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Abstract

The aim of this review is to provide an update on the plasmids mediating DHA-1 cephalosporinase in Klebsiella pneumoniae.
These plasmids have been mainly found in this bacterium but not only. The first was isolated from Sa/monella sp. in France in the
early 1990s. They are currently reported worldwide. Blapy4.; beta-lactamase gene is usually co-expressed with many other
antibiotic resistance genes such as extended-spectrum 3-lactamases (blacrx.ar, blasiy-types), oxacillinases (blagxa. ;. blapya-30).
penicillinases (blargy,type), carbapenemases (blapyass, blaxpc.>), aminoglycosides (aacA, aadA, armA), fluoroquinolones
(gnrB4, aac6'-1b-cr), and sulfonamide (sull) resistance genes. Plasmids carrying DHA-1 cephalosporinase have different sizes
(22 to 313 kb), belong to diverse groups of incompatibility (R, L/M, FII(k), FIB, A/C2, HI2, HIB), and are self-transferable or
not. The multidrug resistance region consists of a mosaic structure composed of resistance genes, insertion sequences, composite

transposon, and integrons.
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Introduction

Production of [3-lactamase is the main mechanism of resistance
of Enterobacteriaceae to [3-lactam antibiotics. Some
Enterobacteriaceae naturally produce chromosome-encoded
[3-lactamase (penicillinase or cephalosporinase). Oxyimino-[3-
lactamins, such as cefotaxime or ceftazidime, have been
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developed to avoid these enzymes. Unfortunately, under anti-
biotic pressure, over-production of chromosomal AmpC beta-
lactamases has occurred by mutation and conferred resistance
to these molecules. Similar overproduction has been observed
in Enterobacter sp., Citrobacter freundii, Serratia marcescens,
Morganella morganii, and Pseudomonas aeruginosa [1].
During the early 1990s, plasmid-encoded AmpC cephalos-
porinases were reported in species that lack an inducible
AmpC enzyme such as Klebsiella pneumoniae, Escherichia
coli, and Salmonella sp. [2]. Subsequently, plasmid-mediated
AmpC were observed worldwide. They are derivatives of
Enterobacter sp. (ACT-1 and MIR-1), C. freundii (CMY-2),
M. morganii (DHA type), Hafnia alvei (ACC-1), and
Aeromonas sp. (CMY-1, FOX, MOX) [3]. The first DHA-1
cephalosporinase was described in a Salmonella enterica
serovar Enteritidis strain isolated in Dhahran, Saudi Arabia, in
1992 [4]. It is the main inducible plasmid-mediated AmpC
cephalosporinase (pAmpC).

Detection and susceptibilities
DHA-1 belongs to class C of the Ambler classification and to

group 1 of the functional classification of Bush, Jacoby, and
Medeiros [5, 6]. pAmpC confers resistance to all penicillins
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(alone or in combination with (3-lactamase inhibitors) and to
most cephalosporins (except cefepime), including
cephamycin, but is inactive against carbapenems and cefe-
pime. Unlike all other pAmpC, DHA-1 is always inducible
because of the systematic presence upstream of blapy,.; of
the regulatory gene ampR. This regulation explains the antag-
onism between cefoxitin, clavulanate, and carbapenem, and
oxyiminocephalosporins. Such antagonism can be a strong
indicator of DHA-1 production in species that do not possess
chromosomal-inducible AmpC, such as E. coli or K.
pneumoniae. Some phenotypical tests have been developed
to detect AmpC production in non-AmpC-producing species,
using cephalosporins alone or in combination with
cloxacilline or boronic acid, which are inhibitors of AmpC
[7-10]. However, these tests are unable to precisely identify
DHA-1 producers and they are unusable on AmpC-producing
species such as E. coli, Enterobacter sp., and C. freundii.
Molecular methods are the reference strategy for DHA-
specific detection, of which Pérez-Pérez multiplex PCR is
the most widely used [11].

History (Table 1)

