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3. Streszczenie

Szerzaca si¢ oporno$¢ na antybiotyki bakterii chorobotwodrczych jest obecnie
jednym z najwigkszych wyzwan stojacych przed medycyna zakazen. Szczegdlne
zagrozenie stanowig Gram-ujemne patogeny oportunistyczne, takie jak Pseudomonas
aeruginosa, ktoére znakomicie przystosowuja si¢ do srodowiska szpitalnego, m.in. tatwo
pozyskujac determinanty lekoopornosci, w tym geny metalo-f-laktamaz (MBL).
Wytwarzanie MBL jest jednym z kluczowych mechanizméw opornosci ze wzglgdu na
zdolno$¢ tych enzyméw do hydrolizy wszystkich stosowanych powszechnie penicylin,
cefalosporyn 1 karbapeneméw oraz ich niepodatno$¢ na dziatanie bedacych w uzyciu
inhibitorow f-laktamaz. Aktywno$¢ MBL jest najgrozniejszym z klinicznego i
epidemiologicznego punktu widzenia zréodtem opornosci P. aeruginosa na
karbapenemy, do niedawna jedyne leki ,ostatniej szansy” w leczeniu zakazen
szpitalnych wywolywanych przez wielooporne drobnoustroje Gram-ujemne. Pierwsze
badania rozprzestrzenienia wytwarzajacych MBL szczepdw P. aeruginosa (MPPA) w
Polsce, obejmujace 53 izolaty z 16 osrodkéw z lat 1998-2004, wykazaly regionalng
dystrybucj¢ ok. 10. ich odrgbnych genotypéw w siedmiu wojewoddztwach. Po 2004r.
odnotowano gwattowny wzrost wystgpowania MPPA w Polsce - w latach 2005-2015
potwierdzono 1314 przypadkoéw w 258. szpitalach na terenie catego kraju.

Celem niniejszej pracy bylo wyjasnienie podtoza intensywnego wzrostu liczby
przypadkéw MPPA w okresie 2005-2015, z uwzglednieniem zjawisk dostrzezonych juz
we wczesne] fazie badan (2000-2004). Na podstawie molekularnej 1 genomicznej
analizy kolekcji 454. izolatow klinicznych z catej Polski, planowano zbada¢ strukturg
klonalng tej populacji oraz wskazaé¢ najczestsze genotypy epidemiczne, odpowiedzialne
za gros przypadkéw zakazen. Charakterystyka genéw MBL i zawierajacych je
elementdw genetycznych miata z kolei na celu ocen¢ roli horyzontalnego transferu
genow w epidemiologii MPPA, ze szczeg6lnym naciskiem na wielkoczasteczkowe,
koniugacyjne plazmidy z genami MBL, zaobserwowane na poczatku lat 2000.

Uzyskane wyniki wykazaty silne zrdznicowanie 1 znaczny stopien
specyficznosci polskiej populacji MPPA, zarowno pod wzgledem struktury klonalne;j,
jak 1 genetycznych determinant MBL (genow MBL i zawierajacych je integronow klasy
1). Badanie pokrewienstwa wykazalo, ze ok. 75% badanych izolatow skupionych byto
w czterech typach sekwencyjnych: pandemicznych klonach ST235 i STI111 oraz
sporadycznie do tej pory odnotowywanych ST273 1 ST654. Populacje ST235 i ST111



obejmowaly liczne genotypy, a analiza filogenetyczna calych genoméw wykazata, ze
populacje te powstaly w drodze migdzynarodowego krazenia szczepdw oraz
intensywnego réznicowania si¢ ich w kraju. W obrgbie czterech dominujacych klonow
wyrozniono 10 glownych genotypow (kombinacji ST, pulsotypu i integronu MBL) o
okreslonych zasiggach wystepowania geograficznego i czasowego, odpowiadajacych za
ok. 55% wszystkich przypadkow zakazen MPPA. Analiza pord6wnawcza z wybranymi
szczepami z lat 2000-2004 wykazata, ze dwa genotypy obecne byly w niektorych
szpitalach juz od wczesnych lat 2000. Polskie szczepy MPPA w zdecydowanej
wigkszosci wytwarzaly MBL z rodziny VIM, z ktérych VIM-2 byl dominujagcym
wariantem. Wszystkie geny MBL znajdowaty si¢ w integronach klasy 1, ktorych liczba
oraz zrdznicowanie strukturalne byly wyjatkowo wysokie. Zidentyfikowano 46 tych
elementow (w tym 29 nowych), stanowiagcych istotny czynnik specyficznosci, albowiem
40 z nich wystgpowato gldwnie lub tylko w Polsce. Réwnolegle do regionalnych lub
miedzyregionalnych epidemii klonalnych MPPA, juz od roku 2000 zachodzito
horyzontalne rozprzestrzenianie si¢ megaplazmidow z grupy IncP-2, zawierajacych
charakterystyczny integron In461 z genem blavim2. Wykazano, ze ponad 15%
wszystkich izolatow o duzym stopniu réznorodnos$ci genetycznej posiadato te plazmidy,
dokumentujac najwicksza ,,epidemi¢ plazmidu” opisang dotad u P. aeruginosa. Analiza
genomiczna pozwolita okresli¢ miejsce plazmidow z serii pPUV w ewolucji czasteczek
typu IncP-2 na $wiecie oraz dokona¢ nowych spostrzezen na temat ich struktury i
znaczenia poszczegdlnych regionow. W trakcie prac zidentyfikowano rowniez odrebny
genetycznie izolat P. aeruginosa, posiadajacy niezwykle szeroki zestaw 25. nabytych
gendow opornosci, na czele z rzadkimi u tego gatunku wariantami MBL DIM-1 i
NDM-1, kodowanymi w obrgbie dwoch nieznanych dotad wysp genomowych. Jako
jedyny w kolekcji szczep ten nalezal do klonu ST234, analiza filogenetyczna za$
wskazata na jego najblizsze pokrewienstwo ze szczepami z zachodniej Afryki.
Uzyskane wyniki jednoznacznie wskazujg na przewazajaco klonalny charakter
ekspansji MPPA w Polsce. Trwajaca od wczesnych lat 2000. wielotorowa ewolucja
tych drobnoustrojéw w S$rodowiskach szpitalnych, z udzialem zdarzen ,,importu”
szczepow z innych krajow, doprowadzita do wyodrgbnienia 10. genotypéw o
prawdopodobnie podwyzszonym potencjale epidemicznym, rozprzestrzeniajacych sie¢
stopniowo w poszczegolnych czesciach kraju. Réwnolegle istotng role we wzro$cie
wystgpowania MPPA odgrywala epidemia megaplazmidow kodujacych MBL. W

niniejszej pracy przedstawiono unikatowy obraz sytuacji epidemiologicznej
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wystepowania wybitnie niebezpiecznego patogenu w skali kraju na przestrzeni
kilkunastu lat, uzyskany dzigki wnikliwej analizie molekularno-genomicznej obszernej,

reprezentatywnej kolekcji szczepow.
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4. Summary

The growing antimicrobial resistance (AMR) is one of the greatest challenges
that infection medicine faces today. Opportunistic Gram-negative pathogens, such as
Pseudomonas aeruginosa, pose a particular risk because these perfectly adapt to
hospital environments, easily acquiring AMR determinants, including metallo-B-
lactamase (MBL) genes. MBL production is one of the most dangerous AMR
mechanisms due to the ability of the enzymes to hydrolyse all of the commonly used
penicillins, cephalosporins and carbapenems, and their resistance to all B-lactamase
inhibitors of currently clinical use. MBLs are the most clinically and epidemiologically
relevant source of P. aeruginosa resistance to carbapenems, until recently the only last-
resort drugs in the treatment of nosocomial infections caused by multidrug-resistant
Gram-negative pathogens. The first studies on the spread of MBL-producing
P. aeruginosa (MPPA) in Poland, including 53 isolates from 1998-2004 from 16
hospitals, showed regional epidemiology of around 10 individual MPPA genotypes in
seven main administrative areas. After 2004 there has been observed a dramatic
increase in the MPPA incidence in Poland: from 2005 to 2015 1,314 cases in 258
hospitals throughout the country were confirmed.

The aim of this study was to explain the basis of this extensive growth of the
MPPA cases in 2005-15, with respect to the phenomena observed already in the early
phase of the dissemination (2000-2004). By the molecular and genomic analysis of the
MPPA strain collection (n=454) from the whole country, it was planned to reveal the
clonal structure of the population, and indicate the crucial epidemic genotypes largely
responsible for the MPPA spread overall. Characterization of the MBL genes and their
genetic platforms was aimed at assessing the role of the horizontal gene transfer in the
MPPA epidemiology, with a specific focus on large, conjugative MBL-encoding
plasmids, originally observed in the early 2000s.

