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Plasmid pB1000 is a mobilizable replicon bearing the blag,; , B-lactamase gene that we have recently
described in Haemophilus parasuis and Pasteurella multocida animal isolates. Here we report the presence of
pB1000 and a derivative plasmid, pB1000’, in four Haemophilus influenzae clinical isolates of human origin.
Pulsed-field gel electrophoresis showed unrelated patterns in all strains, indicating that the existence of
pB1000 in H. influenzae isolates is not the consequence of clonal dissemination. The replicon can be transferred
both by transformation and by conjugation into H. influenzae, giving rise to recipients resistant to ampicillin
and cefaclor (MICs, =64 pg/ml). Stability experiments showed that pB1000 is stable in H. influenzae without
antimicrobial pressure for at least 60 generations. Competition experiments between isogenic H. influenzae
strains with and without pB1000 revealed a competitive disadvantage of 9% per 10 generations for the
transformant versus the recipient. The complete nucleotide sequences of nine pB1000 plasmids from
human and animal isolates, as well as the epidemiological data, suggest that animal isolates belonging to
the Pasteurellaceae act as an antimicrobial resistance reservoir for H. influenzae. Further, since P. multo-
cida is the only member of this family that can colonize both humans and animals, we propose that P.
multocida is the vehicle for the transport of pB1000 between animal- and human-adapted members of the

Pasteurellaceae.

Haemophilus influenzae is a Gram-negative rod usually in-
volved in community-acquired respiratory tract infections, acute
otitis media, acute sinusitis, exacerbation of chronic bronchitis,
and childhood meningitis (4, 28). B-Lactam antibiotics are the
drugs of choice for the treatment of infectious processes
caused by this pathogen (28). In H. influenzae, high-level B-lac-
tam resistance is mediated by the production of B-lactamases.
To date, only two B-lactamases have been described for this
pathogen: TEM-1 and ROB-1. Both enzymes belong to the
class A serine B-lactamases and confer high-level resistance to
penicillin and ampicillin. In addition, ROB-1, but not TEM-1,
confers high-level resistance to cefaclor (11, 15). Although
there are geographical differences, TEM-1 is largely more
prevalent than ROB-1 among B-lactamase-positive H. influen-
zae strains worldwide (8).

Recently, it was reported that all B-lactam-resistant iso-
lates of Haemophilus parasuis and Pasteurella multocida re-
covered from animals in Spain carried plasmid pB1000,
bearing blagop.; (25, 26). pB1000 is a mobilizable plasmid
belonging to the ColE1 superfamily and the MOBy,y family
(10, 14); it confers high-level resistance to ampicillin and ce-
faclor (25). It is known that animals can play important roles as
reservoirs and sources of antimicrobial-resistant pathogens
(20, 21), posing an important concern for public health. Not
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only the zoonotic circulation of resistant bacteria (6, 20, 21) but
also the spread of antimicrobial resistance determinants be-
tween animal and human pathogens has been widely described
(1, 16). Here we characterized four high-level cefaclor-resis-
tant H. influenzae human clinical isolates recovered between
2000 and 2009 in Spain. Three isolates bore plasmid pB1000,
and one carried the nearly identical plasmid pB1000’. To bet-
ter understand the epidemiology of pB1000, sequencing and
transfer analysis were performed for human and animal strains
of Pasteurellaceae. In addition, the stability and fitness cost of
pB1000 in H. influenzae were determined.

(An initial report of this study was presented at the 49th
Interscience Conference on Antimicrobial Agents and Chemo-
therapy, San Francisco, CA, September 2009.)

MATERIALS AND METHODS

Bacterial strains, culture conditions, and susceptibility testing. The charac-
teristics of the strains and plasmids used in this study are listed in Table 1.

