolution of the Enterobacter cloacae complex

The mean pairwisc nuclcotide diversity (i) of the 50 L. cloacae
complex isolates was higher within clade 2 than clade 1 (0.047+/
—0.003 vs. 0.014+/—0.002), suggesting that isolates from clade 2
are older than isolates from clacle 1. Furthermore, the number of
alleles was relatively lower in clade 1 compared to clade 2 (25/30
vs 20/20), which supports this finding (Tablc 2).

Selective markers

MLSA and CGH are costly and bBme-consuming techniques,
whereas ellective patient therapy requires inexpensive and rapid
resulss, Therefore, new approachcs that rapidly identify isolates are in
demand, Gencetic markers specific for each species may facilitate
quick and inexpensive tests. Specific markers were identified within
the sct of 1,150 genes that were variably present among the E. clacae
complex isolates. Thirteen DNA [ragments were identilied that could
potentially serve as selective markers for the first clade, and 2 potential
sclective markers were detected for the second clade (sensitivity and
specilicity of 100%) (Table 4). Four DNA fragments were identified
for cluster 1 (sensitivity of 100% and specificity of Z96%) and four
specific DNA (ragments were identified for outbreak I isolates
(scnsitivity of =95% and specificity of 295%) (Tablc 4).

Discusslon

The results of this study show that the CGH approach with a
random library of 7 dillerent straing (8 isolates) is a powerful

@ PLoS ONE | www.plosone,org
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mcthod for studying new or poorly charactcrized species such as
those that belong to the E. cloacas complex, Combined with
MLSA, this technique can help to accurately assign isolates to
species or subspecies, In this study, the GGH array had a high
resolution becausc it was bascd on thc presence or absence of
1,150 different genetic clements derived [rom different isolatcs,
which were all cvaluated on an individual basis, Thercfore, CGH
was able to determine genetic differences between dillerent isolates
and allowed unsupervised comparison ol large scts of isolales.
However, CGH had some limitations, One potential problem was
the large number of mobile clements represented on the MGA,
These mobile clements may bias genetic relationships between
isolates. If thesc limitations arc taken into account, the CGH
approach can be used to determine the genectic relationship
between (sub)species and, importantly, to identify specilic markers
for these (sub)specics. Although, the E. cloacae complex s
genetically heterogencous, this study clearly shows that clinical
isolatcs arc cvolutionary divided into two genetically distinct
clades, where clade | appears to be younger than clade 2, Clade |
isolates were mostly obtained (rom clinical settings with hospital-
ized patients, which is considercd to be an environment with high
specific (antibiotic) pressurc, whereas the secand clade contains a
relitively large number ol [ecal isolates rom paticnts without
gastro-intestinal complaints,

Retrospectively, seven of the cight isolates used to construct the
MGA belonged to the first clade. Therclore, the GGH results lor
the sccond clade should be interpreted with caution. After removal
af the pQC sequences, which represented the most important
mobile clement present in the isolates, a similar clustering of
isolates, with the exception of cluster 3, was obtained using cither
CGH or MLSA (Figure 2 and 4). The diversity of the second clade
wag larger when using MLSA than, but as mentioned previously,
this may have been due to the limited number of isolates of this
clade on thc MGA. With CGH, specific genetic markers were
identificd that cnabled differentiation between the two clades. In
addition, three different genetic markers were identified that
enabled specific identification of isolatcs belonging to cluster 1,
Four different genctic markers were identificd that allowed
discrimination of outbreak I isolates from all tested isolates,
MLSA was only performed on one outbreak isolate; thercefore it is
unknown whether all outbreak isolates cluster together after
MLSA analysis. However, it is likely that such clustering occurs
because of the clonality of the isolates. No specific genctic markers
were detected for clusters of the second clade; this may have been
due to the low number of isolates of clade 2 represented on the
MGA. In the future, a small array could be constructed that
contains specilic markers for different (sub)species in order to
correctly speciate isolates belonging to the E. cloacac complex, This
new method to define and identify new species may be extended to
other micro-organisms.