The analysis showed high diversity and remarkable specificity of the Polish
MPPA population in terms of the clonal structure and MBL genetic determinants (class
1 integrons with MBL genes). Around 75% of the isolates were classified into four
sequence types (STs): the pandemic clones ST235 and ST111, and ST273 and ST654
scarcely reported so far. The ST235 and ST111 subpopulations were internally diverse
themselves, and arose from the international circulation of several genotypes and from

their intense differentiation in the country. Among the ST235, ST111, ST273 and
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ST654 isolates overall, 10 major genotypes (ST-pulsotype-MBL integron combinations)
were distinguished, each characterised by different spatiotemporal distribution,
accounting for approximately 55% of all MPPA cases. The comparative analysis of
representative isolates from the early period (2000-2004) showed that two of these
emerged in individual hospitals in the early 2000s. The vast majority of the Polish
MPPA strains produced VIM-type MBLs, with VIM-2 being the predominant variant.
All of the MBL genes were located within class 1 integrons, the number and structural
diversity of which were very high. Fourty-six such elements were identified altogether,
including 29 new ones, greatly contributing to the overall specificity of the Polish
MPPA, given that 40 integrons occurred mainly or only in the country. Along with
regional and/or interregional clonal outbreaks of the individual genotypes, the extensive
horizontal spread of IncP-2-type conjugative megaplasmids with a specific
VIM-2-encoding integron In461 was observed. More than 15% of all MPPA isolates
carried these plasmids (pPUVs), thus documenting possibly the largest ‘plasmid
epidemics’ ever reported in P. aeruginosa. The genomic analysis allowed positioning
the pPUV lineage as a distinct branch in the phylogenetic tree of the IncP-2-like
plasmids, and gaining insights into their structure and function of particular regions.
Finally a single P. aeruginosa strain with a large set of 25 acquired AMR genes was
identified during the study, including those of DIM-1 and NDM-1 MBLs observed
rarely in the species. As the only one in the collection, the isolate belonged to the ST234
clone, and according to the phylogenetic analysis results, it was closest related to
P. aeruginosa isolates from West Africa.

The results clearly indicated the largely clonal nature of the MPPA expansion in
Poland. The multidirectional evolution of P. aeruginosa populations and MBL
determinants in Polish hospitals, commenced in the early 2000s and replenished by the
international exchange of strains, produced 10 major genotypes with possibly enhanced
epidemic potential. Another significant factor was the spread of a specific lineage of
IncP-2-type conjugative megaplasmids. The entire study, carried out on a large
representative collection of MPPA isolates, has provided a unique picture of

epidemiology of these alarming pathogens on a country scale over more than decade.

Title: Spread of enzymatic resistance to carbapenems in Pseudomonas aeruginosa

causing nosocomial infections in Poland - molecular and genomic analyses.
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5. Introduction

5.1 Clinical significance of Pseudomonas aeruginosa

Pseudomonas is one of the most diversified and abundant genera in the whole
bacteria kingdom, with 270 species discerned SO far
(https://lpsn.dsmz.de/genus/pseudomonas; as of 61 December, 2021). Of these, only a
small portion is regarded to be human opportunistic pathogens, with the predominant
position of Pseudomonas aeruginosa.(1, 2) This organism is associated with a wide
variety of infections, acute or chronic, acquired mostly in hospital settings.(3) It has
been identified especially as a prevalent etiological factor of RTIs, especially VAP,
catheter-associated UTIs, SSTIs (including burn infections) and SSIs.(1) P. aeruginosa
is a common factor of RTIs associated with late stages of the chronic obstructive
pulmonary disease, and is responsible for around 70% of RTIs in patients with cystic
fibrosis.(4) It is also frequently recognised as a pathogen causing life-threatening
BSIs.(1) As the US National Healthcare Safety Network indicated, P. aeruginosa was
the 4™ most common species implicated in all adults’ hospital-acquired infections in the
USA, ranking 2" among the factors of VAP and 3™ in catheter-related UTIs.(5) In
Poland, the aggregated data from PPS studies conducted in ICUs during two periods,
2012-14 and 2017-18, placed P. aeruginosa among the top three etiological factors of
BSIs, RTIs and SSIs reported.(6, 7) Mortality due to P. aeruginosa infection is
relatively high, reaching about 20% of all cases, and increasing when associated with
VAP to >30%, and close to 50% in severe BSIs.(8, 9) According to the latest INICC
Consortium report, based on the data from 45 countries, hospital-acquired infections
caused by P. aeruginosa have become a serious public health problem, especially when
combined with its broad drug resistance.(10) This corresponds well with the
classification of the organism into the group of pathogens responsible for most of the
AMR-related threats, the so-called ESKAPE: Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa
and Enterobacter species.(11, 12) Recently WHO urged the need of research and
development of new antiinfectives specifically against carbapenem-resistant

P. aeruginosa, which fell into the “critical priority’ category.(13)
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5.2 General remarks on antimicrobial resistance in P. aeruginosa. Acquired f3-
lactamases - activity and epidemiology

P. aeruginosa is naturally resistant to numerous and diverse drugs
(e.g. aminopenicillins, narrow-spectrum cephalosporins, cephamycins, cefuroxime,
tetracyclines, trimethoprim); moreover, wild-type P. aeruginosa strains are less
susceptible to even active antibiotics when compared to e.g. representatives of the
Enterobacterales order. All this phenomenon is referred to as ‘intrinsic resistance’ and
it is due to the decreased outer membrane permeability (1/100 of that of the Escherichia
coli outer membrane), relatively high overall activity of multiple RND-family efflux
pumps, and the presence of chromosome-encoded drug-modifying/inactivating
enzymes, especially the inducible class C B-lactamase (cephalosporinase) AmpC.(14-
16) The natural mechanisms themselves, when modified and/or overexpressed owing to
various AMR-associated structural or regulatory mutations, often lead to MDR
phenotypes, making P. aeruginosa a pathogen especially difficult to combat.(17, 18)
Moreover, this ‘mutational resistome’ is a highly favorable background for AMR
mechanisms based on acquired genes, such as those encoding aminoglycoside resistance
AME-type enzymes or B-lactamases. f-Lactamase-producing Gram-negative bacteria,
including P. aeruginosa, started to be of high concern since the 1960s, when these
enzymes commenced emerging and spreading one by one, and providing resistance to
early penicillins and cephalosporins.(19, 20) In the 1 half of the 1980s the first ESBLs
of the structural class A of B-lactamases were identified in enterobacteria, conferring
resistance to modern antibiotics of that time, the expanded-spectrum (3"-generation)
cephalosporins and aztreonam.(21, 22) Short after, in 1991 the first ESBL-producing
P. aeruginosa was recovered, expressing a unique enzyme PER-1.(23) Subsequently
several other ESBL types were found originally or early, and some even preferentially
in P. aeruginosa, like VEB, GES, BEL and PME B-lactamases.(24, 25) However, the
major ESBL families CTX-M, SHV and TEM, common in Enterobacterales, have been
rare in P. aeruginosa,(24) and in general ESBLs remain not to be a highly relevant
AMR mechanism in this organism.(26, 27) The same opinion may refer also to class D
B-lactamases of similar activity, the ES-OXA enzymes, identified first in P. aeruginosa
in 1991 too, that seem to be more specific for this species than ESBLs.(25, 28, 29)

Among all acquired B-lactamases, the most important role in P. aeruginosa is
played by MBLs, belonging to class B. These constitute an outlier branch of the

evolutionary tree of B-lactamases, characterised by a specific structure and mechanism
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of catalysis, requiring Zn?* ions as cofactors.(19, 30) Of three subclasses described so
far, B1 is predominant, containing the majority of clinically relevant acquired MBLs,
found not only in P. aeruginosa, but also in Enterobacterales and other Gram-

negatives.(30-32) Mutual relationships between types of acquired MBLs is presented in

Figure 1.
Tree scale: 0.1 —— ™
< T~
ES = 3 W
% 2 > _\\é‘
>
1
0, i
% | ‘/,/
v \ |/
A \\ !f
7, . \ /
\\ \ f‘
™ \
\\\ A “". / 'q.“:\'
\\\\\\ \ . “'v“"l Q\
\\\\ “,\
. \\_ ‘:" 6.’\-
Sey, \ \ / / A\
-7 \ | yd
N {
\ yd P
~ \\ \-\ .“I‘ // //’//
— — \ .“I‘ ) ’,/’
CAM-1 O/ / 7
f — VAM-1
A N VMg,
S
RN
\ \\\
\ \: .
lMP’ll \ \\\\\
\ AN 4
\‘\h?’(ﬂ / /744\ 7
‘?’\:b Qf\/ 27
W 8 ’%’171 .,
v o Z i v
§ 4 7 Z
S F B o

v
Fig. 1. Unrooted phylogenetic tree based on global alignment of acquired MBL
nucleotide sequences. Representatives of selected IMP and VIM phylogroups were
chosen for the analysis. The tree was inferred by the Neighbour Joining method using

the Tamura-Nei model.