The first plasmid-mediated DHA (3-lactamase was identified
in a strain of S. enterica serovar Enteritidis from stool samples
of a 62-year-old patient with lung carcinoma in Dhahran
(Saudi Arabia) in 1992 [4]. A strain of K. pneumoniae-pro-
ducing DHA-1 was isolated from urine specimens in Los
Angeles (USA) in 1994 [12] and another one in Miami
(USA) between 1996 and 2000 [13]. Two strains of S. enterica
serovar Senftenberg-producing DHA-1 were isolated in
London (UK), in 1996 and 1999. They carried plasmids of
ca. 98 and 99 kDa that were self-transferable [14]. In France,
the first K. pneumoniae-producing DHA-1 was isolated in
Paris in 1998 from blood cultures. The plasmid was self-trans-
ferable. Nine other K. pneumoniae and one Klebsiella
oxytoca-producing DHA-1 strains were later isolated between
1999 and 2003 (five in 2003). Only two were not self-
transferable [15]. Fifty-four isolates of K. pneumoniae and 2
isolates of E. coli-producing DHA-1 3-lactamase were iden-
tified from blood cultures between 1993 and 2005 in Seoul
(Korea). All isolates coproduced gnrB4 (gnr genes are
plasmid-mediated quinolone resistance) and some also pro-
duced other enzymes (CTX-M types, TEM-52, SHV-12)
[16, 17]. Ten isolates of K. pneumoniae-producing DHA-1
[3-lactamase were identified between January 1999 and
September 2001 in Taiwan. The blapy,.; gene was located
on 70-kb plasmids that were not self-transferable [18]. A 3-
year-old girl with diarrhea and fever was admitted to hospital
in October 2002 in Korea. A Salmonella enterica serotype
Montevideo DHA-1 positive was isolated from blood and
stool specimens. The plasmid was self-transferable [19].
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Thirty-six DHA-1-producing K. pneumoniae that co-
expressed ESBL enzymes (CTX-M and/or SHV) were col-
lected between January 1999 and June 2002 in Taiwan [20].
From May to July 2004, 11 DHA-1- and SHV-12 ESBL-pro-
ducing K. pneumoniae were collected in a Korean hospital
[21]. Ninety-nine DHA-1-producing K. pneumoniae, 13
DHA-1-producing E. coli, and 1 DHA-1-producing
Enterobacter cloacae were collected during 2004 to 2006 in
Kyungpook (Korea) [22]. As elsewhere, some of the isolates
co-expressed ESBL enzymes (CTX-M and/or SHV). Further,
98/99 isolates of DHA-1-producing K. pneumoniae and 100%
isolates of DHA-1-producing E. coli were positive for gnrB4.
Then, 89/99 of K. pneumoniae and 7/13 of E. coli isolates
were positive for armA, a plasmid-mediated 16S rRNA meth-
ylase gene. Conjugation was successful for 38 DHA-1-
producing K. pneumoniae, 3 DHA-1-producing E. coli, and
1 DHA-1-producing E. cloacae. Thirty-five transconjugants
carried gnrB4, blapya, blasygy.;>, and armA; two
transconjugants carried gnrB6, blapga.;, and armA. Nine
plasmids were chosen for further studies, which revealed a
large plasmid of about 180 kb belonging to the FIIA incom-
patibility (Inc) type [22]. In another study, genes gnrB4 and
gnrS were found in the same strain of K. pneumoniae but on
different plasmids. The strain was isolated in 2005 in China
[23]. In southern Taiwan, 20 isolates of flomoxef-resistant
ESBL-K. pneumoniae, all carrying the blapy,.; gene, were
identified between March 2004 and November 2005.
Blacry.ys genes were found in 18 of the strains: gnr, aac(6')-
Ib-cr, and armA genes were respectively detected in 100, 61,
and 78% of the isolates. Conjugation was successful for only
four strains. Genes gnrB4, aac(6')-1b-cr, armA, and blapy,.;
were on the same self-transferable CTX-M-carrying plasmids.
They belonged to the FIIA Inc group [24]. Plasmid pKP048,
belonging to IncF, was detected in carbapenem-resistant K.
pneumoniae in China in 2006. It carried blagpc.>, blapga.;,
gnrB4, and armA, and was self-transferable [25]. Plasmid
p1220-CTXM, a pKP048-related IncFIl(k) plasmid, was re-
cently sequenced in China; it carried blacry.r;4 and gnrB4
[26]. A hospital in the northwest of Belgium recorded 22
clinical isolates of K. pneumoniae expressing plasmid-
mediated DHA-1 AmpC. and chromosomal SHV-11 beta-
lactamases between August and December 2006 [27]. Thirty
Enterobacteriaceae (15 E. coli, 10 K. pneumoniae, 4 K.
oxytoca, and 1 Proteus mirabilis strains) encoding blapga.;
ot blapga.; plus blacrx-pr 14, .15 Were collected between 2005
and 2007 in Barcelona, Spain. All isolates co-harbored
blapps.; and gnrB genes on the same plasmid. Conjugation
was possible for 26/30 isolates, of which all but one belonged
to the L/M group [28]. Twenty-six DHA-1-producing K.
pneumoniae were isolated between June 2007 and January
2008 in Barcelona, Spain. Three of them also had blacry.as.
15 and aac(6)-Ib-cr and 25 contained gnrB. Transconjugants
were obtained with one isolate of each pulsed-field gel
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Other antibiotic resistances

3-Lactam resistances

ST

Inc group

Plasmid size

Species

City/country

Table 1 (continued)

Years/reference

@ Springer

qnrB4, armA

No

50 kb

K. pneumoniae
ST11, SHVI1

Madrid/Spain
E. coli

20082010 [37]

aac2, armA, sull, mel, mph2

LM Yes TEM-1

89 kb

Hong Kong

2009 [38]

(PNDM-HK)

140 kb

OXA-1

FII

K. pneumoniae

ST11

Serres/Greece

2009 [39]