When combined, the MLSA and CGIH mcthods have a
syncrgetic eflect. Where the CGIH-array offers the advantage of
being able to detcet specific discriminating markers, MLSA is a
standardized method whose results can be used for additional
comparative studics. MLSA analysis divided the isolates into scven
clustcrs. Hip60 and rpoB genotyping both did not sulliciently
discriminate between the subspecies of £, hormaecher. Because CGH
and MLSA also did also not discriminate between E. hormaechei
subspecies, it is concluded that the current nomenclature for
subspecies of . fhormaechet is inadequate. Furthermore, identifica-
tion based on secuencing of isp60 and rpeB fragments did not
always give identical outcomes, However, this was mostly based on
differences in nomenclature between genotyping mcthods (e.g. £
cloacae IV / E. kobei and E. hannaecher / E. cloacae TN). I differences

August 2008 | Volume 3 | Issue 8 | e3018



®

Bio'auosojd'mmm | INO 501d

8l0€2 | 8 anss| | ¢ awn|op | gooz 3snbny

Table 4. Comparative results fram the specific DNA fragments.

Identification no. BLAST  Identity
DNA-fragment Spedfidty [%) DNA sequence comparative result” Species type (9%} E-value
first clade spédfic
EnC1031G9 100 pamal operon for PQQ pyrroloqumollne quinone bloSythesns Klebsiella pneumoniae MGH 78578 nb 81 0
EnClO12G4 100 pamal pymaloqumollne quinone . Pseudomcnaslbuﬁdd Fi nb 70 - 5g3
EnCl025A10 100 nitrate reductase alpha-subunit Enterobacter sp. 638 ' nl; 89 6
Er;CID]BFB ; 100 parﬁél ladzldeh'yde dd1ydrogen§sé' Enrerobactef sp. 638 nb g5 X ; 0 i
EnCLO]ZiB]'I 100 TonB-deper;dent siderophare receptor Enterobacter sp. 638 nb 85 ) O.
EnGi.006A12 - 100 major fadlitator superfamily MFS {efflux pump) Enterobacter sp. 638 nb 79 . g
EnClO01DT2 100 partial 1-acyl-sn-glycern}-3-phosphate acyhransferase> Enterobacter sp- 638 nb 22
Encl03982 100 putative helix-turm-helix. AraC type : Kiebsiella pneurioniae MGH 78578 bi 56. .. 47
EnCLO30E5 100 hypothetical protein KPN_03581 Klebsiella pneumoniae MGH 78578 bx v66 —69
EnCl020F8 - 100 protein tyrosine Kinase Escherichia colj 0157417 EDLS33 bx 2 .-
EnCLDO11G11 100 amino-terminal domain simifar to t.ranscnpnon regulators Listeria innocua Clip11262 Sx 26
EnCl.005B7 100 response regulator receiver proteln Enterobacter sp. 638 bx 32 - i
EnCI.OO'iC‘lz 100 putative sulfatase Aeromonas salmonicida A449 bx 66 -125 “
| séconia ‘daisc spacibc = F % -
EnCl.O21G7 100 pamal pu‘latwe glutathione S<ransferase Klebsiella pneurmoniae MGH 78578 nb 73 —89
EncLowEB e 100 partial oxidoreductase alpha- (mnlybdoptenn) subumt Enterobacter sp. 638 nb 75 —13“;
duster 1 specific )
EnCI.O‘ISH? 100 putaﬁ\;e outer membrane usher. protein Kiebsiella pneumnnia.e MGH 78578 b)‘; 45 =100
EnCl.005F6 100 parﬁal hypothetical protein Klebsiella pneumoniae MGH 78578 nﬁ 77 —12;
EnCl.005F4 99 partial hypothetical protein Klebsiella pneumoniae MGH 78578 nb 77 —128
En(.018G3 9% trypsinike serine proteéses Yersinia bercovieri ATCC 43970 bx &3 —65
outbreak | specific
EnCLO01G3 99 putative pili assembly chaperone Serratia prateamaculans 568 bx 74 —54
EnClo01D28 99 putative GTP-binding factor Escherichia coli 536 nb 90 0
EnC.027C11 97 hypothetical protein BL0477 Bifidobacterium longum NCC2705 bx 83 —35
EnCGLOT4H7 95 KIlA N-terminal domain, N1R/P28 DNA binding Acanthamoeba polyphaga mimivirus bx 46 2

(For sequences see, Supplement Table 52)