MBLs have a very broad substrate spectrum, hydrolysing all commonly used
penicillins, cephalosporins and carbapenems, excluding monobactams, and being
resistant to all P-lactamase inhibitors of currently clinical use.(30, 33) Particularly
worrying is their high activity against carbapenems (carbapenemase activity), until

recently defined as the only last-resort drugs in the treatment of infections due to MDR
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Gram-negative bacteria.(30, 33-35) Despite the activity spectrum, the mere MBL
expression at a typical level does not determine high-level resistance, which requires
then e.g. mutations elevating the intrinsic resistance by the reduction of cell penetration
by drugs.(34) The first acquired MBL, IMP-1, was identified in 1988 in P. aeruginosa
from a Japanese hospital, and soon after the MPPA strains have spread over this country
and more into the Far East.(36, 37) At the same time, the interspecies transfer of MBLs
to Enterobacterales and Acinetobacter species was observed.(37, 38) In Europe, the
first MPPA with VIM-1 or VIM-2 enzymes were isolated in the mid-1990s in Italy and
France, respectively (39, 40), and almost immediately after in a dozen of other
countries,(41) including Poland.(41-43). So far, MBLs have remained to be the most
prevalent type of carbapenemases produced by P. aeruginosa clinical isolates;(32, 44)
those of classes A (KPC, GES) or D (OXA) have been identified much less
frequently.(3, 44, 45) Importantly, MBLs are among the most common acquired
B-lactamases in P. aeruginosa in general,(46) with rates in some countries reaching
even ~15% or ~30% clinical isolates.(47, 48) Of a number of MBL families identified
so far, including those found only in P. aeruginosa, VIMs and IMPs prevail in this
species, as demonstrated by surveillance studies and specific reports.(31, 32, 44, 46, 49)
The VIM family consists of four main phylogroups, of which the biggest ones have
been founded by the enzymes VIM-1/-4 and VIM-2.(39, 40, 50) Of all 74 variants
identified so far (https://www.ncbi.nlm.nih.gov/pathogens/refgene, as of 6™ December,
2021), the most prevalent is VIM-2, hydrolysing carbapenems more efficiently than
VIM-1.(51) VIM-producing P. aeruginosa isolates have been reported globally, almost
everywhere the surveillance data has been reported.(44, 46, 47, 52-64) IMPs are the
second most common MBL/carbapenemase types produced by P. aeruginosa, observed
also world-wide but more regularly in Asia.(25) Currently, 86 IMP variants have been
identified (https://www.ncbi.nlm.nih.gov/pathogens/refgene, as of 6 December, 2021),
with a dominant position of IMP-1, and a number of regionally-endemic enzymes, such
as IMP-6 in Korea and China, IMP-7 in Czechia or IMP-13 in Italy.(25, 65-68)

The NDM-type MBLs differ substantially from VIMs and IMPs in
epidemiological terms, mainly because in clinical settings these are associated largely
with Enterobacterales.(32, 69) However, starting with the original identification in
Serbia in 2010, NDM-producing P. aeruginosa isolates of different genotypes have
been recorded in many countries, including those in North America, Europe, Africa and

Asia.(62, 70-79) Other MBLs, often associated with P. aeruginosa, yet have been rarer
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in general, and may have regionally endemic character. Of these, the most spread is the
SPM type, identified first and then found to be the predominant MBL in P. aeruginosa
in Brazil, with individual reports also from Switzerland, United Kingdom, China or
Uganda.(18, 80-85) DIM- and SIM-producing Pseudomonas clinical strains have
disseminated almost exclusively in Asia,(77, 86-89) with single case observed in
Europe or Africa.(90, 91) The GIM and HMB types seem to be specific for
Germany,(53, 92, 93) while the FIM and AIM enzymes have been unique for Italy and
Australia, respectively, so far.(94, 95) Recently, P. aeruginosa isolates producing the
CAM-1 MBL were identified in North America that has remained the first and the only
place of their recovery to date.(96)

5.3  Mobile genetic elements associated with MBL genes

Multiple AMR-associated enzymes are encoded by specific mobile genetic
elements, the integronic gene cassettes, and these include several MBL types (e.g. VIM,
IMP, DIM, GIM), B-lactamases of other classes (e.g. VEB, GES, BEL, OXA-1/-2/-10
types), AMEs or dihydrofolate reductases conferring resistance to trimethoprim.(3, 29,
97-99) A large variety of other elements carry genes coding for the remaining MBLs
(e.g. transposon Tn/25 and its derivatives with NDM genes), other
B-lactamases or AMR determinants in general.(3) The integronic gene cassettes consist
of protein-coding regions (without promoters) and attC recombination sites, necessary
for their recruitment via site-specific recombination into integrons, structures containing
integrase Intl genes (intl) and att] recombination sites, and promoters driving
expression of the incorporated cassettes. In the most common class 1 integrons the int/]
gene, attl and the promoter form together the so-called 5’ conserved segment (5°CS),
whereas on the opposite side these usually contain the 3’CS with truncated gacE
(qacEAI) and sull cassettes (Figure 2), causing resistance to quaternary ammonium
compounds and sulphonamides, respectively.(100) Integrons capture one or several
cassettes in various combinations, and since these mainly code for AMR, single
integrons with multiple genes may provide MDR phenotypes. Although relatively
unstable due to e.g. cassette insertions, excisions or recombination, the gene cassette
arrays are useful molecular markers in epidemiological studies of MBL-producing
Gram-negative bacilli; a list of over 1,400 different class 1 integrons is available in the

INTEGRALL database (http://integrall.bio.ua.pt/; as of 6" December, 2021).(102-104)
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Fig. 2. Schematic structure of class 1 integrons. The attl and at#tC sites are shown by
ovals while promoters are denoted by P; adapted from (101).

Class 1 integrons are derivatives of the Tn402 transposon, the mobility of which
depends on the tmiCQOBA module; however, most of the integrons have this module
truncated behind gacEAI and sull, and are defective in the transposition function.
Therefore, these may move between e.g. the chromosome and plasmids only when
mobilised in trans by functional Tn3 family transposons or when located within other
transposable elements.(3, 102, 105)

Plasmids are autonomous self-replicating molecules spreading in bacterial
populations vertically, but many plasmids transmit also horizontally between cells via
conjugation.(30, 99) Transmissible plasmids (self-transferable or mobilizable) are
common platforms for AMR genes, and their role in disseminating AMR in Gram-
negative pathogens has been huge.(30, 99, 106) This refers also to P. aeruginosa and
carbapenemase genes: plasmids carrying e.g. VIM/IMP-encoding integrons have been
increasingly found in nosocomial isolates of this species.(107-117) Plasmids observed
in Pseudomonas spp. have been classified into 14 incompatibility groups (IncP-1 - 14),
some of which, like IncP-2, IncP-5, or IncP-7 types are of narrow host range and cannot
be transferred to enterobacteria. Others, such as IncP-1 (IncP), IncP-3 (IncA/C) or
IncP-4 (IncQ) cross the genus border, and are widely found in both pseudomonads and
Enterobacterales.(3, 99) The recent progress in WGS technologies allowed for
comprehensive studies and highlighting the role of IncP-2-like plasmids in the AMR
spread in Pseudomonas spp. populations. Originally observed in the 1970s, and
associated with metabolic flexibility, AMR and environmental stress tolerance (118-
121), these large molecules, sizing from ~300 to ~550 kb, are now increasingly

observed not only with MDR determinants (MBL, AME, ArmA, QnrVC genes), but

19



also virulence factor genes (pilT, pilG, pilB, che operon). With high genetic plasticity
and conjugative potential, IncP-2-type plasmids easily and efficiently diffuse across
diverse Pseudomonas populations, becoming a serious epidemiological threat.(109, 110,
122-127)

Owing to the broad implementation of WGS, a growing attention has been also
paid to other large genetic structures, the so-called genomic islands, which seem to be a
vital part of bacterial genetics. A broad definition of GIs includes genomic elements
with mobility functions, such as ICEs and IME:s, the latter requiring helper functions to
conjugate. These may greatly contribute to diversification and environmental
adaptation, carrying metabolic, virulence and/or AMR determinants.(99, 128, 129) ICEs
contain self-conjugative transfer and integration modules, being hybrids of
transposons/phages and plasmids, locating mostly in specific chromosome sites, such as
tRNA gene loci.(3, 128) As Guglielmini et al. showed, these mobile elements are
abundant in practically all prokaryotic clades, though are associated mostly with large
genomes, such as in pseudomonads.(130) Of 28 ICE families described so far
(https://db-mml.sjtu.edu.cn/ICEberg2/; as of 6" December, 2021), three were found in
P. aeruginosa genomes: pKLC102, Tnas71 and cle. They differ mainly by the
chromosomal integration site, integrase type and structural features.(3, 129) Since their
first discoveries, the GIs (comprising PAGIs) have been increasingly associated with
the AMR genes’ dissemination and evolution, recently including also carbapenemase

genes (blaviv, blawvie, blanom, blasem, blapiv, blaciv, blaxec, blaces).(32, 131-133)

5.4  Population structure and clonality of P. aeruginosa

Recent genomic studies on large datasets have revealed the basic phylogenetic
structure of the P. aeruginosa global population. Depending on the methodology
adopted, 4-5 phylogroups were distinguished, with predominant groups 1 (or A) and 2
(B), differing in the content of specific resistance and virulence genes (Figure 3).(134,
135) These genetically isolated clusters have high intra-group (but not inter-group)
recombination rate, which gives rise to multiple different genotypes, thus creating a
dispersed population structure within the phylogroups and overall.(135, 136)
Nevertheless, a limited number of apparently stable or ‘successful’ clones have been
observed too, often being organisms specifically adopted to peculiar habitats or
physiological niches, like the hospital environment and/or human infection. However,

some successful clones, e.g. ST17, may be of broad environmental tolerance, exhibiting
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Fig. 3. SNP-based phylogenetic tree of 1311 P. aeruginosa isolates. The different
clusters of isolates are marked with gray areas. Isolates belonging to each group are
identified by a different color. The small tree above shows the real genetic distance
between group 3 and the others; adapted from (134).