OXA-162 on a different

plasmid (62 kb, IncL/M)

KPC-2

Yes

56 kb

E. aerogenes

China

2010 [40]

aacA2, aadAl, gnrB4, dfrAlS,

CTX-M-15, TEM-1

Yes

FIB, HIB

254 kb

K. pneumoniae

ST274

Paris/France

2011-2012 [41]

sull
Colistin (mgrB)

Colistin (mgrB)

(PENVA)

CTX-M-15
SHV12

K. pneumoniae

Hungary

Japan

2009-2013 [42]

2016 [43]

K. pneumoniae ST37

Tigecycline (ramR)

qnrB4, sull

CTX-M-14

Fllk

137 kb

K. pneumoniae

China

2017 [26]

(p1220-CTXM)

ST self-transferable, V variable

electrophoresis (PFGE) profile. The blapy,.; gene was pres-
ent in a plasmid of 180 kb belonging to the L/M Inc group.
Exceptionally, one gene was located in a plasmid of 120 kb.
The FII replicon was also detected. The plasmids were trans-
ferable and the strains belonged to sequence type (ST) 17,
ST13, ST427, ST416, ST37, ST326, and ST428 [29]. In
September 2007, a strain of S. enterica Thompson co-
harboring blappa.; and blargy.;, was isolated from the stool
sample of a pediatric inpatient (aged 3 years) with diarrhea in
China [30]. Three strains of C. freundii were isolated from
wastewater treatment plants in Vancouver, British Columbia
(Canada), in June 2007. They carried large plasmids (> 60 kb)
with resistance genes such as gnrB4, aac(6")-1b-cr, blapya.;,
and blapyxy.; or blapgya.;o [31]. Two K. pneumoniae isolates
carrying blap.; and gnrB4 genes were identified in 2008 in
Tortosa, Catalonia (Spain). They belonged to the same MLST,
ST483, and harbored the l}’lﬂ], blaDHAJ, blLlOXA_j, blaSHV_1,
aac(6")-1b-cr, gnrB4, and gnrS2 genes [32]. A SFO-1-
producing strain of K. pneumoniae isolated in 2008 in
Shanghai (China) harbored a large DHA-1-bearing IncFII
plasmid in a ST11 clone (SFO-1 is an ESBL enzyme). The
plasmid also carried a gnrB4 gene [33]. K. pneumoniae
KPS30 strain (ST11) was isolated from urine in 2008 in
Paris (France). KPS30 carries the B-lactamase genes blagy .
11- blapxa 30, and blapy,_ ;. pKPS30 is a 61,228-bp plasmid of
the IncR group. It carries blapxa-39 and blapg,.; genes and
tetA, aac6'-1b-cr, catB3, arr-3, sull (two copies), and mph(A)
genes. It was not transferable [34]. At the same time, a similar
plasmid of 57,382, KpQ3 was isolated in Madrid (Spain) in a
ST37 K. pneumoniae strain [35]. Seventeen K. pneumoniae
strains producing DHA-1 were collected between 2006 and
2010 in Paris (France). ST48 and ST1263 were predominant
and the plasmids belonged to IncL/M or IncHI2 groups; 8/14
were transferable [36]. Seven K. pneumoniae strains were
isolated from dogs and cats in Spain between 2008 and
2010. All isolates were typed as ST11 and had SHV-11 B-
lactamase. The IncR plasmids of 50 kb carried blapa.;,
armA, and gnrB4 genes and were not transferable [37]. A
carbapenemase NDM-1 (for New Delhi metallo-
carbapenemase) E. coli strain was isolated in October 2009
in Hong Kong. The plasmid named pNDM-HK, 88,803 bp in
size, was self-transferable and belonged to the IncL/M group.
It also harbored genes associated with resistance to 3-lactams
(blargysr;, blapya.;), aminoglycosides (aac2, armA), sulfon-
amides (sull), and macrolides (mel, mph?2) [38]. A ST11 K.
pneumoniae strain co-expressing the OXA-162
carbapenemase and DHA-1 was isolated in Serres (Greece)
in 2010 [39]. The blapxa.;4> gene was harbored on a plasmid
of 62 kb belonging to IncL/M while the blap,.; gene was
carried on an IncFII plasmid of 140 kb. The plasmids were not
self-transferable [39]. A carbapenem-resistant Enterobacter
aerogenes was isolated from the sputum of a 69-year-old pa-
tient in China in July 2010. The strain harbored a plasmid of
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56 kb carrying carbapenemase KPC-2, DHA-1, and TEM-1;
the plasmid was self-transferable by conjugation [40].
Fourteen ST274 K. pneumoniae were recovered from dogs,
cats, sheep, and a hedgehog between July 2011 and June 2012
in Paris (France). They harbored a plasmid of 253,984 bp
named pENVA carrying blaCTX,M,”, blaTEM_I, blaDHA_I,
aacA2, aadAl, qnrB4, dfrAl5, and sull (two copies) genes.
Two replicons, those of IncFIB and IncHIB-like plasmids,
were found [41]. Between December 2009 and December
2013, 312 DHA-1-producing K. pneumoniae strains of ST11
were isolated in Hungary. The blacrx.,. 5 Was present in 90%
of isolates and three isolates were also resistant to colistin by
inactivation of mgrB [42]. In July 2016, a colistin- and
tigecycline-resistant K. pneumoniae strain was isolated from
a dog in Japan. Insertional inactivation of mrgB and ramR by
IS10R could have been involved in these resistances. The
strain belonged to ST37, carried blagyy.;> and blapg,_;, and
was positive for gnrB and armA [43].

