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Novel Enterobacter Lineage as Leading
Cause of Nosocomial Outbreak Involving
Carbapenemase-Producing Strains

Technical Appendix

Material and Methods

Contact Patients and Environment Study

In accordance with French recommendations (http://www.hcsp.fr), contact patients were
defined as patients hospitalized in the same unit as a carbapenemase-producing
Enterobacteriaceae (CPE) carrier and/or managed by the same medical or nursing staff. These
patients were screened weekly for CPE by rectal swab. All CPE carriers were placed on strict
contact precautions with dedicated staff as soon as they were identified. In addition, three rooms
for CPE patients including the beds, mattress covers, and shared equipment were sampled after
cleaning, either with swabs (Copan, Brescia, Italy) or with sterile wipes (bioMérieux, Marcy
I’Etoile, France). Each epidemiologic investigation included on-site visits and the collection of
patient demographic characteristics, hospitalization details, and clinical and bacteriological data.
The attack rate over the 13-month period was calculated for 10,000 hospital stays and compared
with that of the previous 13-month period (11/01/2013 to 11/31/2014) using Fisher exact test. p
< 0.05 was considered significant.

wgMLST and Core Genome SNP-based Typing

The wgMLST approach combined the analysis of core genome loci and the
presence/absence of accessory genes using BWA read alignments as previously described (1).
Core and accessory genes were extracted from 60 genomes belonging to the hormaechei
metacluster, yielding 2315 core genome loci (2,115,786 bases) and 2091 accessory genes
(2,109,600 bases). SNP-based typing was based on the best practices guide produced by the
Broad Institute (2). After quality trimming with sickle, the reads were aligned against the core
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genome with BWA-mem. PCR duplicate removal and read realignment around indels were then

performed with Picard tools (http://broadinstitute.github.io/picard/). Following this alignment

processing, variant calling and variant filtering were performed with VarScan (3). As
recombination events mask the true phylogenetic signal by generating tight clusters of SNPs,
SNPs were filtered out in each mapping if they were called within the vicinity of 25 bp of
another SNP, as previously performed (4). Core genomes with all variants instantiated were then
generated from filtered SNPs to obtain the phylogenetic tree using RAXML (5) with 100

bootstrap replicates.

Gene Detection from NGS Data

Multilocus sequence typing (MLST) and plasmid double locus sequence typing (pDLST)
were performed from online resources (http://pubmlst.org) with the ARIBA package (6).
Replicons were detected by PlasmidFinder (http://www.genomicepidemiology.org/). The
antibiotic resistance genes were assembled with the ARIBA package by mapping short reads
against a manually curated and updated database of resistance-associated genes (2835 genes and
1308 SNPs from 130 genes) derived from CARD and Resfinder (7,8). The assembled genes were
filtered and identified by alignment against the database with Exonerate (9) using a 95%
minimum threshold for coverage and identity percentages. The distance presence/absence matrix
derived from resistance gene detection and the corresponding UPGMA tree were computed in R
(https://cran.r-project.org/) with ade4 (https://cran.r-project.org/web/packages/ade4) and
fastcluster (https://cran.r-project.org/web/packages/fastcluster) packages.

SNP and hsp60 Enterobacter cloacae Complex Trees

The 85,257 SNPs were identified by Parsnp (10) using the recombination filtering option.
These SNPs were used to infer an approximately-maximum-likelihood tree with FastTree (11).
The reliability of the nodes was assessed by the Shimodaira-Hasegawa test. The phylogenetic
tree was visualized with FigTree (http://tree.bio.ed.ac.uk/software/figtree). hsp60 typing was

performed as previously described (12).

ANI and PCD Calculation
The average nucleotide identity (ANI) and the percentage of conserved DNA (PCD) were
calculated as previously described (13) with the pyani module

(https://github.com/widdowquinn/pyani).
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Pangenome Construction

To determine the pangenome of the hormaechei metacluster, 244 genomes were
annotated by Prokka (14) and the corresponding dataset was analyzed with the Roary package
(15). The homologous genes were functionally annotated with the Clusters of Orthologous
Groups (COG) database (16) using EQgNOG (17). Functional enrichment analysis was
performed with the stats package (https://github.com/SurajGupta/r-
source/tree/master/src/library/stats/R) in R to calculate odds ratios and Fisher exact tests with p-
values corrected for multiple testing by the Bonferroni adjustment. A p value less than 0.05 and

an odds ratio higher than 1.5 were considered statistically significant.