the ‘generalist’ character.(137) The intensively developing genomics allowed for
identification of molecular markers characteristic for individual clones and larger
phylogenetic lineages or clades, including virulence and AMR determinants, especially
the latter correlating with the clones associated with nosocomial infections.(137)
Numerous molecular epidemiology studies showed a remarkable accumulation
of acquired AMR, relying both on mutations and foreign genes, in a relatively small
number of P. aeruginosa clones which are spread geographically. The link between
these MDR ‘high-risk’ or international clones and acquired AMR mechanisms is strong,
and e.g. most of mobile AMR genes, including those of MBLs and ESBLs/ES-OXAs
occur in several genotypes, mainly the most frequent, pandemic ST235 and ST111, but
also ST17, ST175, ST244 or ST253.(3, 45, 138) This may be partially explained by the
‘genetic capitalism’ theory, stating that broadly disseminated STs have higher chance of
acquiring new AMR genes, being then further selected and amplified due to the high
antibiotic pressure in hospital settings.(139) In the pandemic ST235, all known
P. aeruginosa acquired AMR genes, including 60 different f-lactamase genes, present
in over 100 genetic elements, have been found (Figure 4).(138) ST235 has been the
most widespread and prevalent MDR P. aeruginosa clone: its prominent position has

been reported in almost each international or national molecular survey of MDR
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P. aeruginosa clinical isolates, including MPPA.(34, 138, 140-144) The impressive
example of its epidemic potential was a huge country-wide expansion of a VIM-2

MBL-producing ST235 genotype in Russia in 2002-2010.(47)
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Fig. 4. Distribution of ST235 P. aeruginosa clone with its reported carbapenemases;
adapted from (45).

ST111 is the second most disseminated high-risk clone after ST235. It is also
strongly associated with MDR phenotypes, and multiple acquired B-lactamases from
classes A, B and D have been detected within this ST (Figure 5). VIM-2-producing
ST111 has been detected in several countries in Europe, with the spectacular spread
e.g. in the UK and The Netherlands, and together with several other STs in Asia and
America.(45, 62, 138, 145)
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Fig. 5. Distribution of ST111 P. aeruginosa clone with its reported carbapenemases;
adapted from (45).
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The growing surveillance data indicates that more and more P. aeruginosa
clones are being identified as emerging expansive organisms, namely ST233, ST253,
ST277, ST298, ST308, ST357, ST395 or ST654. These, reported increasingly with
MDR phenotypes, together with ST235 and ST111 pose a serious threat to modern
infectiology.(45, 146)

5.5  Molecular epidemiology of MPPA in Poland

Early studies on AMR in P. aeruginosa clinical isolates in Poland, conducted in
the 1980-1990s, revealed relatively low rates of resistance to 3™-generation
cephalosporins (ceftazidime) and carbapenems.(147-149) Nevertheless, the growing use
of carbapenems in following years resulted in a stable rise of resistance to these drugs in
P. aeruginosa.(150) Repeated multi-centre surveys showed that within the seven-year
period 1996-2003, the non-susceptibility rates for imipenem and meropenem increased
from 11.6% and 8.6% to 15.5% and 12.9%, respectively.(147, 151). The first report on
an MPPA isolate in Poland was published in 2003, being at that moment one of the
earliest cases in Europe. The isolate, recovered in 2001 in Zabrze, carried the blavim-2
gene in a unique class 1 integron, In1008.(43, 55) However, a following retrospective
study by Patzer et al. demonstrated that the index MPPA isolate in Poland actually
appeared in Warsaw in 1998, having blavim4 within another original integron,
In238.(42) Soon after, the NRCST started recording growing numbers of MPPA
isolates, recovered in various regions of the country. These were included in the first
country-wide molecular epidemiology analysis done by Fiett et al., based on all
MBL-producing Gram-negative non-fermenting pathogens reported by the NRCST till
end of 2004.(55) The collection consisted mainly of MPPA isolates (n=38) from 15
hospitals located in 11 cities of 7/16 major administrative regions. The strains were
classified into eight distinct pulsotypes and produced VIM-2 or VIM-4, encoded by
eight, mostly novel class 1 integrons (including In1008). These were located usually in
chromosomal DNA, and three pulsotypes with such integrons were spread regionally,
one with Inl1008 in the region Slaskie, one with In249 in Dolno$laskie and
Wielkopolskie, and one with In337, In342 or In492 in Pomorskie and Kujawsko-
Pomorskie. However, one integron, In461, resided on large conjugative molecules,
observed among several non-related isolates from Mazowieckie. The variety of
combinations of P. aeruginosa pulsotypes and integron variants suggested several

independent selections of distinct genotypes at the origin of the MPPA epidemiology in
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Poland, followed by the regional clonal spread of some of these, and horizontal
dissemination of a specific integron with possibly plasmids.(55) Studies carried out by
another group of researchers documented longer-term persistence and gradual spread of
a yet another MPPA genotype with the integron In238 in a large tertiary pediatric
medical centre in Warsaw.(42, 152)

After that time, the situation has dramatically worsened. In 2005-2010 and 2011-
2015 the NRCST reported 410 and 904 MPPA infection and/or colonization cases,
respectively. The patients were diagnosed in 258 hospitals and 37 outpatient clinics, in
all 16 administrative regions of Poland. These 1,314 isolates in total, reported as all
non-duplicate MPPA cases from all the country confirmed by the NRCST over 10
years, constituted the basis for this study collection. The selection of representative
isolates was made in order to include at least one isolate per clinical site per year, with
proportionally bigger contribution of the sites with higher MPPA rates, likely resulting
from outbreaks. This rule allowed collecting isolates from all years, regions and hospital
types, including all of the more affected centres. Finally, the 454 confirmed MPPA
strains, recovered in 212 hospitals from 127 towns of all regions, were chosen for the
study. These were mainly isolated in ICUs (n=184; 45%), internal medicine
(n=92; 23%) or surgical (n=77; 19%) wards, and in majority were recovered from RTIs
(n=151; 33%), UTIs (n=114; 25%), SSTIs (n=86; 19%) and BSIs (n=70; 15%).

The results of the entire study, which constitute this doctoral dissertation, have
been published in the form of three original articles, to which one review has been
added. The first of the original papers, presents the whole study collection of MPPA
isolates with basic epidemiological data, and general characterization of all the isolates,
comprising typing, MBL gene and integron analysis, and identification of the
chromosomal or plasmidic location of the integrons. These are then followed by the
WGS-based detailed clonality and phylogenetic analyses of the major MPPA clones and
their individual genotypes that is the key component of the 1% part of the Ph. D. study.
Molecular typing of all of the MPPA isolates, carried out by the PFGE and MLST
approaches, revealed high genetic diversity of the isolates, comprising 120 pulsotypes
classified into 52 STs. Four clones, ST235 (n=142), ST111 (n=76), ST273 (n=74) and
ST654 (n=39) dominated, accounting together for 73% of the study population.
VIM-like enzymes were the prevailing MBL types (n=443; 97.5% isolates), and
especially the VIM-2 variant (n=305; 67%), followed by VIM-4 (n=115; 25%). All

MBLs genes were located in 46 different class 1 integrons, of which 29 were new.
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These acted as strong markers of the MPPA diversity and specificity, because 40
elements were observed originally and only or mainly in Poland. Linking the integrons
to the STs and pulsotypes allowed distinguishing a total of 10 ST/pulsotype-integron
genotypic combinations of a remarkable epidemic character, grouping ~55% of the all
MPPA isolates. All these belonged to the four predominant STs, and spread
interregionally in specific areas. The comparative analysis of representatives of the
early isolates from 2000-2004 revealed that two of the epidemic genotypes have
emerged already during that period. The majority of the strains tested had
MBL-encoding integrons located on the chromosome; the two significant exceptions
were one of the major ST235 epidemic genotypes with the plasmidic integron In1656,
and the integron In461 that was identified on megaplasmids in multiple and clonally
diverse isolates.