"best hit in GenBank; nb: nudeotide-nudeotide blast; bx: nudeotide-protein blast (no hit with nudeotide-nucleotide blast).

doi:10.1371/joumal.pone.0003018.t004
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in nomenclature are discarded, only 1.9% (3/158) of the isolates
were misidentified based on sequencing ol hsp60 or ol fragments.
Discrepancies arose for E. ashuriae, E. cloacas, and an E. hormaechei
according to 7po8 genotyping, as well as £ cloacar 111, E. cloacae
dissolvens, and an E. cloacae IX according to hep60 genotyping
(Table $1), For comparison, the Phoenix Automated Microbiology
System (Becton Dickinson Biosciences) identified all isolates as £
cloazae. The present study demonstrates the supcriority of
genotypic identification over typical phenotypic identification for
members of the £, coacae complex, CGH and MLSA are clearly
better methods for identifying isolates of the . clhacae complex, but
these methods are more expensive and laber-intensive, For
diagnostic purposes, scquencing the 501 bp fragment of 7p0B
remains an acceptable alternative,

Correct speciation of isolates is clinically relevant. The current
study showed that even when outbreak isolates were not included,
isolates of the fivst clacle were isolated nearly two times more often
than isolates ol the second clade. Furthermore, it is notable that
more than hall’ of the 13 fecal £, cloacae isolates from paticnts
without gastro-intestinal complaints were found in the smaller
second clade, Twao of the DNA fragments specific for the first clade
contained a partial operon for pyrroloquinaline quinone (pga)
biosythesis, Pqq is a co-factor of scveral dehydrogenases and
transfcrs redox cquivalents to the respicatory chain [25]. It has also
been postulated that pqq reduces oxidatve stress [26]. Tn addition,
pqq stimulates bacterial growth [27]. A tempting but speculative
hypothesis is that the isolates in the first clade are more pathogenic
and isolates in the sccond clade are more commensal,

In conclusion, MLSA combined with CGH is a powerful
methed (or studying species assignment within the K cloacae
camplex. The complex is divided into two genctically distinet
clades and consists of several more related and heterogenic
(subjspecies that must be redefined because of disagreements with
known or propased nomenclature, The CGH approach is a novel
tool that could potentially be used to rapidly identify Enterobacts-
riacsae or even detect specific strains that threaten hospital
populations,

Materials and Methods

Bacterial strains

One hundred twenty of the 158 isolates included in this stucly
originated from the UMCU including 13 fecal isolates that werc
obuained from cultures taken from patients without gastro-
intestinal complaints during their admission (Table 81). These
13 fecal isolates were considercd commensal or transitional Nora,
These isolates were a subset of a large collection of isolates typed
with Pulsed Ficld Gel Electrophoresis (PFGE) that represented the
L. cloacae complex population in our hospital [28]. Twenty seven of
the isolates belonged to PFGE genotype | (outhreak 1), which is of
great interest to us because this strain caused a nationwide
outbreak and is now endemic in the UMCU [28-30]. Most
isolates of PFGE genotype 1 contain a conjugative plasmid, pQC
that carrics the gndl, blagpyprp, and aadB genes, which encode
resistance (o quinolones, extended-spectrum B-lactamascs, and
aminoglycosides, respectively, and thus provide this outbreak
strain with a multidrug-resistant phenotype [30], In addition, 21
isolates (10 outbreak I isolates) from 11 other Dutch hospitals were
included. Also included were 12 isclates from 12 different
Europcan hospitals and 3 isolates from an industrial sitc, Tinally,
E. cloacae ATCC13047 and an ATCC 13047 conjugant with the
pQC plasmid were included.

All isolates were previously identificd as Z cloacae using an
automated system and software (Phocnix Automated Microbiology
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System, Becton Dickinson Biosciences, Sparks, MD, U.8,). The
Lnlerobacter specics form a heterogenic group and its nomenclature
is still undlergoing alterations. Isolates identified with the Phocnix
apparatus as £, cloacae were used as a starting point. When hsp60
scquences indicated that an isolate did not belong to the genus
Enterobacter it was excluded from the study.