List of ECC Genomes Included in this Study

The Genbank accession numbers (hsp60 cluster, phylogenomic group): AFHRO1 (E,VI1I),
AMGJO01 (B,VI1II), ANIAO1 (B,VIIl), ANICO1 (B,VIII), ANIDO1 (B,VIII), AXLJ01 (D,I1I),
AXLKO1 (A,VI), AYIEO1 (B,VIII), AYIGO1 (D,I11), AYIKO1 (B,VIII), AYIMO1 (D,IlI),
AYIR01 (A,VI), AY1YO01 (A,VI), AYJEOL (D,III), CP008823 (B,VIII), CP008897 (D,111),
CP008905 (D, I11), CP009854 (D, 111), CP010377 (E,VII), CP010384 (A, V1), CP011572 (B, VIII),
CP011581 (B,VIII), CP011584 (B,VIIl), CP012165 (A,VI), CP012167 (B,VIII), CP017179
(B,VIII), CP017180 (C,VI), CP017183 (A,VI), CP017186 (D,lII), FKHBOO (D,l1), FKHEOO
(D,111), FKHLOO (D, 111), FKHWO0O (D, 111), FP929040 (B,VI111), JCKKO01 (D, 1), JCKRO1
(A,V1), JCKSO01 (A, VI), JCKTO1 (B,VIII), JCKX01 (B,V1I1), JCLCO1 (B,VIII), JCLDO1
(B,VIII), JCLFO1 (A,VI1), JCLGO1 (D,I1I), JCLHO1 (A,V1), JCLJO1 (B,VIII), JCLKO1 (B,VIII),
JCLLO1 (D,Il1), JICLMO1 (D,l11), JCLNO1 (D, 1), JCLOO1 (B,VIIl), JCLPO1 (D,I11), JCLQO1
(A,V1), JCLRO1 (B,VII1), JCLSO1 (D, 1), JCLTO1 (D,111), JCLUO1 (A, V1), JCLVO1 (D, 1),
JCLWO1 (B,VII1), JINLO1 (D,111), IMUPOL (A,VI), IMUTO1 (B,VIII), JQGOO1 (B,VIII),
JRFQO1 (B,VIII), JSBOO01 (A,VI), JTBZ02 (AVI), JITCA02 (AVI), JTCBO2 (A,VI), JTCCO2
(AV1),JTCDO02 (AVI), JTCEO2 (A,VI), JTCFO2 (A,V1), JTCGO02 (A,VI), JTCHO2 (AVI),
JTEPO1 (A, V1), JUHVO01 (AVI), JUHWO1 (A, V1), JUHXO01 (A,VI), JUHYO01 (B,VIII), JUIAOL
(A,V1), JUIBO1 (A,VI), JUICO1 (A, V1), JUIDO1 (A,VI), JUIEOL (A,VI), JULZ01 (B,VIII),
JUNOO1 (C,VI), JUXX01 (B,VIII), JVBSO01 (B,VIII), JIVGXO01 (B,VIII), JVKLO1 (B,VIII),
JVNWO1 (D,I11), JVOVO01 (B,VIII), JVYDO01 (B,VIII), JVZAOL (C,VI), IVZCO01 (B,VIII),
JWBJ01 (A, VI), IWROO01 (A,VI), IWRS01 (A, V1), JYGAO02 (A,VI), JYLQO1 (AVI), JYLRO1
(AV1), JYLUO1 (A,VI), JYLWO1 (A,VI), JYLYO1 (A V1), JYLZO01 (A, VI), IYMAOL (AVI),
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JYMBOL1 (A,VI1), JYMDO1 (A,VI), JYMGOL1 (B, VIII), JYMIOL (A,VI), JYMJIOL (A V1),
JYMKO1 (A,VI), JYMLO1 (A,VI), JYMNOL (A, V1), JYMOOL (A,VI), JYMPOL (A, VI),
JYMQOL (A,VI1), IZCVOL1 (A,VI1), IZCWO1 (A,VI), JZCYO01 (A,VI), JZDAOL (D,111), JZDBO1
(AVI), JZDCO1 (A,VI), JZDDO1 (A,VI), JIZDEO1 (A,VI), IZDGO1 (A,VI), IZKCO1 (A V1),
JZXQO1 (AVI), 3ZXS01 (B,VIII), IZXTOL (A,VI), IZXU01 (B,VI11), IZXVO1 (AVI),
JZXWOL1 (B,VIII), JZXX01 (B,VII1), JZYBOL (A,VI), JZYDO1 (A,VI), JIZYEOL (A,VI1), IZYF01
(A V), JIZYKO1 (A,VI1), IZYMOL (B,VI11), IZYNO1 (A,VI1), IZYOOL (A,VI), IZYPO1 (B,VIII),
JZYQO1 (D, 111), JZYTO1 (B,VIII), IZYUOL (A VI), JIZYWOL (B,V1II), JZYYO1 (D,111), JZYZ01
(B,VII1), IZZA01 (AVI1), 3ZZCO01 (E,VII), JIZZDO1 (B,VIII), JZZEO1 (B,VII1), JIZZH01
(B,VII1), IZZKO1 (AVI), 3ZZLO1 (A,VI), IZZMO1 (A V1), 3ZZN01 (D, 1), IZZOO01 (D, 111),
JZZPO1 (E,V11), JZZQO1 (D,111), JZZRO1 (AVI), 1ZZS01 (A,VI1), 3ZZT01 (D, 1), IZZU01
(B,V1II), JZZVO1 (AVI), KI535567 (A,VI), KQ089967 (A, V1), KQ759758 (B,VIII), LAADOL
(B,VI11), LAAEO1 (B,VIII), LAAFO1 (A VI), LAAGO1 (A,VI), LAAHO1 (A, VI), LAAIOL