In order to address in details the clonal aspect of the MPPA epidemiology in
Poland, the WGS analysis of 163 isolates was performed, especially focusing on
representatives of the ST235, ST111, ST273 and ST654 clones, including all of their
main 10 epidemic genotypes. The SNP-based in-sample clonality analysis has
confirmed the PFGE results in general, separating clusters of epidemic strains from
sporadic pulsotypes, but it has also allowed evaluating genetic distances between them.
The SNP-based phylogenetic analysis of the isolates was carried out against all
genomes of the same STs available in international WGS databases. It has revealed that
the ST235 and ST111 populations were heterogeneous, involving strains of different
evolutionary clades, separated by and/or shared with isolates from other countries.
However, many Polish ST235 and ST111 strains produced their own branches within
the phylotrees, comprising closely related isolates of the epidemic genotypes or
apparently related sporadic genotypes. These observations indicated the ‘dual’ character
of the Polish ST235 and ST111 populations, resulting from the international circulation
of several genotypes, and from the on-site differentiation of some of these. Otherwise,
the ST273 and ST654 populations represented a clearly more homogeneous and specific
character. In both cases, the Polish strains were separated from all of the foreign isolates
available (much fewer than for ST235 and ST111, though), suggesting their entire
populations to have arisen by the on-site evolution. In summary, the 1% part of the
Ph. D. study showed the general view of the entire MPPA population from the early
phase by 2015, visualising a number of common and specific characteristics of these. It

has defined clonal spread to be the main factor of the extensive MPPA expansion, and
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identified 10 major epidemic organisms, providing clues for understanding their origins.
Especially noteworthy was the role of ST273 with integron In249, which was the most
expansive epidemic MPPA genotype (~15% all isolates) and likely represented a
country-specific clone, evidencing intensive MPPA evolution in Polish hospitals. The
study has also significantly contributed to the general knowledge on the clonality and
phylogeny of the two pandemic P. aeruginosa clones, ST235 and ST111.

The second original work was inspired by the analysis of MBL-encoding
integrons and their location in the whole MPPA collection. It turned out that the most
prevalent integron type was In461 (~18% isolates), originally identified in the study of
the early isolates from 2000-2004, and assigned then to large conjugative plasmids.(55)
In the current study this integron was found in 80 isolates of 35 STs and 55 pulsotypes,
recovered in 49 hospitals in 33 cities of 11 regions. The comprehensive plasmid
analysis, including conjugational transfer, and S1/PFGE and hybridization assays,
showed that the vast majority of these strains (~85%) possessed In461-encoding
megaplasmids (~350-550 kb), most of which efficiently conjugated (107! to 10 per
donor). In order to obtain complete characteristics of these molecules, 19 isolates
carrying In461-megaplasmids were sequenced, including one ‘archival’ isolate from
2001.(55) This was carried out in cooperation with the Czech team of Prof. J. Hrabdk in
the Biomedical Center in Plzen, and the FEMS Research and Training Grant. The SNP-
based phylogenetic analysis demonstrated that the In461-carrying plasmids (named
pPUVs) formed a tight cluster of closely related molecules, forming a specific branch in
the phylotree with 22 available sequences of IncP-2-like megaplasmids. Those plasmids
were from Pseudomonas spp. strains from all over the world, and specified broad
resistance or tolerance to various environmental stress factors, including antibiotics. The
detailed structural analysis of pPUVs against the other plasmids allowed confirming the
recent identification of the actual IncP-2-specific replicon (rep4) (110) or revealing
three additional genes in the basal conjugative transfer region (traC, trak, traU). The
precise comparison of the individual pPUV variants with each other made it also
possible to define the various genetic phenomena that have occurred in the course of
their rapid evolution, namely the acquisition or loss of additional phage-, ICE/plasmid-
or transposon-related fragments, and rearrangements of the AMR region, including
In461 duplications and acquisition of new AMR genes. This part of the entire Ph. D.
study has documented that along with the polyclonal spread, plasmid dissemination

played a remarkable role in the MPPA epidemiology in Poland, and to our knowledge,
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it documented the largest ‘plasmid outbreak’ in P. aeruginosa ever reported in the
defined spatiotemporal frame. It has also significantly contributed to the knowledge on
the IncP-2-type plasmids, which has been rapidly growing in recent years due to
broader and broader implementation of WGS.

The material for the third original work was identified in the course of the PCR
screening for individual types of MBL genes in the whole collection of MPPA isolates.
One strain was found not to have blavim- nor blamme-like genes, but blanpm-1 and
blapv-1, which have been rarely reported in P. aeruginosa so far. Moreover, the isolate
from a hospital in the southern region of Poland was the first NDM- and/or
DIM-producing P. aeruginosa in the country. The microorganism turned out to be
resistant to almost all antipseudomonadal drugs, except colistin only. As the genomic
analysis showed, its resistome was one of the most complex ever recorded in this
species, containing 25 acquired AMR genes. All these genes were chromosomal and
most of them were located within two new GlIs, named ICE6660 and PAGI-18,
structures of which were fully elucidated. blanpm-1 was located together with a rare
ESBL gene blarme-1 and the rmtD3 gene, conferring resistance to all aminoglycosides,
in a single cargo region of ICE6660, whereas blapmv-1 plus gnrVCI were parts of
PAGI-18. The isolate was the only member of a sporadic clone ST234 in the entire
collection of Polish MPPA. The inferred SNP-based phylogeny of all ST234 genomes
(n=17) available in the international databases revealed two major clades among these,
and the Polish strain belonged to the lineage together with isolates from the UK and
Ghana, showing the closest relatedness with the Ghanaian strains.(90) The
epidemiological investigation using the hospital and patient data has not revealed any
indication for a possible origin of the isolate. Like numerous recent papers from
different countries, this work has documented the emergence of extreme MDR
genotypes/phenotypes among clinically relevant Gram-negative pathogens that circulate
globally, often unnoticed for given periods. It has been also an example of a study in
which the use of WGS reveals a striking combination of AMR traits in a single isolate
that have been interpreted to be rare or unique so far but might have been only missed
by the standard diagnostic and study approaches.

The last of the papers included is a review article for the Polish readership,
providing general information on antibiotics and AMR, history of the P. aeruginosa
discovery and its basic microbiological features, clinical relevance, genome

characteristics, virulence factors and their expression, all types of AMR, clonal
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structure, and new therapeutic perspectives. Published in 2017, it was a comprehensive
compendium of our best knowledge at that time about one of the most relevant and

difficult to treat human bacterial pathogens.

28



6. Objectives of the study

The general objective of the Ph. D. thesis was to explain the character and
mechanisms of the extensive increase in MBL-producing P. aeruginosa (MPPA)
infections in Polish hospitals over the 11-year period, 2005-2015, by addressing the role
of the clonal spread of epidemic genotypes, horizontal dissemination of MBL genes and
selection de novo/imports of specific organisms. This goal was to be achieved by the
comprehensive molecular and genomic characterization of the MPPA isolates, including
representatives of those from the early phase of the MPPA dissemination in Poland,

2000-2004. For this purpose, three detailed aims were proposed:

a) to reveal the clonal structure of the MPPA population, identify epidemic genotypes
with their temporal and geographic distribution, and analyze their possible origins by

the phylogenetic analysis against international P. aeruginosa strains;

b) to characterize MBL-encoding integrons in the MPPA, identify the elements spread
across the population, especially when carried by large conjugative plasmids observed
from the early 2000s, and perform the structural and phylogenetic analysis of the

plasmids;

¢) to identify MPPA isolates of unique genotypes that might have arrived in the country
by recent importation, and perform their detailed characterization assessing the

epidemiological threat caused by their possible spread in the country.
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7. Publications included in the dissertation

7.1  Molecular and genomic
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Objectives: To identify key factors of the expansion of metallo-B-lactamase (MBL)-producing Pseudomonas
aeruginosa (MPPA) in Poland, focusing on the role of clonal epidemic(s).

Methods: MPPA isolates were typed by PFGE, followed by MLST. blaymmp MBL genes were amplified and
sequenced within class 1 integrons. Their location was assessed by S1 nuclease-hybridization assays. Short-read
WGS was performed, and genomes were subjected to SNP-based phylogenetic and resistome analyses.

Results: Of 1314 MPPA isolates collected in 2005-15 from 212 hospitals, 454 representatives were selected. The
isolates belonged to 120 pulsotypes and 52 STs, of which ST235 (~31%), ST111 (~17%), ST273 (~16%) and
ST654 (~9%) prevailed, followed by ST244, ST17, ST395, ST175 and ST1567. The isolates produced seven VIM
variants (97.5%) and four IMPs encoded by 46 integrons, most of which were observed only or mainly in Poland.
Around 60% of the isolates resulted from (inter)regional clonal outbreaks of 10 individual ST235, ST111, ST273
and ST654 genotypes. The phylogenetic analysis of 163 genomes revealed heterogeneity of ST235 and ST111
populations, arising from transnational circulation and on-site differentiation of several clades/branches.
Contrarily, ST273 and ST654 formed relatively homogeneous and apparently Poland-specific lineages, and a
unique ST273 genotype with integron In249 was the most expansive organism.

Conclusions: Together with a previous report on self-transmissible In461-carrying IncP-2-type plasmids, this
study revealed the molecular/genomic background of the rapid MPPA increase in Poland in 2001-15, evidencing

multi-clonal spread as its leading factor. Numerous novel/specific MPPA characteristics were identified.