Complete plasmids (Table 2)

Twenty-one complete DHA-1 plasmids are available on
GenBank (www.ncbi.nlm.nih.gov/genbank/). They mainly
belong to the Enterobacteriaceae family: 13 were found in
K. pneumoniae, 2 in E. coli, 3 in C. freundii, 1 in Raoultella
ornithinolytica, and 1 in Cronobacter sakazakii strains. One
plasmid was found in a strain of Vibrio cholerae. We looked at
their Inc groups with PlasmidFinder [44] and at their profiles
of resistance with Card [45]. They belong to different Inc
groups: R (2), A/C2 (4), R and A/C2 (1), L/M (1), FII(k) (2)
, FII(k) and R (2), R and FII(k) (2), HIB and FIB(Mar) (1), HI2
(1), H12A and H112 (1). Their sizes varied from ca. 22 to
312 kb. They carried many antibiotic resistance genes: to
beta-lactams with blapya-type, blasin-type, blacrxartype,
blargprtype, blapp-type, blaypartype, blaxpc-type, blapga-
1, to aminoglycosides with aph(3')-type, aac(6')-1b-cr, aadAl,
aacA4, strA, strB, armA, to fluoroquinolones with aac(6')-1b-
cr and gnrB4, to phenicols with catB3, floR, cmlA, to
rifampicine with arr, to sulfonamides with su/l/ and sul2, to
trimethoprim with dfrA, to tetracyclines with zetA, and to
macrolides with mph. In some of them, blapy,.; and ampR
genes were part of a ISCR1-linked resistance gene region
associated with a class 1 integron. Fifteen of the 21 plasmids
had an ISCR1 element. The genetic organization of the mul-
tidrug resistance regions is described in Table 2.

Patric database (Table 3)

We looked in the Patric database [46] for genomes of
Klebsiella strains that were resistant to cefoxitin by synthesis
of'a class C beta-lactamase from the ‘DHA/MOR’ family. We

found 26 genome assemblies and 1 complete plasmid (data
supplement). The strains were collected from urine, blood,
sputum, rectum, canal, pus, and river water between 2008
and 2017 in the USA, Europe, Asia, and Africa. The genomes
were mainly sequenced by Illumina technology. We looked
for the presence of plasmids with PlasmidFinder [44], for
antibiotic resistance genes with Card [45], and for ST, wzi,
and virulence genes on the Pasteur MLST site (http://bigsdb.
pasteur.f/). Contigs were compared with known DHA-1 plas-
mids by Mauve [47].

The strains harbored several plasmids with two to six
different Inc groups. Plasmids related to pKPS30 were the
most frequently recovered (ten times). pKPS30 plasmid of
the Inc-R group was not self-transferable by conjugation
[36]. It was associated with K. pneumoniae strains of
ST11 [36] and ST37 [35]. It was also found associated
with other STs such as ST895, ST29, and ST1307.
Sequence types ST11, ST37, ST29, and ST895 were the
most frequently found. No homology was found for eight
plasmids. Five strains produced carbapenemase (NDM-
type or OXA-48).

Most of the strains were of classical pathogenesis with type
3 fimbriae (mrk operon). Usually, hypervirulent isolates be-
long to serotypes K1 or K2. In this study, just one strain was of
serotype K2 but possessed only the iron transport fit operon
as extra virulent genes and therefore could not be considered
as hypervirulent. Four strains had a yersiniabactin, which is a
siderophore that increases the virulence of the strain [48]. One
strain of serotype K54 could be considered as hypervirulent
with several siderophores (yersiniabactin and acrobactin [49])
and the presence of RmpA, a regulator of the mucoid pheno-
type [50]. The K. pneumoniae AR_048 strain (Accession:
CP021950.1) of ST11 was sequenced by PacBio technology
with a genome coverage of 120. The isolate belongs to a
collection of carbapenemase-producing Enterobacteriaceae.
It has four plasmids, one of which is a DHA-1 plasmid of
176,349 bp: tigd0000169 pilon (Accession: CP021952.1).
PacBio technology allows the complete sequencing of plas-
mids. DNAplotter (Sanger Institute) [51] was used to con-
struct a schematic plasmid map (Fig. 1). Plasmid
tig00000169 pilon belongs to the IncA/C2 group. The back-
bone part included genes for replication, transfer, stabilization,
and transfer: the plasmid, therefore, is self-transferable by
conjugation. Several antibiotic genes were found in the vari-
able region: resistant to B-lactams with blagzn.;;, blapga-;,
blacyy.s, blaypys.;; resistant to aminoglycosides with
aac(6)-Ib-cr, aac(3)-1ld, rmtC; resistant to fluoroquinolones
with aac(6')-Ib-cr and gnrB9; and to sulfonamides with sull.
The co-occurrence of two genes of class C B-lactamase has
already been reported [52]. However, the presence of blagy.
11> blapya_;, blacyy.s, and blaypy,.; on the same plasmid is
very surprising. Genes blapys.; and blaypy.; belong to a
class 1 integron of sull-type with ISCR1 (see below) (Fig. 2).
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Table 2