(A V), LAAJOL (A,V1), LAAKOL (A V1), LAALOL (A, V1), LAAMOL (A,VI), LAANOL
(B,VII1), LAAQOL (A, V1), LAAROL (A,VI), LAASOL (A,VI), LAATOL (A,VI), LAAVO1
(AVI), LAAWOL (A,VI), LAAYOL (B,VI11), LAAZO1 (A,VI), LABAOL (A,VI), LABBOL
(B,VI11), LABCO1 (A,VI1), LBLXO01 (D, 1), LBMVO1 (A,VI), LDCBO1 (B,VIII), LDCCO1
(C,VI), LDCDO1 (B,VIII), LDCGO1 (A,VI), LEDBO1 (B,VIII), LEDDOL (B,VIII), LEDEO1
(B,VI11), LEDFO1 (D, 1), LEDGO1 (B,VIII), LEDJOL (A,VI), LEDKOL (A,VI), LEDOOL
(B,VII1), LEDPO1 (B,VI111), LEDSO1 (B,VIII), LEDUOL (B,V1II), LEDVO1 (B,VIII), LEDY01
(B,VII1), LEDZ01 (B,VIII), LEEAOL (B,VIII), LEEBO1 (B,VIII), LEEDOL (D, 1), LEEEO1
(B,VII1), LEEFO1 (B,VI11), LEEGO1 (B,VIII), LEEHO1 (B,VIII), LEEIOL (E,VII), LEEMOL
(B,VI11), LEENO1 (B,VIII), LETBO1 (A,VI), LETCOL (A,VI), LETDO1 (B,V1II), LETEO1
(D,111), LETFO1 (B,VIII), LETGO1 (A,VI), LETHOL (B,V1II), LETIOL (D, 1), LETJOL (A,VI),
LETKOL (B,V11I), LETLO1 (B,VIII), LETMOL (A,VI), LETNOL (B,VI111), LETOO01 (A,VI),
LETPO1 (B,VIII), LFHBOL (A,VI), MKEQO1 (E,VII), AEXBO1 (F,na), AGSY00 (H,XII),
ALNSO1 (M,1V), ATCKO1 (I,V), ATHX01 (M,IV), AYIDO1 (M,1V), AYIPO1 (J,1), AYJAOL
(M,1V), AYJFO1 (Q,11), AYJHO1 (Q,11), AYJIOL (Q,11), AYJOO1 (M,IV), AZUAOL (J,1),
AZUBO1 (K,na), AZX001 (R,IX), AZXZ01 (K,na), CP006580 (I,V), CP009756 (G,XI),
CP009850 (Q,11), CP010512 (J,1), CP011591 (J,1), CP012162 (M,IV), CP014993 (J,1),
CP016906 (G,XI), CP017181 (Q,11), CP017184 (M,IV), CP017279 (I,V), FKLS00 (Q,11),
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JACWOL1 (K,na), JALRO1 (N,na), JALWOL (G,XI), JCKLO1 (J,1), JCKQO1 (M,IV), JCKWO01
(Q,11), JICLAOL (1,V), JCLBO1 (R,1X), JCLEO1 (1,V), JCLIO1 (Q,11), IDWGO1 (P,na), JDWHO1
(P,na), JFHWOL (M, V), IMUQOL (Q,11), IMUSOL (M, V), IMUUOL (M,IV), IMUVOL (Q, 1),
ISWYOL (H,X11), JSZCO1 (M,IV), JTBFOL (J,1), JTLOOL (1,V), JUKNOL (J,1), JUMSO1 (J,1),
JUOYOL1 (J,1), JUQPO1 (Q,11), JUTROL (Q, 1), JUXGO1 (J,1), JUZI01 (P,na), JUZKO1 (Q, 1),
JUZLO1 (R,1X), JUZNOL (R,IX), JUZQO1 (P,na), JVAEO1 (Q,11), IVAGOL1 (1,V), IVBX01