In addition, £. cloacac ATCC 1307 with and without pQC was
used for determining the contribution of DNA fragments on the
microarray that were derived from this plasmid. Conjugation was
performed as previously described [30]. All isolates were cultured
overnight at 37°C on tryptic soy agar plates with 5% sheep blood.
DNA was extracted with a NucleoSpin Tissue kit (Macherey-
Nagel Gmbh & Co. KG, Diiren, Germany) according to the
manufacturer’s instructions, DNA quality and quantity were
measured with an ND-1000 Spectrophotometer (Wilmington,
DE, U.S.) according to the manulacturer's instructions, A shotgun
library was crcated from cight isolates (seven dilferent strains).
These cight isolates contained live isolates from the UMCU, two
of which represented the outbreak stain (PFGE genolype 1)
harhoring the R-plasmid pQC (+/=300 kb), three isolates with
different genetic backgrounds based on PFGE (including one with
PQC), and three isolates that originated from different European
coyntries (Table 3) [28,30]. No high copy plasmid DNA was
present in the DNA of the cight isolates used for the shotgun
libraty.

Detection of specific genes and genotyping

Target DNA for PCR was cxtracted by heating bacterial
suspensions for 10 min at 95°C. Amplification of DNA fragments
from blacry.aio, guedl, inpl, hsp60, fush, G, leusS; pyrG, plB and
7poB genes was performed with a Hotstart Taq MasterMix kit
(Qiagen, Westburg b.v., Leusden, The Netherlands). Primers used,
the size of the obtained products, relative primer positions, and
anncaling temperatures are described in Table 85, PCR products
weye purified with a Qiaquick PCR purification kit (Qiagen).
Purificd DNA was bidirectionally sequenced by BaseClear B.V.
(Leiden, The Netherlands) according to their quick shot protocel
(www.baseclear.corn),

Analysis of sequencing and genotyping results

Editing and analysis of chromatogram traces was performed
using BioEdit [31]. Sequences of seven gene [ragments (hsp60, fiusd,
B, leuS, pyrG, il and rpoB) were confirmed by at least two
chromatograms (forward and reverse). The quality ol the
phylogenetic information was determined by plotting transition
and transversion rates as a function of the genetic distance
calculated with a K80 model using DAMBE safiware [32,33].
Pairwisc nucleotide diversity (r), the number of' segregating sides
(6), and tests for sclection (Tajima’s D, and Fu’s F test) were
caleulated using DNAsp, version 4.20.9 [21,22,34]. The resuls
showed (sce results) that 7B is not suitable [lor phylogenctic
analysis; thus 7B vesults were discarded for MLSA, GlonalTramc
was uscd to assess the clonal relationship between B claasae
complex isolates because we noticed high sequence diversity and
putative recombination cvents in the six remaining gene ragments
of the tcsted population. (hitp://www2.warwick.ac.uk/fac/scl/
statistics/stall/rescarch/didelot/clonalframe/). ClonalFrame de-
termines the genetic relationships of bacteria based on point
mutations and homologous recombination [35]. The burn-in
length was 50,000 iterations and Markov chain Monte Carlo
itcrations were st at 50,000. After every 100 iterations, a posterior
sample was recorded. Finally, a majority-ruled consensus tree was
generated from all posterior samples. Congruence of the obtained
trec was tested by phylogenic analyses of the concatenated
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sequences of the six gene fragments. The trce was constructed
using maximum likelihood statistics with the “dnaml” program in
PHYLIP. Paramcter settings wore: transition/transversion ra-
tio =2 based on data presented in Figure 1 and the transversion
and transition rates as a function of the genetic distances, empirical
basc frequency, onc category of rates, constant rate variation, and
unweighted sites because sequence fragments are not expected to
have different mutation frequencies and no selective pressure is
expected (see results seetion). Prior to tree construction, 50.000
bootstraps of the data were performed using scqboot from the
PHYLIP software package. Subsequently, the output was used to
construct trees with SplitsTreed (http://www.splitstrce.org) [36].