Introduction

Pseudomonas aeruginosa is one of major opportunistic pathogens,
combining substantial virulence with broad antimicrobial resist-
ance (AMR). It causes severe infections, mainly of the respiratory
tract (RTIs), skin and soft tissue (SSTIs), urinary tract (UTIs) or
bloodstream (BSIs).? In the USA, P. aeruginosa is the fifth agent of
hospital infections,® and in Polish ICUs belongs to the first 2-5
pathogens of each of the diseases listed above.®> AMR in
P. aeruginosa depends on intrinsic and acquired factors,"> the
latter based on chromosomal mutations”™’ but also foreign
genes transmitted by plasmids or integrative and conjugative
elements (ICEs).2 ' These genes may stay on autonomous
plasmids;*1%12 1% however, they often integrate into the
chromosome within ICEs/plasmids or other structures, all
named P. aeruginosa genomic islands (PAGIs).81°718 The es-
sential AMR genes encode metallo-B-lactamases (MBLs)

hydrolysing most B-lactams, including carbapenems.™® Of nu-
merous MBL types, VIMs and IMPs prevail in P. aeruginosa, usu-
ally specified by gene cassettes of class 1 integrons. MBL-
producing P. aeruginosa (MPPA) isolates are always MDR.*>&19

Recent studies revealed P. aeruginosa to have evolved into four
to five phylogroups, two of which, 1/A and 2/B, dominate.'2° High
recombination rate,'” observed mainly inside the phylogroups,?°
generates multiple genotypes, forming a dispersed population
structure.>*”?! However, certain clones/clonal complexes were
discerned, adopted to various or specific habitats and prevailing in
individual niches, like hospital infections.!” Such clones, e.g. ST235,
ST111, ST17, ST175, ST244 or ST395,%>%?? accumulate AMR and
predominate among MDR isolates, though in varying sets in differ-
ent countries.*®?3729 The vast majority of AMR genes/integrons
have been found in the ST235 and ST111 lineages.*

The early MPPA phase in Poland, 1998-2004 (~50 cases
reported), relied largely on several non-related organisms

©The Author(s) 2021. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved.

For permissions, please email: journals.permissions@oup.com.

30

2273

1202 1890300 90 uo 3sonb Aq #0£01€9/€L22/6/9./3101HE/0El/W0d dno-olwepeoe//:sdijy Wwoly papeojumog



Urbanowicz et al.

with new chromosomal VIM integrons, three of which spread
regionally.>*3* In 2005-15, the National Reference Centre for
Susceptibility Testing (NRCST) observed rapid MPPA expansion,
confirming ~1300 cases from the entire country. Detailed studies
on that have been conducted; this report is aimed at general
characteristics of the MPPA, with focus on the epidemic MDR
genotypes.

Methods

Bacterial isolates

The NRCST has been monitoring MPPA since 2000, collecting isolates from
microbiology laboratories with basic epidemiological data. In 2005-15, all
pseudomonadal isolates sent as putative MBL producers were probed by
the EDTA double-disc test>> and PCRs for blaymwmwe-like genes,** and from
2012 also blaypms and other types.3® A total of 1314 MPPA non-duplicate
isolates were confirmed, from which 454 representatives were selected,
being at least one organism per clinical site and year, proportionally to
numbers of isolates per site/year. The 454 isolates were recovered in 212
hospitals in 127 towns of all 16 major regions (Table S1, available as
Supplementary data at JAC Online). Most of them were from infections
(n=434; 96%), mainly RTIs (n=151; 33%), UTIs (n=114; 25%), SSTIs
(n=86; 19%) and BSIs (n=70; 15%). Of patients with hospital ward data
(n=406), the majority were in ICUs (n=184; 45%) or internal medicine
(n=92; 23%) or surgical (n=77; 19%) wards. Eighty isolates of 35 STs
with integron In461 were reported in part, focusing on In461-carrying
plasmids,'* and eight others were included in an international analysis.>’
A single NDM-1 + DIM-1-producing isolate was described separately.'®
Four archival MPPA isolates from 2000-04, of one unique and the three
epidemic pulsotypes of that period>* were added for PFGE, MLST and WGS.

Typing

The isolates were typed by PFGE as described;*® pulsotypes were discerned
visually according to Tenover et al.,>° and verified with BioNumerics Version
7.6.3 (Applied Maths, Sint-Martens-Latem, Belgium). MLST was performed
as proposed originally,*® and STs were assigned using the database at
http://pubmist.org.

PCR-RFLP and sequencing of blaym/mp integrons

Gene cassette arrays of class 1 integrons with blaymmme genes were ana-
lysed by PCR-RFLP and sequenced as previously described.! ISs were iden-
tified inside integrons by ISFinder*! and BLASTn. New integrons were
submitted to the INTEGRALL database for assigning numbers
(integrall.bio.ua.pt).*?

Plasmid profiling
Plasmid profiling was done by the S1 nuclease (TaKaRa, Otsu, Japan)
analysis.*> blayp-carrying plasmids were identified by hybridization, as

reported,®! using the ECL Random-Prime Labelling and Detection system
(GE Healthcare, Little Chalfont, UK).

WGS and bioinformatic analysis

Short-read WGS was performed using HiSeq or MiSeq platforms (Illumina,
San Diego, CA, USA). Reads were trimmed by Cutadapt 1.16 (https://cuta
dapt.readthedocs.io/en/stable/) and assembled by SPAdes 3.13.2.4 The in-
sample SNP-based clonal analysis was performed in the ST groups of com-
plete genomes, using BioNumerics Version 7.6.3, and the oldest Polish
MPPA isolates as references. All P. aeruginosa genomic sequences in

GenBank (n=5290 as of 9 September 2020) were downloaded by the NCBI
Genome Downloading Scripts  (https://github.com/kblin/ncbi-genome-
download), and genomes of selected STs were extracted using mist
(https://github.com/tseemann/mlst). The SNP-based phylogenetic analysis
of the study and international complete genomes was carried out for indi-
vidual STs with HarvestTools v. 1.2,%° using the reference isolates as above.
Phylogenetic trees were visualized by iTOL.*® Resistomes of the sequenced
isolates were determined with Abricate (https://github.com/tseemann/abri
cate), using the NCBI database (https://www.ncbi.nlm.nih.gov/pathogens/
antimicrobial-resistance/AMRFinder/).

Nucleotide sequence accession numbers

Sequences of new integrons have the following GenBank accession
numbers: In1640-In1658, MW595314-MW595332; In1667, MW595333;
In1668, MW595334; In1894, MW595335; In1966, MW595336; In1977,
MW595337; In1978, MW595338; [n2015-In2017, MW595339-
MW595341; In2021, MW595342. The WGS files and raw reads are under
the  GenBank  BioProject ~ PRINA645026  (JAFFTMO0O0000000-
JAFFZB000000000).

Results and discussion

General clonal analysis of the MPPA isolates

The clonality analysis of the entire MPPA collection was based on
PFGE, performed for all 454 isolates, and MLST, done for 179 repre-
sentatives of all pulsotypes. The analysis discerned 120 pulsotypes,
classified into 52 STs (Table 1 and Table S2). The ST distribution
was highly uneven, with four STs grouping 331 isolates (72.9%),
namely ST235 (n=142; 31.3%), ST111 (n=76; 16.7%), ST273
(n=74; 16.3%) and ST654 (n=39; 8.6%). Five other STs, ST244,
ST17, ST395, ST175 and ST1567, clustered more than five isolates
each, while 36 STs had only 1-2 isolates each. Numerous STs were
differentiated into distinct pulsotypes, e.g. ST235, ST111, ST273
and ST654 comprised 27, 16, 4 and 2 pulsotypes, respectively.
Their distribution within the STs was non-uniform, with four pulso-
types in ST235 (A, J, O, AO), two in ST111 (K, L), and one in each
ST273 (AE) and ST654 (Q) prevailing; altogether these grouped
261 (57.5%) isolates. The STs/pulsotypes with multiple isolates
varied in geographic occurrence, both in scale and specific areas of
dissemination (Table 1 and Figures S1 and S2). The archival isolates
from 2000-04 represented ST235 (n=2), ST111 and ST273, but
only one ST235 and ST273 were of the pulsotypes spreading later
(see below). The clonal MPPA structure had common and specific
features, the common being the predominance of a few clones
and position of ST235 and ST111. ST235 has been the most fre-
quent MDR P. aeruginosa clone globally,“>*’ prevailing in, e.g.
Japan,?>?37 Thailand*® Croatia®* or Czechia.?® It is associated with
VIM/IMP-like MBLs,” e.g. having caused a huge epidemic in Russia
in 2002-10.7 In some countries the major MDR/MPPA clone has
been ST111, like the UK,?%“° the Netherlands®® or Greece.! The
prevalence of ST273 was specific for Poland, as so far it has been
only incidentally reported in China,”® Thailand,*® Myanmar,>?
France®* or Germany.”> The ST654 high position was surprising
too; however, it has been recently spreading, e.g. in Gulf coun-
tries®™® or Russia in 2012-17.°° The PFGE data showed that
Polish populations of the major STs arose largely from the expan-
sion of several individual genotypes (detailed below), two of which
emerged already in 2000-04.
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MBL types and VIM/IMP-encoding integrons—structural
analysis