Complete DHA-1 plasmids from GenBank (https://www.ncbi.nlm.nih.gov/genbank/)

Incompatibility group Plasmid name Size (bp) Antibiotic resistances Genetic organization

(PlasmidFinder) (Card)

K. pneumoniae

R pKPS30 [36] 61,228 blapxa-;, blapya.; Typical class 1 integron with ISCR1 (Fig. 3a)
aac(6')Ib-cr, gnrB4
aph(3')-Ia, mph(A)
catB3, arr-3,
sul-1 (% 2), tet(A)

R PYDC676 [33] 50,182 blapa.;, strA, strB pKP048 [25] (ISCR1 element) with operon

ST37 armA, gnrB4 psp between blapa.; and gnrB4
mph(E), msr(E), sull

A/C2 pKp55 215,528 blapxa-s1, blappa.s ISCR1 with IS26 (5'-CS) and tniB (3'-CS)
blalMP_zg, aac(3)—1]d
aacA4, aac(6’)Ib-cr
mph(A, catB3 (X 2)
sull (x2), sul2, arr-3
floR

A/C2 pHMB81QN 160.687 blaoxa-10, blapya.; Typical class 1 integron (VR1: dfrAl4, arr-2,
blasyy.1>6, aadAl cmlA7, oxa-10, aadAl), ISCR1 (VR2: sap
aacA4, aac(6’)Ib-cr operon, gnrB4, psp operon, blapa.;,
qnrB4, sull(x2), sul2 ampR) with truncated 3'-CS: only sull
cmlAl, dfrAl4 followed by tmiB
arr-2, floR

A/C2 pIMP-PH114 151,885 blappa-1, blajpa Typical class 1 integron (VR1: blajp_y,
aacA4, aac(6’)Ib-cr qacG2, aacA4, catB3), ISCR1 (VR2:
catB3, sull, sul2 blapga.;, ampR), no 3'-CS, tnii

R-A/C2 pTR2 133,650 blapxa-o, blapya.; IS 26-composite transposon: blaypay.;,
blaNDM_I, blaSHv_H blaDHA_1, ampR, anA, sull
aadAl, aac(3)-1ld
strA, strB,
aac(6’)Ib-cr, mph(E), msr(E),

cmlAl, arr-2

sull(x 2), sul2, armA

LM pNDM-OM 87,185 blaDm_I, blaTEM_]B 1826, blaNDM_1, bleMBL, blaDHA_1, ampR, Sl/ll],
blaypyy.;, aac(3)-11d ISCRI1, ISEc28, armA, ISEC29, msrE,
armA, mph(E), msr(E), sull mphE

FII pM16-13 111,951 blapxa-;, blapa.; pRBDHA [15] (Fig. 3a)
blarpy.1s, blacrxaris
aph(3')-la
aac(6')-1b-cr
qnrB4, mph(A)
catB3,
sull (x2), arr-3
tet(A)

FH(K) pNDM—lsaitamaOl 49,441 blaDHA_1, blaNDM_1 PKP048 [25] with bleMBL, blaNDM_1,
aph(3')-Vla ISAbal25 in 3’ after blapy,.;
mph(E), msr(E), arr-2
sul-1, dfrA14

FH(K)—R p1220—CTXM [26] 137,060 blaDHA_I, blaCTX_M_14 Tl’lpA, blacrx_M_14, ISECpl, ISCR], IS6100,
gnrB4, sull sull, qacEAL, ampR, blapy.;, psp operon,

gnrB4, sap operon, 1S26
pKP048 [25] 151,188 blaDHA_1, bla[(pc_g Flg 3b
gnrB4, mph(E), msr(E), sull,
armA

HIB, FIB(Mar) pENVA [41] 253,984 blapya-;, blargy VRI1: dfirAl5, aadA, 1S26 instead of ISCRI,
blacrxaris, aadAl VR2: gnrB4, psp operon, blapa.;, ampR
aac(3)-lla, gnrB4
sull(x 2), tet(A), dfirAlS

UN pRJA166a 230,606 blapya.;, blasgy. 126 PhS7 [23] (Fig. 3a)