(G, XI), IVBYOL (G,XI), IVCEO1 (G,XI), IVFX01 (Q,11), IVIBO1 (L,na), IVILO1 (L,na),
JVLFO1 (J,1), IVMTOL (M,1V), JVNDO1 (M,IV), IVPPO1 (R,IX), IVQIO1 (R,IX), IVQLO1
(R,1X), IVQZ01 (R,1X), IVRKO1 (R,IX), IVSDO1 (R,IX), IVTROL (Q,11), IVWVOL (M, V),
JWAAOL (3,1), IWAFO1 (M,1V), IWAUOL1 (K,na), IWAVOL1 (K,na), IWBX01 (J,1), IWCBO1
(K,na), JWCFOL1 (J,1), IWCNOL1 (J,1), IWETO1 (Q, 1), IWFJOL (Q, 1), IWFRO1 (J,1), IWGJIO1
(3,1), IWGMOL (J,1), IWPVO1 (M,IV), IWPXO01 (G,XI), IXAEO1 (G,XI), IYMEO1 (Q,11),
JYMFOL (3,1), JYMHO1 (M,1V), JYMMOL (3,1), JZCX01 (3,1), IZDFO1 (R,IX), JZXR01 (Q,11),
JZXZ01 (L,na), JZYAOL (L,na), JZYCOL (M,1V), JIZYGO1 (G,XI), IZYHOL (Q, 1), JZYJ01
(M,1V), JZYRO1 (M,1V), JZYSO01 (Q,11), JIZYX01 (N,na), IZZBO1 (R,IX), JZZFO1 (M,IV),
JZZGO01 (3,1), 3ZZ101 (M,1V), JZZX01 (M,IV), LAAPOL1 (J,1), LABDO1 (M,1V), LDCEO1 (J,1),
LDCHO1 (J,1), LDCIO1 (G,XI), LDCJIO1 (Q,11), LDCKO1 (M,1V), LDCLO1 (Q, 1), LECX01
(3,1), LECYO1 (Q, 1), LECZ01 (O,na), LEDAO1 (J,1), LEDCO1 (Q, 1), LEDHO1 (J,1), LEDIO1
(M,1V), LEDLO1 (G,XI), LEDNO1 (L,na), LEDQO1 (R,1X), LEDRO1 (H,XII), LEDTOL (L,na),
LEDWOL1 (Q, 1), LEDX01 (1,V), LEECO1 (Q, 1), LEEJOL (R,IX), LEEKO1 (Q, 1), LEELO1
(Q,11), LEEOOL1 (1,V), LEEPO1 (M,IV), LEEQO1 (Q,I1), LEERO1 (1,V), LEESO1 (M,1V),
LEETOL (M,1V), LETRO1 (N,na), LFLGO1 (Q, 1), LFLHO1 (H,XII), LGIVO1 (1,V), LT160614
(G, XI), LVTZ00 (H,XII), LVUS00 (H,XI1), LVUX01 (Q,11), NC_014121 (G, XI), NC_015968
(na, XI11), NC_016514 (1, V), NC_018079 (H, X11), NC_018405 (Q,11). (na, not attributed).