Of the 454 MPPA isolates, 443 isolates (97.5%) produced VIM-like
MBLs of the VIM-2 type (n=307) or VIM-1 type (n=136), and 10
isolates (2.2%) produced IMPs (one isolate had NDM-1 and
DIM-1'®). Individual enzymes were identified during the integron
analysis and WGS (reported below), yielding 258 representative
sequences. Based on these, VIM-2 dominated among its types
(n=305; 67.2% of all MBLs) and single isolates had VIM-24 or -62.
Of VIM-1 types, VIM-4 prevailed (n=115; 25.3%), followed by VIM-
37,-1 and -54. Four IMPs included IMP-1,-7,-13 and -22. The PCR-
RFLP analysis of VIM/IMP integrons revealed ~40 fingerprints.
Their 258 sequences, determined conventionally for all ST/pulso-
type-RFLP combinations or by WGS, represented 46 class 1 inte-
grons, including eight identified first in the early Polish MPPA, 332
one in Polish enterobacteria,®® five in pseudomonads from other
countries®”®*®> and 32 new elements (Table 2). Two types of
blaym-1-like cassettes were observed, the standard ones and those
having a 169 bp direct repeat of the 3’ end (blaywpy), first identified
in the integron In238 in Polish index MPPA 2 and then in various
species in Poland and elsewhere.>*¢%%667 Other unusual blayy
cassettes were blayyw-»s in In1656/In1657 and In2017 fused with
aadA6 or aacA4 cassettes, respectively. Two integron sets differed
only by single mutations in blayivs, namely In1008 types (In1008,
In2021 and In1651 with blayim-z, -24 and ., respectively),
and In238 types (In238, In1451 and In2015 with blayim-arpt, -37rpt
and _surpt, respectively). In238 and In461 had derivatives with
ISPsmel and ISPa47 inserts, respectively, while others differed
from each other by 1-2 cassettes only, like In1978 types (In1652,
In593,In1978) or In1644 types (In1644, In1645). Overall, the inte-
gron diversity was in part due to multiple emergence of non-
related elements by in-country evolution or imports, including in
early years.3'3* The other factor was their extensive differenti-
ation by mutations, IS insertions and/or cassette integrations,
deletions or fusions.

VIM/IMP integrons versus MPPA clones—
epidemiological analysis

Several integrons/integron types were prevalent, namely In461
types (n=80), In249 (n=76), In238 types (n=63), In1008 types
(n=52), In59 (n=46), In2016 (n=31) and In1656 types (n=27)
(Table 2). The In461 types occurred in diverse isolates (35 STs/55
pulsotypes; Table 1 and Table S2), with stronger link only to ST244,
and their plasmid dissemination was reported previously.'
Relationships between other integrons and clones were complex;
almost all frequent STs (and some pulsotypes) hosted various inte-
grons (e.g. ST235, 22 integrons; ST111, 8 integrons; Table 1).
Similarly, the prevalent integrons/integron types usually occurred
in multiple organisms (e.g. In1008 types, 10 STs/18 pulsotypes;
In238 types, 7 STs/12 pulsotypes; Table 2). Therefore, basically the
main clones and integrons have circulated separately, locally pro-
ducing various combined genotypes. Subsequently, some of these
combinations extensively spread, contributing to the overall MPPA
expansion (Table 1). The spectacular case was ST273 and its pre-
dominant pulsotype correlating with In249 (AE-In249; n=70/74).
In238 was the most numerous integron in ST235 (n=36/142) and
characterized entirely one of its four major pulsotypes (J-In238;

n=32). Of the others, one was associated with the In238-type
In1451 (AO-In1451; n=10), one was the main host of In1656 (O-
In1656; n=20/21) and one consisted of two groups, carrying either
In2016 or In1978 types (A-In2016; n=31, and A-In1978; n=9).
In59 prevailed in ST111 (46/76), including most isolates of its
major pulsotype (K-In59; n=42/43). In1008 types occurred in sev-
eral STs, including another significant ST111 pulsotype (L-In1008;
n=28). However, these were often present in ST654 (24/39) and its
main pulsotype (Q-In1008; n=23/37), which also contained a
cluster with In1653 (Q-In1653; n=38). Considering that the inte-
grons mentioned above (except In59) have been found originally
and only/mainly in Poland, most of the epidemic ST/pulsotype-
integron combinations likely evolved on site.

General analysis of the VIM/IMP integrons’ location

The location of the VIM/IMP integrons was assessed by standard
methodology, starting with 250 isolates of all ST/pulsotype-inte-
gron genotypes. The data for 63 isolates with In461-carrying plas-
mids were published separately.’* The majority of the other
isolates (n=132/187), including major genotypes ST235/J-In238,
ST235/A0-In1451, ST235/A-In2016/In1978 and ST111/K-In59,
had no bands in their S1 profiles (results not shown). Individual iso-
lates of ST111/L-In1008, ST273/AE-In249 and ST654/Q-In1008/
In1653 had diverse, though blayw-non-hybridizing plasmids. Only
ST235/0-In1656 was characterized by single blaym-positive plas-
mids of <50kb. Among 36 remaining isolates of high clonal, inte-
gron and plasmid profile variety, 10 isolates had blayw-hybridizing
plasmids (results not shown). This data indicated that with the
spectacular exception of In461,"* MBL integrons were mainly
chromosome located, including all but one of the epidemic ST/pul-
sotype-integron genotypes.

Genomic analysis of the MPPA isolates

In order to characterize the MPPA genotypes further, 152 isolates
plus four archival strains®* were short-read sequenced; these were
supplemented by seven isolates sequenced previously,®’ resulting
in 163 representative genomes (Table 1 and Table S2). The report
below is focused on the main ST235, ST111, ST273 and ST654 pul-
sotype-integron combinations; selected data on the others are in
the Supplementary data. Sequences of 15 isolates with In461
were used previously for the IncP-2 plasmid detection.**

Clonality and phylogeny of the ST235 MPPA isolates

The analysis comprised 57 ST235 isolates of 26 pulsotypes plus
two archival ones (reference: 1258/02 and 2611/04).3' The major
genotypes A-In2016/In1978, J-In238, 0-In1656 and AO-In1451
were represented by multiple isolates. The results of the in-sample
comparison were congruent with PFGE, segregating isolates of the
major pulsotypes into clusters and separating these from sporadic
pulsotypes (Figure S3). The total number of polymorphic positions
was 761, and SNP numbers between any and the reference iso-
lates ranged within 77-141 (Table S3). SNP numbers in pairs of
closest-related isolates were 0-99 in the whole sample, and 0-11,
1-9, 1-25 and 9-10 within the A-In2016/In1978, J-In238, O-
In1656 and AO-In1451 genotypes, respectively. Subsequently, the
isolates were compared with 238 international ST235 genomes,
inferring the SNP-based phylogeny on ~2.9Mb (42%) of the
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Figure 1. SNP-based phylogenetic tree of 59 sequenced MPPA ST235 Polish isolates compared with the international ST235 genomes available in
GenBank. Numbers correspond to original numbers of the study isolates or GenBank assembly numbers. The reference strain 1258/023' number is in
bold. The country and year of isolation is specified at each strain/GenBank assembly number. The presence of VIM- or IMP-type MBL genes is indicated
by red or green circles, respectively. Polish isolates are within grey fields, with genotypes defined by pulsotypes and integrons. Isolates studied previ-

ously by Treepong et al.*”

are assigned to original clades (C1-C14) and indicated in colours according to that report. The tree was constructed using

Parsnp v. 1.5.3> and visualized with iTOL.“® The names of countries were coded with 1S03166-1 alpha-2 standard. This figure appears in colour in the

online version of JAC and in black and white in the print version of JAC.

reference (Figure 1). The analysis corresponded well to that by
Treepong et al.*” who had compared 79 ST235 genomes (October
2016), distinguishing two main lineages (Groups I and II), split
into 14 clades (C1-14). Our study on more genomes suggested
possible unity of some of the clades, and, similar to other larger
country collections, distributed Polish isolates between several

clades (of Group I mainly). The genotypes A-In2016/In1978,
J-In238 and 0-In1656 were located close to clade C11 (Group I)
isolates from, e.g. Italy and Croatia, with A-In2016/In1978 and
J-In238 producing a common branch together. The remaining
AO-In1451 was different, co-locating with clade C12 (Group I)
isolates from France or Portugal. Most of the sporadic genotypes
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were not scattered across the tree but formed two branches within
clade C2 (Group I) and clade C10 (Group II). Of the archival
isolates,?” the reference was an ‘orphan’ related only to some US
isolates, whereas 2611/04 was the index of A-In1978. In sum-
mary, the Polish ST235 population revealed its heterogeneous
phylogeny, reflected by several distinct clades/branches, inter-
spersed by and/or shared with isolates from other countries.
Otherwise, the common branches of two major genotypes and
two sets of sporadic ones indicated these to have differentiated in
Poland (including acquisitions of various VIM integrons). The ana-
lysis has definitely confirmed the epidemic character of the major
ST235 genotypes, spreading in southern, south-western and
central regions (Figure S2).