@ Springer

gnrB4, sull


https://www.ncbi.nlm.nih.gov/genbank

Eur J Clin Microbiol Infect Dis (2018) 37:1197-1209

1203

Table 2 (continued)

Incompatibility group Plasmid name Size (bp) Antibiotic resistances Genetic organization

(PlasmidFinder) (Card)

E. coli

FIB, F, FII Plasmid A 184,614 blapya.;, gnrB4 ampR, blappa._;, psp operon, gnrB4
mph(A), sull

LM pNDM—HK [38] = PNDM-OM 1826, blaNDM,b bleMBL, blaDHA,I, ampR,

qacEAIL, sull, ISCR1, tpnU, armA, tpnD,
mel, mph2, 1S26

C. freundii

UN pCFI-1 [31] 23,574 blapxa.;, blappa-; pRBDHA [15]
aac(6')Ib-cr
qnrB4, catB3, arr-3
sull(x2)

UN pCFI-2 [31] 24,555 blapxa-10, blappa.; pRBDHA
aadAl, gnrB4 VR-1: dfrAl4, arr-2, amlAS, blapxa_;o,
cmlAl, arr-2 aadAl
sull(x2), dfrAl4

UN pCFI-3 [31] 22,634 blapxa.;, blappa-; pRBDHA
aac(6’)Ib-cr, qgnrB4
catB3, arr-3, sull(x 2)

R. ornithinolytica

HI2 pYNKPO0O01-drfA 234,154 blapya.;, aadAl6 Typical class | integron (VR1: arr-3, dfirA27,
gnrB4 arr-3, sull(x 2) aadAl6),ISCR1 (VR2: sap operon, gnrB4,
dfrA21 psp operon, blapy_;, ampR)

V. cholerae

A/C2 pNDM-116-17 167,832 blaoxa-10, blapya.; 1S26, blaypay.;, bleysr, tnpF, blapa_;, ampR,
blanpys.;, aadAl qacEAL sull, ISCR1, tpnD, msr(E),
mph(E), msr(E), cmlAl, mph(E), 1S26

arr-3, sull

C. sakazakii

HI2A, HI2 P505108-MDR 312,880 blapya.;, blargy1s pMPDHA with gnrB4 between psp operon
blappa.;, blasgy.;> and sap operon
aacA4, aph(3')-la
strA, strB
aac(6’)Ib-cr, gnrB4
catA2, sull(x 2), tet(D)
dfrAl8

UN unknown

Genetic organization (Fig. 3)
Isolates carrying ISCR1

The blapys.; gene has been observed in a particular class 1
integron of sull-type which contains two partial copies of the
3'-conserved segment gacEAlsull surrounding a common
region ISCR1 and antibiotic resistance genes [53, 54].
Different antibiotic resistance genes (VR 1) have been detected
between the int gene, encoding the integrase, (the 5'-con-
served segment) and the first gacEAIsull segment (3'-con-
served segment). For example, aadB and aadA2 were detected
in the integron from pKp760 plasmid [15]; dhfr, arr2, cmIA7,
and a fused gene cassette blapxa g-aadAl were detected in the
integron from pRDDHA plasmid (the c/mA7 and blapxa;o
genes were inactivated by insertion sequences IS); aac(6')-

Ib-cr, blapya.3p, catB3, and arr-3 were detected in the
integron from pRBDHA and pKPS30 plasmids [36]; and
aac(6)-1I, ereA2, aac, and arr were detected in the integron
from pMPDHA plasmid (ereA2 was interrupted by 1S1247)
[15]. The blapp.; and ampR region was mobilized from the
Morganella morganii chromosome and inserted downstream
of ISCR1 [15]. This region was followed by the second
qgacEAlLsull segment (3'-conserved segment). In pMPDHA,
IS26 followed the second qacEAlsull segment, whereas a
partial tniB was found in pRDDHA and pKp760. In
pRBDHA, the end of the second gacEAIsull segment was
deleted by 1S4321. In pMPDHA, pRBDHA, pHS7, and
pKPS30, genes of the sap operon (ABC transporter family)
and genes of the psp operon (phage shock proteins) were
found downstream of ISCR1 and upstream of ampC [15, 23,
36]. In pRBDHA and pHS7, a gnrB4 gene was inserted