Microarray development

Equal amounts (10 pg) of chromosomal DNA from cight £
cloacaz complex isolates (7 strains) were mixed to create a shotgun
library as described by Borucki ct al. (Table 3) [16,37,38]. For
cach isolate, equal amounts of genomic DNA were mixed, 10 g
of the pooled DNA were sonicated (Branson 250/450 Sonificr,
6 mm microtip, output intensity 1, Geneva, Switzerland) and
fragments of approximatcly 1.2 kb were extracted from agarose
gels  (Qiaquick columns, Qjagen) and end-repaired (DNA
Terminator End Repair Kit, Lucigen Corporation, Middlcton,
WI, US). End-repaired fragments were ligated into the
pSMART-HG-Kan vector (Clone-SMART, Lucigen), Subse-
quently, the recombinant plasmids were transformed into E, coli
(ElectroMAX DH10B Cells, Invitrogen, Breda, The Netherlands)
and plated on tryptone yeast plates with 30 jig/ml kanamycin, A
total of 3,072 recombinant clones were arrayed into 96-well plates.
Cloned DNA fragments were amplified by PCR using SMART
primers (Lucigen) with 5-C6 aminolinkers to [acilitate cross-
linking to the aldchyde-coated glass slides. PCR products were
cthanol-purificd and resuspended in 3%SSC (1xSSC: 0.15 M
NaCl, 0.015 M sodium citratc, pII 7). All PCR products were
printed on CSS silylatcd slides (Buropean Biotech, Network,
Dolcmbreux, Belgium) by an ESI threc-axis DB-3 robot (Chip-
Writer Pro, Biorad, Hercules, GA, U.S.) at a controlled humidity
of 55%. Slides were printed in four batches, after which they were
blacked and denatured (15 sec dip in hoiling water) following the
manufacturer’s instructions,

Labeling, hybridization and data acqulsition

Labeling, hybridization and data acquisition were performed as
previously deseribed by Leavis et al. [16], A Bioprime system
(Invitrogen) was uscd to label 0.5 g DNA, For normalization,
cqual amouunts of'the 8 library isolates (7 strains) were mixed as the
reference pool and labeled with Gy3 dUTP, Tester isolates were
labcled with Cyd dUTP. To test reproducibility, fiftcen isolates
were tested in duplicate, two in triplicatc and one quadruplicate,
Tor all hybridizations, Cy5 and Cy3 probes were combined with
100 pg yeast tRNA, dricd with a Spccdvac (30 min, at high
temperature), resuspended in 40 gl Easyhyb bulfer (Roche,
Almere, The Netherlands), and denatured for 2 min at 100°C.
Printed slides were pre-hybridized in 0,45 m-filtered pre-
hybridization buller [1% BSA, 5xS88C, and 0.1% sodium dodecyl
sulfate (SDS)] at 42°C for 45 min with rotation, then washed twice
with purificd water (MilliQ, Millipore, Billerica, MA, U.S.), dried
with Ny, and pre-warmed at 42°C. The hybridization mix was
then pipetted on the printed side of the slide, covered with a
hybrislib, placed in hybridization chambers (Corning Life Sciences
B.V. Schiphol-Rijk, The Netherlands), and incubated overnight at
42°C in a water bath. Slides were then tharoughly washed
scquentially in (a) 1xSSC, 0.2%SDS for 10 scc at 37°C, (b)
0.5x%383G for 10 scc at 37°C, and (c) twice in 0.2 xSSG for 10 min
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atroom temperature, Slides were dried with N, and scanned using
a Scanarray Express 680013 Microarray Analysis System (Perkin
Elmers Lifc Analytical Scicnces Inc., Wellesley, MA, U.8.), Images
were obtained and quantificd with ImaGene 4.2 soltware
(Biodiscovery, Marina de] Rey, CA, U.S.).