Strains BB1050 and BB1051 were obtained from two adult patients in the
Hospital Gregorio Marafién, Madrid, Spain. BB1050 was isolated from a bron-
chial suction sample in January 2001, and BB1051 was isolated from a telescoped
catheter sample in August 2001. Strain BB1052 was recovered from a bronchial
suction sample from an 86-year-old man with severe chronic obstructive pulmo-
nary disease (COPD) and acute respiratory symptoms in the Hospital Son Du-
reta, Majorca Island, Eastern Spain, in December 2001. Finally, BB1053 was
recovered in April 2007 in the Hospital General Yagiie, in Burgos, Northern
Spain, from a sputum sample from a 54-year-old man. Control ampicillin-sus-
ceptible serotype e strains BB1054, BB1055, and BB1056 were isolated in 2007
in different hospitals in Spain. Isolates were identified according to standard
microbiological methods (3), serotyped, and confirmed by a molecular capsular
typing method (7). H. influenzae and P. multocida were cultured as previously
described (4, 26). The susceptibilities of H. influenzae clinical isolates to antibi-
otics were determined by broth microdilution in microtiter plates (Sensititre
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TABLE 1. Strains and plasmids

Strain or plasmid

Description and characteristics®

Isolation date Reference or GenBank

(day/mo/yr) accession no.
Strains
H. influenzae
BB1050 Amp* clinical isolate (pB1000’); nontypeable 22/1/2001 This work
BB1051 Amp’ clinical isolate (pB1000); nontypeable 22/8/2001 This work
BB1052 Amp* clinical isolate (pB1000); nontypeable 31/12/2001 This work
BB1053 Amp’ clinical isolate (pB1000); serotype e 12/04/2007 This work
BB1054 Amp?® clinical isolate; serotype e 16/6/2007 This work
BB1055 Amp’® clinical isolate; serotype e 30/7/2007 This work
BB1056 Amp?® clinical isolate; serotype e 30/11/2007 This work
Rd KW20 Amp?® recipient strain for pB1000 in electroporation NC_000907
Rd KW20 Tet" Amp® Tet" recipient strain for pB1000 in conjugation (p9956) This work
P. multocida
ATCC 43137 Amp® recipient strain for pB1000 in electroporation Collection®
BB1057 Amp® Tet" recipient strain for pB1000 in conjugation This work
BB1034 Swine clinical isolate (pB1000); farm 1 12/3/2003 26
BB1037 Swine clinical isolate (pB1000); farm 2 18/12/2003 26
BB1038 Swine clinical isolate (pB1000); farm 2 18/12/2003 26
BB1044 Swine clinical isolate (pB1000); farm 3 2/1/2004 26
BB1045 Swine clinical isolate (pB1000); farm 4 7/1/2004 26
H. parasuis BB1021 Swine clinical isolate (pB1000); farm 4 30/12/2003 25
E. coli BB1058(pB1000) K-12 with the conjugation machinery of an IncP plasmid 26
encoded in the chromosome, transformed with pB1000
Plasmids
pB1000 mobA mobB mobC blag g ,; ColE1 superfamily DQ840517
pB1000’ mobA mobB mobC blaggg._i; ColEl superfamily GU08006
p9956 mobA mobB mobC tet(H) tetR; ColE1 superfamily AY362554

@

“ Amp, ampicillin; Tet, tetracycline. Superscript letters “r
b Pasteur Institute Collection; P. multocida CIP103286.

Enzyme 13; Trek Diagnostics, Inc., Westlake, OH) according to the CLSI guide-
lines (5). Antibiotic quality control results for H. influenzae ATCC 49247 and
ATCC 49766 were within recommended values according to guidelines for MIC
tests (5).