Biofilm Formation and Epithelial Cell Adhesion Assays

The initiation of biofilm formation was assayed by the ability of cells to adhere to the
wells of 96-well microtiter dishes made of polyvinylchloride plastic as previously described (18).
Biofilm formation was detected after 3h of incubation at room temperature by determining the
extent of crystal violet-stained cells attached to a surface at 595 nm. The commensal E. coli K-12
strain TG1 carrying a F-conjugative plasmid that promotes biofilm formation (19) was used as a

positive control strain for biofilm formation.
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HT-29 intestinal epithelial cells were purchased from ATCC and maintained in an
atmosphere containing 5% CO; at 37°C in Dulbecco’s modified Eagle’s medium. They were
seeded at a density of 2x10° cells/cm? in culture plates (Falcon) for 48 H. Cells were infected at a
multiplicity of infection of 10 bacteria per cell. Infected cells were centrifuged at 900 g for 10
min at 25°C, maintained at 37°C for 3 hours and then washed three times in phosphate-buffered
saline (PBS; pH 7.2). The epithelial cells were then lysed with 1% Triton X-100 (Sigma) in
deionized water. Samples were diluted and plated onto Luria-Bertani (LB) agar plates to
determine the number of CFU corresponding to the total number of cell-associated bacteria. The
adherent-invasive E. coli strain LF82 (20) was used as positive control. The adhesion index was

expressed as the mean number of associated bacteria per epithelial cell.

The data were compared by the Kruskal-Wallis test with Dunn's post hoc tests. The p-
values <0.05 were rated as significant.

Results

Clinical Data

The index case (patient 1, P1) was a 67-year-old woman hospitalized for a kidney
transplant. Following surgery, a CPE designated C45 was isolated from a urine sample.
However, P1 did not develop an infection and was only colonized. Five months after she was
discharged, a second CPE strain designated C46 was isolated from the urine of a 72-year-old
man (patient 2, P2) admitted to the intensive care unit (ICU) for endarterectomy and
tracheotomy. During his 106 days of hospitalization, the patient developed septic shock. Patient
3 (P3) was a 52-year-old woman admitted to the ICU for an undetermined recurrent septic shock
following bowel resection and laparotomy. Two weeks after the isolation of strain C46 from P2,
a CPE strain designated C47 was identified from the urine of P3. Patient 4 (P4) was a 69-year-
old man hospitalized for a kidney transplant. Two weeks after the isolation of C47 from P3, a
CPE strain designated C48 was isolated from the urine of P4. Patient 5 (P5) was an 87-year-old
man admitted to the medical unit and then to the ICU for a consciousness disorder. A CPE strain
designated C308 was isolated from a urine sample of P5 3 months after the isolation of strain
C48. Two months after the isolation of C308, CPE strain C310 was isolated from a skin sample

taken from an 84-year-old woman admitted to the medical unit for the treatment of a necrotic
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ulcer (patient 6, P6). Patient 7 (P7) was an 82-year-old man admitted to the surgical unit to
undergo lithotrity. One month after the isolation of C310, CPE strain C309 was isolated from the
operative peritoneal fluid of P7.
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Technical Appendix Table 1. Fermentation tests of Enterobacter cloacae complex isolates performed by using APl 50CH
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Technical Appendix Table 2. Biochemical differentiation of the isolates ST-873 among Enterobacter hormaechei subspecies and other relevant species of the E. cloacae complex*

D-Adonitol D-Arabitol D-Sorbitol D-Melibiose L-Fucose Esculin Dulcitol

E. cloacae complex - - - + _ _ _
ST-873 (n = 8) (21)

E. hormaechei - - + + Vv \Y; _
subsp. oharae

E. hormaechei — — _ _ + _ +
subsp. hormaechei

E. hormaechei + + + + + _ _
subsp. steigerwaltii

E. asburiae - _ + + _ + -~
E. kobei - . + + _ v
E. cloacae - - + + _ _ _
E. dissolvens \' - + + \Y; + _

* —, absence of fermentation; +, fermentation; V, variable among isolates.
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E. cloacae dissolvens Xl A)862872
E. cloacace dissolvens XIl A)543847
E. cloacae dissolvens XII AJ543817
E. cloacae dissolvens XIl AJ417143