Processing and analysis of MGA data

Inferior spots (empty spots or thosc when the Cy3 signal was less
than 2 times the background), were excluded from normalization
and data analysis [16]. Each slide was independently normalized
to correct for individual differcnces. Cy5 minus background/Cy3
minus background ratios were calculated. Ratios were normalized
by corrccting for the overall signal intensitics in both channels,
Spots were selected for further analyscs when 95% of the slides
had a hybridization result for that spot. Next, the data werc log2
transformed. The estimated probability of prescnce (EPP) of cach
inscrt was determined using # GACK-tanslormation [39].
(http://falkow.stanford.cdu/whatwedo/software/software. html).
With GAGK-translormation, it is possible to dynamically choose
cut-ofls for grouping into present or divergent/absence off DNA-
[ragments bascd on the shape of the distrihution. Far hicrarchical
clustering and principal component analysis a graded output was
sclected. In our casc the graded output generated a range of valucs
from —0.5 to 0.5 in increments of 0.05, with —0.5 corresponcling
to 5% or less EPP and 0.5 corvesponding to 95% or move EPP.
The . cloacac complex core genome was clefined as genomic DNA
fragments present in all isolates (GACK data>—0.5){16]. For
statistical analysis, the data were transformed to binary output,
where 0 corresponded to 5% or less EPP, 1 to 95% or more EPP,
and values in the 5%-95% interval were discarded. For parsimony
analyze, the data were transformed into binary output, where 0
corresponded to <50% EPP, | to >50% EPP, and blanks were
reprosenied  with a question mark,  htp://evolution.genciics.
washington.cdu/phylip.html [16,40].

Complete linkage hicrarchical clustering with Pearson corrcla-
tion and principal component analysis (PCA) were performed and
visualized with TIGR MeV version 3.1 software (http://www.
tm4.org/mev.html). Data were also analyzed using Pars from the
data package PEIYLIP [40]. (http://evolution.genctics.washing-
ton.edu/phylip.html) Paxs is a general parsimony program that
performs the Wagner parsimony method with multiple statcs.
Isolate 76 was chosen as the outgroup because this isolate
appearcd to be the most diverse after hicrarchical clustering. A
corisensus e was constructed from 50,000 trees, All analyscs
used all DNA fragments minus corc and minus pQC-rclated DNA
fragments, The output from the Pars analysis was used te construct
trees using SplitsTreed (htep:/ /www.splitstree.org) [36).

Validation of the array

For cach strain included in the shotgun library, the number of
positivehybridizations (EPP >95%) was determined and genc
coverage of the CGH array was caleulated using a formula
previously described by Akopyants et al, [24];

Co = I=(1 =T+ -2RO/G)N

where Cg=genc coverage, T=gene size, [ =insert size, RO =
required overlap and G = genome size, The average gene size was
estimated to be 922 bp, which is the average gene length in
Enterobacter sp. 638. The average length of DNA fragments spotted
on the array was 1202 bp, hased on scquences of 425 DNA
fragments (data not shown), In contrast to oligonucleotide-based
hybridizations, only overlaps between spotted DNA and test DNA
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arc necessary [or a random shotgun library based on DNA-DNA
hybricization, The assumption was made that 100 nucleotides
would be necessary for a positive hybridization result [24], Finally,
the size of the genomes of the Enterobacter isolates vsed to construct
the CGH-array were cstimated to be 4.5 million bp based on the
wholc genome sequences of Entercbacter sp. 638 and Enterobacter
sakazakii ATCC BAA-894 (1,518,712 and 4,368,373 bp, respec-
tively). Next, the minimal percentage of coverage of the genome
was defined as:

Cu=(N-R)I/G x 100

where Cn represents the minimal coverage of the core genome, N
the number of DNA fragments on the MGA that passed quality
control, R the redundancy (1/number of unique DNA fragments
sequenced-1), T the DNA fragment size, and G the genome size
[16]. To evaluate the robustmess of hybridization, the presence or
absence in the tested isolates of two DNA fragments located on
two diflerent bidircctionally sequenced DNA fragments was
confirmed by PCR, The DNA (ragments chosen were part of
il encoding HIMWP1 and part of /513 and blagTsniy:

Determination and exclusion of R-plasmid pQC-related

DNA fragments

Since this study focused on studying the genctic relationships
between specics of the E, cloacae complex, interference by plasmid
DNA should be cxcluded. The large size of pQC (+/—300 kb)
prohibits its separation lrom chromosomal DNA, However, DNA
fragments derived from pQC influcnce clustering analyses,
Therefore, DNA {ragments from pQC were removed [or analyses,
The paired student-T test (p<0.01) was used for threc pairs of
isolates to determine which DNA fragments were derived from
pQC. Pairs of isolates were defined as isolates obtained from one
patient with highly similar FFGE patterns (in our casc all outhreak
strains) where one isolate harbored pQQ but the other did not, To
verify pQQC specificily, all isolates were hicrarchically clustered
using the 118 DNA [ragments potentially derived from pQC,
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