DNA analysis, electroporation, and conjugation experiments. The identifica-
tion of pB1000 in resistant P. multocida strains was assessed using PCR mapping
as previously described (26). Plasmid DNA extraction, automated sequencing,
sequence analysis, and pB1000 stability analysis were performed as described by
San Millan et al. in 2009 (26). The molecular epidemiology of the H. influenzae
isolates was determined by pulsed-field gel electrophoresis (PFGE) as described
previously (12). A genetic similarity dendrogram was obtained according to the
Dice correlation coefficient with a tolerance level of 1% (Fingerprinting II
software; Bio-Rad). Electrocompetent cells were prepared from strains H. influ-
enzae Rd KW20 and P. multocida ATCC 43137 as described previously (22).
Electroporation was performed using the following conditions: 2.5 kV/cm, 25 wF,
and 200 Q for H. influenzae; 2.5 kV/cm, 25 wF, and 800 Q for P. multocida.
Conjugation experiments were carried out in duplicate with BB1058 bearing
pB1000 as the donor, as previously described (26). The recipient strains for
conjugation were P. multocida BB1057 and H. influenzae Rd KW20 Tet" (Table
1). Transconjugants were selected on plates containing oxytetracycline (10 pg/
ml) and ampicillin (25 pwg/ml).

Growth curve and growth competition experiments. Growth kinetics were
determined for H. influenzae Rd KW20 and H. influenzae Rd KW20(pB1000).
Volumes of 25 ml Haemophilus test medium (HTM) and 25 ml HTM with 25
pg/ml of ampicillin were inoculated independently with 107 CFU of each strain.
Cultures were grown for 12 h at 100 rpm and 37°C under 5% CO,, and absor-
bance at 600 nm was measured every hour.

The fitness cost of plasmid pB1000 was determined by four independent
competition experiments between H. influenzae Rd KW20 and H. influenzae Rd
KW20(pB1000), as previously described (9, 18). Strains were grown for 16 h at
37°C, under 5% CO,, in HTM broth. Then 10° CFU of H. influenzae Rd KW20
was mixed with 10° CFU of H. influenzae Rd KW20(pB1000) in 10 ml of

and “s” indicate resistance and susceptibility, respectively.

antibiotic-free HTM. The mixture was grown at 37°C under 5% CO, at 100 rpm.
A total of 2 X 10° CFU was transferred to 10 ml of fresh HTM every 24 h.
Samples were taken every hour during the first 12 h, at 24 h, and then every 24 h
for 9 days. For each sample, aliquots were plated onto nonselective chocolate
agar, and the proportion of resistant colonies was deduced by replica plating of
100 colonies on chocolate agar plates containing 100 wg/ml of ampicillin. Rela-
tive fitness is expressed as the competition index (CI), calculated as the ratio of
the mean CFU for four independent competition experiments between the
resistant and susceptible strains at a given timepoint (¢;) divided by the same
ratio at #, (2). The selection coefficient, s, was calculated as the slope of the linear
regression model: s = In(CI)/In(d), where d is the dilution factor (18). The
selection coefficient estimates the difference between the relative fitnesses of the
two competitors over the entire competition experiment.

Nucleotide seq e accessi bers. The nucleotide sequences of the
following plasmids, determined in this study, have been deposited in GenBank
under the accession numbers given in parentheses: pB1000 from BB1034
(GU080062), BB1037 (GU080070), BB1038 (GU080069), BB1044 (GU080068),
BB1045 (GU080067), BB1051 (GU080063), BB1052 (GU080064), and BB1053
(GU080065) and pB1000" from BB1050 (GU080066).

RESULTS AND DISCUSSION

Characterization of high-level cefaclor-resistant H. influen-
zae clinical isolates. The collection of the Spanish Reference
Centre for Haemophilus was surveyed for ROB-1-positive H.
influenzae strains isolated between 2000 and 2009. Strains were
selected based on their high-level resistance to cefaclor (MIC,
=8 pg/ml) and were then analyzed by PCR for the presence of
blagop., (13). Four H. influenzae blay g 1-positive clinical
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TABLE 2. B-Lactam resistance profiles of H. influenzae strains