E. cloacae cloacae X1 A)543855
| ! E. cloacae cloacae Xi AJ417139
E. cloacae cloacae XI Al417142
E. cloacae cloacae X1 A)543768
( E. cloacae XIIl A)543837
E. cloacae Xl A)543872
_{_| E. cloacae XIIl AJ543870
E. cloacae Xl AJ417128
E. asbuniae 1 AJ567893
_m Jsburiae | AJS67846
E. asburiae | AJ417140

£ asbunae 1 Al417141
| E. kobei 11 AJ567888

E. kobei Il A567886
E. kobei Il AJ567862
| E. kobei Il Aj567849

E. ludwigii V A)862863
| E. ludwigii V A|862862

E. ludwigil V AJ862861
| €. ludwigii v AJ862859

l E. cloacace IV A)543893

1

E. cloacae IV A)543889
E. cloacae IV A)543807
E. nimipressuralis X A|5679C0
E. cloacae I A567880
E. cloacac L AJ567877
E. cloacae I A|567872
E. cloacae N AJ567871
| C308

caz

E. cloacae IX A)543881
E. cloacae IX A)S43819
E. hormacchel steigerwaltii VIl A)S67884
E. hormaechei steigerwaltii VIIL A)S67892
E. hormaechei steigerwalti VIIL A)567890
€. hormaechei steigerwaltii VIIL A)S67889
C309
E. hormaechel hormaechel Vil AJ866491
E. hormaechel hormaechel Vil AJ862867
E. hormaechei hormaechei Vil AJ862866
E. hormaechei hormaeche VII AJ417108

E. xiangfangensis VI JCLHOL

E. hormaechei oharae VI A)567878
E. xiangfangensis VI AXLKCL

E. hormaechei oharae VI KN912610

E. hormaechei oharae VI CPO17180
| €. xiangfangensis VI AYIYOl

E. xiangfangensis VI CP017183
| cas

C46
c4as
€310
Elq
E16
CNR1568
CNR1569

0.008

Technical Appendix Figure 1: Neighbor-joining tree based on the hsp60 gene of representative

Enterobacter cloacae complex strains including type and reference strains. The isolates C45, C46, C48,
C310, E14, E16, CNR1568 and CNR1569 form a new hsp60 genetic cluster. The scale gives the Jukes-
Cantor distance along the branches. The leaves are labeled by species hame, hsp60 genetic group and

the corresponding GenBank accession number.
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Technical Appendix Figure 2: Percentages of conserved DNA (PCD) calculated from Blast software

(http://blast.ncbi.nlm.nih.gov/Blast.cqi) pairwise comparisons of ST-873 genomes and 401 representative

genomes of E. cloacae complex. (NA, non-attributed)

Meta-duster Name Hsp50 cluster S F G H I ) K L M N 0 P Q R NA
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£ hormoechei subsp. steigermoltii va

Maatd (3 hamoeo\er: sihsp.chome vi
£ harmoeched n
£ hormoechei sabsp. hoemoechei Vi
$T-873 NA 08
£ mori NA 03 0n
E. cloocoe subsp. choocos n 05 0 oM
E. cloocoe subsp. dasavens n 074 071 031 08
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) E.cloame complex NA Lip=§) 075 03 078 03 0B 02 0B 07 0®
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Technical Appendix Figure 3: Percentages of conserved DNA (PCD) calculated from MUMer (22)

pairwise comparisons of ST-873 genomes and 401 genomes of E. cloacae complex. (NA, non-attributed)
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Technical Appendix Figure 4: Average nucleotide identities (ANI) calculated from MUMer (22) pairwise

comparisons of ST-873 genomes and 401 genomes of E. cloacae complex. (NA, non-attributed)
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Technical Appendix Figure 5: Ability of A) ECC isolates to initiate biofilm formation on PCV and B) to
adhere to HT29 intestinal epithelial cells. E. coli K12 TG1 was used as positive control for biofilm
formation and the E. coli reference strain LF82 for adhesion to intestine epithelial cells (Kruskal-Wallis

Test; ns, not significant; *, p<0.001; **, p<0.05).
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