@ Springer



Eur J Clin Microbiol Infect Dis (2018) 37:1197-1209

1204

(I'T1#€810d0 ZN) ¥-#11-don-d3d pruseld
DJOIHIDA D][2ISGILY

umouyun A/
/ 44 [THIQOF V3 NN 1Tr1S 8-g-dMO ‘1-IIS CDIA ‘(MH)VIA ‘T4 €81 W BSFT 10000V
S S (1AaDg V3w NN LS [-INAN ‘TI-AHS DI Y “€X ‘D41 S8 U BT TOAXEN
Sed 91 (TIqg V3 NN $€T1S LT-AHS DI ‘d1H ‘(1SHIMD 41 8t W esy I TOLAT
DI ¥
/ 61 THI V3w NN $SELS 11-AHS “(€890€ADIIA “TIH ‘CD I €€ W ESFTTOMAAT
/ Y01 [1AV3p NN 61L1S LT-AHS ¥ ‘dIH SL W esy T TOrAON
01 001 SMTHAQ VW NN S8H1S LT-AHS d “dIIH ‘DAdI0D ‘(e b1l 091 W ey 1097ad
8¢ 96 [THAADG Vo NN LELS I1-AHS (ISHIDE1d €8 W EFT'T0NVON
[-1ow (8Z8DINI0D “€X (TISSAIOD
12 6C 29V T VIHw NN SILS ‘G-INAN ‘YUl ‘8Z-AHS (DAL ‘CDI ‘11104 PIT U BSET TOASION
/  €E€ 01 pare[y Aavpuw AAN-801505d LISIS 11-AHS ‘DI ‘CDdId ‘VTIH ‘TIH €l W ESFI'T0AdAT
/ 484 [THADG VW o 1y-don-dyd 6611S I-AHS 414 (€890 VI ‘DI 93 sy TOAATA
[ 4 0avV 110V INO-INANd Y1LS [-INAN ‘9TT-AHS N ‘CDdId d “CDIE ‘W1 LL ey T 1010 T
/ 191 agvsyu 870d 78SILS 9CI-AHS N “GDIA 4 80T U BSI['TOADIN
/ Y01 (LAY INXID-07c1d-+ 11LS 8S1-AHS IVNIOD ‘CDIIA 4 YOI W eSFITOLdAT
XNLSOdaVIak
/ SL T 1dm vy THAQO GV INXLD-0zz1d 1118 quue ‘€Z[-AHS D414 ‘GDIId ¥ LTy WESFTTOIMED
XNLSOdAVIak
61 61 T ‘1dn ‘yndy IHAqOg VI WXLD-0ze1d 6C1S €8-AHS D414 ‘GDII ‘DI A € W esy T TOSAT
v ‘qogyont
‘zdm ‘NDgon *XN1SOdIVIA
¥ SII ‘Tvdu ‘ydw (THIQOg VW NX1D-0zeTd 6CT1S 9ZI-AHS ‘6X “CDII ¥ 18 W ESFTTONTIMT
SIS 8r-vx0d)
05 ‘LT ‘ST 0S V& ‘g ‘1dm ‘viqf [IHAD V3w 0gSdyd 1118 8%-VXO ‘11-AHS W/TCDII ‘GDdId “d ¥SI W eSFT T0DONN
/ 20T 0avVY 1AV 0gSdyd LOETLS 11-AHS GDIA ‘(SHINDEI 001 3 esF1 T0OdON
/ 011 [THIAOF V3w 0gSdd LELS 11-AHS o4 d 8P1 U BSF [ TONOMV
/ 011 (IHAQDg V3w ogSdyd LELS 11-AHS oDdId ¥ ¥8 U ESFT TONOMY
/ €LT [THIQOF V3 0gSdyd 6C1S 11-AHS 41 ‘CDid d 5% W esy I T0SX T
/ €Ll [THIADg V3w 0gSdyd S681S 11-AHS 4L ‘CDI 9 8 U BSE ['TOAX T
/ €L1 [THAQDF V3w 0gSdd S68LS 11-AHS 414 “CDid A 5% uesy [ 10dX Td
/ €L (IHIADg V3w 0gSdyd S681S I1-AHS GDdId ‘CDId It ey T 100X T
/ €L1 [THAQOF V3w 0gSdd S68LS 11-AHS DA ‘GDdId ¥ 9t WSy 10X X T
/ €Ll [THAQOG V3w ogSdyd S68LS 11-AHS GDdId ‘CDII ¥ ¢ W ESFTTOMX T
/ / i pruserd ajodwo) LS [-INAN ‘9-AIND ‘TT1-AHS 0NV I uoid 6910000031
(mnaysey) (naysey) OraIvd)
sadKjo10s Quag 1Zm (nosed) souad oouonuip  ASojowoy pruuse[d (Indsed) IS (Syen urewr ‘aseurforuad) pie) (Iopurpruwise[q) ouy  s3nuo)) sprwse[qJ

aseqejep oed woy [-yHJ Sutonpoid-aniowmnaud Y Jo soWOud3 Jo SISA[euy

€ 3qel

pringer

Qs



Eur J Clin Microbiol Infect Dis (2018) 37:1197-1209

1205

170000

130000

100000

90000

Fig. 1 An overview of the tigd0000169 pilon plasmid (Accession: NZ
CP021952.1). The open reading frames were annotated in the second
circle with arrows representing the direction of transcription. Mobile
elements are indicated in green. Antibiotic resistance genes are

between genes of the sap and psp operons; for pHS7, partial
IS26 was located between aphAl and partial sapB.