MIC (pg/ml)”
Strain
PEN AMX AMC AMP CEC FUR CTX FIX IMI AZT
Rd KW20 0.5 =0.5 0.5 =0.25 1 0.5 =0.03 =0.03 0.5 =0.12
Rd KW20(pB1000) >256 >64 2 >128 64 4 =0.03 0.06 1 =0.12
BB1050 >256 >64 4 >128 64 4 0.06 0.06 2 =0.12
BB1051 >256 >64 2 >128 64 4 =0.03 0.06 0.5 =0.12
BB1052 >256 >64 2 >128 64 2 =0.03 =0.03 1 =0.12
BB1053 >256 >64 1 >128 64 4 =0.03 0.06 0.5 =0.12

“ AMC, amoxicillin-clavulanic acid (2:1 ratio); AMP, ampicillin; AMX, amoxicillin; AZT, aztreonam; CEC, cefaclor; FIX, cefixime; CTX, cefotaxime; FUR,

cefuroxime; IMI, imipenem; PEN, penicillin.

isolates were identified; of these, three were nontypeable
(BB1050 to BB1052) and one belonged to serotype e (BB1053)
(Table 1). The B-lactam resistance profiles of the blagop -
positive strains were determined (Table 2). The clinical isolates
showed high-level resistance to ampicillin and cefaclor and
susceptibility to cefotaxime (Table 2).

The molecular relatedness of the H. influenzae isolates was
determined by PFGE (Fig. 1). The resulting profiles showed
that the blag o -carrying strains were not genetically related.
Interestingly, BB1053 was highly related to two ampicillin-
susceptible clinical isolates of serotype e, BB1054 and BB1056.

Plasmids pB1000 and pB1000’ confer B-lactam resistance
on H. influenzae. To identify the genetic platforms bearing
blagop.1, the plasmid contents of the four H. influenzae strains
were analyzed. Plasmid preparation and plasmid digestion pro-
files with the Pstl and Xbal endonucleases, as well as blag o,
inverted-PCR analysis (26) of BB1050 to BB1053, were com-
patible with the presence of plasmid pB1000 (data not shown).
PCR mapping of pB1000 was performed as previously de-
scribed (26) and confirmed the presence of pB1000 in isolates
BB1051 to BB1053. In contrast, for BB1050, plasmid mapping
was not conclusive at first, but further PCR analysis showed
that the plasmid carried by this strain, pB1000’, had the same
structure as pB1000 but an inverted blay o, gene (Fig. 2). All
plasmids were completely sequenced. In BB1051 to BB1053,
the pB1000 plasmids were 4,613 bp long, with a nucleotide
identity of =99.9% among them and a nucleotide identity of
=99.8% with the first pB1000 sequence from H. parasuis (25)
(Table 1). Plasmid pB1000" from BB1050 has 4,500 bp and a

Pearson correlation (0.0%-100.0%)

40 50 60 70 80 85 90 100
T -

—

backbone identical to that of pB1000 (Fig. 2), although
blagop., 1s inverted compared to that from pB1000. The nu-
cleotide sequences of blay ., were identical in the four plas-
mids, as were the sequences of the remaining genes, mobA,
mobB, and mobC. pB1000 and pB1000" were compared with
plasmid pB1002 from P. multocida and plasmid pAB2 from
Mannheimia haemolytica (29), both bearing blag ., B-lacta-
mase (Fig. 2). These four replicons, reported for different
members of the family Pasteurellaceae, are very similar, sharing
the same backbone, with the origin of replication and the
mobABC genes corresponding to those of the MOB,;y fam-
ily. The variable region of each plasmid bears the blagop
gene. Although blag ., is arranged in different orientations in
the plasmids, the genetic environments upstream and down-
stream of this gene are identical in all of them (Fig. 2). In
pB1002, the insertion sequence ISApl! is located downstream
of blagop.,- This gene was recently reported for the first time
in Actinobacillus pleuropneumoniae (27). Whether ISApl! is
involved in the mobilization of this B-lactamase is currently
under study.

Fitness cost of pB1000 in H. influenzae. The growth kinetics
of H. influenzae Rd KW20 and H. influenzae Rd KW20(pB1000)
in the absence and in the presence of ampicillin (25 wg/ml) were
determined (Fig. 3A). Using these isogenic strains, the biological
cost of pB1000 was assessed. Growth curves showed no signifi-
cant difference for the strains in the absence of selective pres-
sure. In the presence of ampicillin, as expected, the strain
lacking pB1000 was not able to grow, whereas the growth of H.
influenzae Rd KW20(pB1000) showed no significant difference

FIG. 1. PFGE fingerprint patterns and genetic similarity dendrogram of H. influenzae clinical isolates. Lane 1, BB1051; lane 2, BB1050; lane
3, BB1054; lane 4, BB1052; lane 5, BB1053; lane 6, BB1056; lane 7, BB1055; lane M, molecular size marker. Numbers above the bands are
molecular sizes (in kilobases). PFGE patterns with coefficients of similarity greater than 85% were considered to define a particular clone. Three
ampicillin-susceptible clinical H. influenzae strains of serotype e (BB1054 to BB1056), isolated from three different hospitals in Spain in the same
year as BB1053, were included for comparison (Table 1).
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FIG. 2. Schematic representation of blagog_;-carrying plasmids described for members of the family Pasteurellaceae. The reading frames for
genes are shown as arrows, with arrowheads pointing in the direction of transcription. Regions with more than 99% identity are shaded. Two
vertical bars bracket the region containing the putative origin of replication (oril’). A black dot indicates the putative transfer origin (oriT). Dotted

lines connect the blagp., cassettes in the different plasmids.

at any point of the assay from that of the strains growing in the
absence of ampicillin. Hence, the growth kinetics obtained
over 12 h showed no evidence of any fitness cost exacted by
pB1000.

Competition experiments offer a more discriminative and
precise measurement of fitness, since they reflect the compet-
itive disadvantage during all the phases of the growth cycle and
in several consecutive cycles (9). A volume of 10 ml of HTM
was inoculated with H. influenzae Rd KW20 and H. influenzae
Rd KW20(pB1000), and 2 X 10° CFU from this mixture was
transferred to 10 ml fresh HTM every 24 h for 9 days. The
proportion of bacteria carrying pB1000 was monitored every
hour for the first 12 h. For this period, consistent with the
growth curve, the ratio was almost 1:1 at every point (Fig. 3B).
Measurements were made at the 24-h point and then every
24 h until day 9. From day 2 on, a constant decrease in the
proportion of pB1000-carrying strains was observed. At day 9,
all the colonies tested were pB1000 free (Fig. 3B). The selec-
tion coefficient (s) was established to estimate the difference in
relative fitness between the strains in competition over the
entire experiment. H. influenzae Rd KW20 bearing pB1000
presented a competitive disadvantage of ca. 9% per 10 gener-
ations relative to H. influenzae Rd KW20. This fitness cost
could be responsible for the low frequency of ROB-1 relative
to TEM-1 in H. influenzae, since blagog_, is associated with
pB1000-like plasmids. Other factors may be involved, such as
the fitness of TEM-1, or the probable coselection of bla gy,
by other antimicrobial resistance determinants present in the
large genetic platforms where it is encoded (17, 28). Further
reports on blag g 4, Or even on pB1000, will be of great inter-
est for determining the importance of this plasmid in B-lactam
resistance in H. influenzae.

Epidemicity and interspecies mobilization of plasmid
pB1000. Plasmid pB1000 has been reported in clinical samples
from three different species belonging to the family Pasteurel-
laceae (25, 26). However, pB1000 was shown to be largely
unstable when hosted in Escherichia coli (26). Hence, pB1000
seems to be adapted to the family Pasteurellaceae and to be

able to spread within it. To analyze the dissemination of this
plasmid, transfer analysis of pB1000 by transformation and
conjugation to P. multocida and H. influenzae was performed.
Transformation by electroporation was successful for both H.
influenzae Rd KW20 and P. multocida ATCC 43137 (Table 1).
For conjugation, E. coli BB1058 with pB1000, maintained with
selective pressure, was used as the donor strain. Transconju-
gants were obtained at similar frequencies, between 10> and
10~* colonies per donor CFU, for both recipients, H. influen-
zae and P. multocida (Table 1). Transformants and transcon-
jugants were checked for the presence of pB1000 by PCR
mapping, plasmid preparation, and plasmid digestion profiles
with the Pstl and Xbal endonucleases. pB1000 was present
after 60 generations without selective pressure in the 100 col-
onies of P. multocida and H. influenzae tested. These results
showed that pB1000 could be acquired by transformation and
conjugation and could exhibit high stability in the family Pas-
teurellaceae.