In pKP048, [S26 was located at the 5" and 3’ ends [25]. In
Gram negative, most class I transposon are bounded by two
copies of IS26 [55]. ISEc28, armA, ISEc29, and the mel and
mph genes were found upstream of ISCR1. A gacEAIsull
segment was detected downstream of ISCR1 followed by the
M. morganii region with ampR and blapy,_;, the psp operon,

aac(6‘)-lb-cr qacigl

blapy,

qacEA1

Fig. 2 Genetic organization of plasmid tigd0000169 pilon

ampR

indicated in red. The third circle indicates the functional sequence
blocks. The G + C plot is indicated in the inner circle. The figure was
made with DNAplotter [51]

and gnrB4. Plasmid pB1025-1 shares the same genetic struc-
ture but without the gnrB4 gene.

Isolates not carrying ISCR1 but 1S26

In pTN60013, IS26 was detected at the 5" and 3’ ends [15]. A
partial gacEA1sull region was found downstream of ampR
and the psp operon upstream of the M. morganii region. In

psp operon

bleys; blaypy,.; 1S1(tnp) rmtC IS3000(tnp)

1S6(tnp)
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5’-conserved VR1: gene cassette 3’-conserved common region VR2: ISCR1-linked 3’-conserved
segment variable region segment genes variable region segment
pKp760 aadB aadA2 blapa ampR
pRDDHA
pRBDHA ’
PKPS30 aac6’-Ib-cr catB3
C1911

pMPDHA
pKPS30
C1911 |
1526
pHS7
mph " mel

pKP048

[

1526
pTN60013

VR2

pB1025-1

\

pspD pspC " pspB pspA pspF qnrB4

Fig. 3 Genetic context of ISCR1 element found in association with blap;,_; and ampR genes. Typical (a) and variant (b)

C1911, the integron was very close to the integron of
pRBDHA but the gacEAlsull region, the ISCR1 element,
and the sap operon were missing, to the benefit of [S26 and
gnrB4. 1S26 moves via a replicative mechanism that deletes
sequences immediately adjacent [55]. In pENVA, ISCR1 was
also missing and 1S26 was detected between the first
qacEAIsull region and gnrB4 [41].

Conclusion

The first plasmid-mediated DHA-1 (3-lactamase was isolated
from a strain of Salmonella spp. in Saudi Arabia (Western Asia)
in 1992 [4]. The following plasmids were reported in China
and Korea (East Asia), then in the USA and finally in London,
France, Belgium, and Spain (Europe). In the 1990s, the cases
were sporadic, localized, and could be counted on the fingers of
one hand. In the 2000s, the cases were worldwide and counted

@ Springer

in tens. The strains were mainly isolated from human beings
but also from pets (dogs, cats), sheep, and the environment
(wastewater, river water). The first plasmid was isolated from
a strain of Salmonella sp. but Klebsiella sp. strains, in particular
K. pneumoniae, are its favorite host. The DHA-1 plasmids
carried several antibiotic resistance genes and the strains could
be considered as multi-resistant (MDR). The DHA-1 plasmid is
rarely the only one in the strain and can be associated with one
to six other Inc groups. The number of antibiotic resistance
genes that could be present under an integron element in a
strain is impressive and concerns all the antibiotic families.
The genes can be located on the same region of the plasmid
as that of the blapy,_; gene or on different regions or other
plasmids. The increasing presence of carbapenemase enzymes
in these strains is worrying and gives the feeling that these
plasmids could harbor any kind of antibiotic resistance genes.
Twenty-one complete DHA-1 plasmids have been sequenced:
13 from K. pneumoniae, 2 from E. coli, 3 from C. freundii, 1
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from Raoultella ornithinolytica, 1 from Cronobacter sakazakii,
and 1 from Vibrio cholerae, the only non-Enterobacteriaceae.
Their size is variable and some of them are not self-transferable
by conjugation. Seven Inc groups were found: R, A/C2, L/M,
Fll(k), HIB, FIB, and H12 sometimes with the presence of two
hybrids. However, many plasmid-mediated DHA-1 3-
lactamases remain unknown. Twenty-four STs have been
listed, with ST11 and ST37 being predominant. ST11 is the
most frequent clone of K. pneumoniae and is related to MDR
strains [42]. The virulence of these strains has been little stud-
ied. They are mainly of classical pathogenesis and generally not
hypervirulent [56]. DHA-1-producing K. pneumoniae strains
are mainly responsible for nosocomial infections that affect
people with weak health. The higher mortality observed with
these infections was due to delay in initiating adequate antibi-
otic treatment [57, 58]. MDR and hypervirulent strains were
usually non-overlapping [59] but these very diffusible plasmids
can be found in a hypervirulent strain under antibiotic pressure,
as seen for one of the strains from the Patric database. Some
cases have already been reported [60] but it is to be hoped that
the fitness cost of such an event is too high for the bacteria to be
able to diffuse efficiently.
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