pB1000 in the family Pasteurellaceae. To date, pB1000 has
been reported in three different members of the Pasteurel-
laceae between 2001 and 2007 (Table 1). The H. influenzae
isolates carrying this replicon are unrelated, as shown by pul-
sotyping and serotyping, and no link has been found between
them and animal isolates of Pasteurellaceae carrying pB1000.
On the other hand, for P. multocida and H. parasuis, a link has
been found in a swine farm where pB1000 transmission could
have occurred, since strains of both species carrying pB1000
were isolated during the same week (Table 1). To elucidate the
recent evolution of pB1000 within the family Pasteurellaceae,
this plasmid has been completely sequenced from a total of
nine strains, a representative sample of the three species. The
pB1000 plasmids analyzed were those of H. influenzae isolates
BB1051, BB1052, and BB1053, five P. multocida strains (26),
and the H. parasuis clone (25) (Table 1). The nucleotide iden-
tity of the pB1000 plasmids in the different isolates was 98.8%
to 100%. For P. multocida, four out of five strains were clonally
related, and the plasmids showed identical nucleotide se-
quences. In one P. multocida strain, pB1000 showed the most
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FIG. 3. Fitness cost of pB1000 in H. influenzae. (A) Comparison of the growth kinetics of strains H. influenzae Rd KW20 and H. influenzae Rd
KW20(pB1000) in the absence and presence of ampicillin. Error bars represent the standard deviations of the means. Growth curves were
constructed with the average results from three independent experiments. (B) Growth competition between H. influenzae Rd KW20 and H.
influenzae Rd KW20(pB1000). The initial ratio was 1:1. The relative percentage of each strain at different time points is shown. Competition curves
were constructed with the average results of four independent experiments. (C) The selection coefficient (s) was calculated from the competition
experiment. s is the slope of the linear regression model, In(CI)/In(d), where Cl is the ratio between the CFU counts of the resistant and susceptible
populations at ¢, divided by the same ratio at #,, and d is the dilution factor.
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divergent sequence from the eight others. Thus, the highest
degree of variability in the pB1000 sequence appeared within
P. multocida. In H. parasuis, this plasmid presented only one
nucleotide difference from the sequences of the plasmids in the
majority of P. multocida strains. Interestingly, in H. influenzae,
the three plasmids sequenced showed 99.9% nucleotide iden-
tity, even if the strains were isolated within a 7-year interval.
These results point to a parallel evolution of pB1000 in animal
and human isolates of the Pasteurellaceae in recent years, after
the transmission of this plasmid between them.

In vivo and in vitro data confirm the interspecies spread of
pB1000 within the family Pasteurellaceae. For animal patho-
gens, this spread could be easily understood, since multiple
species of this family cohabit in the respiratory tracts of ani-
mals (19). However, transfer of pB1000 between animal iso-
lates of Pasteurellaceae and H. influenzae is less evident. Inter-
estingly, the only species from the family Pasteurellaceae with a
broad host range, producing both animal diseases and human
respiratory tract infections, is P. multocida (24). In addition,
pB1000 sequence analysis and epidemiological data indicate
that this plasmid could be native to P. multocida. Hence, we
propose that P. multocida acts as the hinge conveying pB1000
between animal isolates of Pasteurellaceae and H. influenzae.
These results support the previous suggestion (23, 24) that
animal isolates of Pasteurellaceae could act as an antimicrobial
resistance reservoir for H. influenzae.
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