Clonality and phylogeny of the ST111 MPPA isolates

Twenty-nine ST111 isolates of 14 pulsotypes were analysed,
including one archival isolate (reference: 1956/01).3” Twelve iso-
lates represented the major genotype K-In59, and two were of the
L-In1008. Like for ST235, the PFGE data were confirmed, except
one sporadic pulsotype grouping with K-In59 (Figure S4). The num-
ber of polymorphic positions within the sample was 727, and
SNP numbers between any of the isolates and the reference were
0-249 (Table S3). Pairs of closest relatives differed by 0-230 SNPs
in the whole sample, and 2-10 and 3 SNPs within the K-In59 and
L-In1008 epidemic clusters, respectively. The phylogenetic ana-
lysis, based on ~3.7Mb (54%) of the reference genome, initially
comprised 244 ST111 isolates from GenBank; however, 33 inter-
national isolates forming an outlier lineage were excluded. The
remaining genomes were split into three groups (Figure S5). One of
these (largely with VIM producers) contained the K-In59 cluster
within a clade with UK isolates, and two minor types, related toiso-
lates from the USA or Italy and Spain. More genotypes, including
L-In1008, were in another lineage, related to isolates from the USA
or several European countries. Among these were seven sporadic
pulsotypes (including the reference) making a specific branch, like-
ly due to evolution in the country. In summary, like ST235, the
ST111 MPPA isolates in Poland were phylogenetically heteroge-
neous, owing to trans-border circulation of different lineages, and
their on-site diversification along with regional spread, mainly in
the western part of the country (Figure S2). Similar data on ST111
MPPA were described in the UK.*?

Clonality and phylogeny of the ST273 MPPA isolates

The analysis comprised 27 isolates of four ST273 pulsotypes (Table
1), 23 of which, including the archival isolate from 2000 (reference:
188/03),! represented AE-In249. The number of polymorphic
sites was 761, and the isolates differed from the reference by 25-
294 SNPs (Table S3). The analysis grouped AE-In249 together with
two minor pulsotypes, and pairs of closest relatives varied by 4-61
SNPs, indicating more microdiversity than in other epidemic organ-
isms (Figure S6). The only outlier pulsotype (294 SNPs from the ref-
erence) differed also by the integron (In1008). The isolates were
compared with only two sequenced ST273 organisms available,
using ~5.5Mb (79%) of the reference genome. The analysis sepa-
rated the two foreign isolates (Figure S7), which with the scarcity
of reports from elsewhere“®°?7>° suggested that the entire Polish

ST273 population emerged and differentiated on site, gradually
expanding into multiple regions (Figure S2).

Clonality and phylogeny of the ST654 MPPA isolates

Fifteen ST654 isolates of two pulsotypes, largely the predominant
Q, were included in the analysis (Table 1), using the oldest isolate
as a reference (4502/09). The genotypes Q-In1008/In1653 had
eight and three isolates, respectively. The in-sample analysis
revealed 129 polymorphic sites, with 4-39 SNPs between the refer-
ence and any other isolate (Table S3). Pairs of closest-related
isolates differed by 1-39 SNPs in general and 1-28 SNPs within the
pulsotype Q only, and the SNP distribution correlated well with the
integron content (Figure S8). The sample was compared with 11
international ST654 genomes available, based on ~5.5Mb (83%)
of the reference sequence. All Polish ST654 isolates were sepa-
rated into a single clade, regardless the pulsotype and integron
(Figure S9), and ST654 was more homogeneous than the other
STs, possibly owing to its emerging character. Like ST273 and spe-
cific ST235 and ST111 clusters/groups, its structure resulted from
the in-country diversification (including the integron variation)
during spread, ongoing mainly in southern regions (Figure S2).

Resistomes

All of the 163 sequenced genomes were subjected to the resis-
tome analysis. A high variety of acquired AMR gene patterns were
revealed, generated largely by genes encoding aminoglycoside-
modifying enzymes and, less so, B-lactamases (Table S4). Multiple
isolates of specific ST/pulsotype-integron genotypes basically
retained identical patterns. Individual resistomes contained 3-14
genes, and an average isolate had ~6.3 genes. ST235 had the
highest mean number of AMR genes per isolate (~7.6), followed
by ST111 (~5.4), ST273 (~5.1) and ST654 (~4.8), and of the
major epidemic genotypes, ST235/A-In2016, ST235/0-In1656
and ST111/L-In1008 had broadest resistomes (~9.5, 8.4 and 10.5
genes, respectively). The ST273 and ST654 epidemic genotypes
had less AMR genes in average (~4.3-6.0).

Conclusions

Regular surveillance run in Poland from 2000 showed a rapid MPPA
spread in 2005-15, as compared with the period 1998-2004 with
53 infection/colonization cases in 16 hospitals.®*>* With 1314
cases confirmed in 212 centres across the country, MPPA became
a serious public health threat. The aims of this and the previous
reports,'* being together one of the largest molecular/genomic
MPPA analyses conducted, was to reveal key factors of this in-
crease. The overall diversity of the isolates, illustrated by 52 STs
and 46 MBL integrons, was likely the highest ever observed at the
country level. The presence of high-risk MDR P. aeruginosa clones
and the ~73% predominance of four STs was not surprising, so
was the position of the ST235 and ST111 pandemic lineages. Their
Polish populations were heterogeneous owing to international
circulation and in-country differentiation of organisms of multiple
phylogenetic clades/branches. Contrarily, ST273 and ST654
formed more compact populations, apparently separate from
those in other countries. Given the integron variety in the major lin-
eages, these have disseminated basically by themselves, acquiring
different integron-carrying platforms in individual locales. The
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following (inter)regional spread of 10 major ST/pulsotype-integron
genotypes was essential for the overall MPPA increase (~60% of
the sample). Of note was expansion of ST273-In249, commenced
around 2000 in the south-western area®! that yielded ~15% of all
MPPA from many regions. Considering sporadic ST273 isolations in
general,“®°?7>° its relative success in Poland requires specific
analysis. Another characteristic was the extreme variety of the
MBL integrons, largely recorded only in Poland so far, being due to
multiple emergence cases but also gradual differentiation of the
elements by various mechanisms. The occurrence of identical inte-
grons in different STs indicated their probable transmissions with
plasmids/ICEs, with the spectacular example of In461, having
spread on IncP-2-type plasmids into 35 STs (~18% of the isolates)
over several regions.** The other platforms, mainly chromosome-
integrated ICEs/PAGIs, have been under a follow-up analysis
(P. Urbanowicz and M. Gniadkowski, unpublished data).
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Table S1. Centres, regions and years of isolation of the MPPA study isolates®

Administrative region n isolates n centres n cities Years?
Mazowieckie 105 42 18 2005-15¢

Warsaw urban area 77 28 5 2005-15¢
Slaskie 73 35 22 2005-15¢
Wielkopolskie 48 21 13 2005-07; 2010-15¢
Lubuskie 35 13 11 2005-15
Dolnoslaskie 33 14 7 2007; 2009-15¢
Kujawsko-pomorskie 33 14 9 2006; 2009-15¢
Matopolskie 22 13 6 2006; 2009-15¢
Lodzkie 21 12 8 2005; 2008-15
Opolskie 18 7 5 2008-15
Podkarpackie 14 9 6 2006; 2009-15
Warminsko-mazurskie 12 7 4 2006; 2010-15
Pomorskie 10 7 4 2006; 2009-15¢
Lubelskie 10 54 2 2005; 2007-12
Zachodniopomorskie 9 5 4 2008; 2011-15
Podlaskie 6 5 4 2013-15
Swigtokrzyskie 5 4 4 2011-15
Total 454 2134 127

@ — This table includes 80 P. aeruginosa isolates with integron In461, characterized also
in the previous study,'* eight isolates included in an international comparative
analysis,*’ and a single NDM-1+DIM-1-producing isolate reported separately.'®

b —In some regions the year of the first MPPA identification was separated in time from
the period of regular reporting, and in one region two such periods were distinguished.

¢ — These regions recorded MPPA isolates already in 1998-2004 313234

¢ — One medical centre was an outpatient clinic; the others were hospitals.
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Table S2. STs observed sporadically among the MPPA study isolates: their pulsotypes,
MBL types and integrons, and basic epidemiological data”

ST pulsotype MBL variant(s) integron (type) n isolates n n cities/

(WGSY hosnitals reoions
ST27 B VIM-2 In461 2 (1) 2 2/2
BM VIM-2 In461 1 1 1/1
CI VIM-2 In461 1 1 1/1
F VIM-2 In461 1 1 1/1
ST697 AM VIM-2 In461 1 1 1/1
BP VIM-2 In461 1 1 1/1
AN VIM-2 In1641 2 (1) 1 1/1
EI VIM-2 In1008 1 1 1/1
ST233 BY VIM-4 In238 3 3 3/2
N VIM-2 In1650 1 1 1/1
ST253 BZ VIM-2 In461 2 1 1/1
CS VIM-2 In461 1 1 1/1
DX VIM-2 In461 1 1 1/1
ST357 CzZ IMP-7 In1458 4(3) 3 372
ST1020 CN VIM-2 In461 4 4 4/2
ST381 DK VIM-2 In461 2 (1) 2 2/2
DK VIM-37 In1451 (In238 type) 1 1 1/1
ST108 BJ VIM-2 In461 1 1 1/1
DR VIM-2 In461 1 1 1/1
ST155 AL VIM-2 In461 1 1 1/1
BK VIM-2 In1008 1 1 1/1
ST164 Y VIM-2 In461 2 1 1/1
ST313 AZ VIM-4 In238 1 1 1/1
DJ VIM-2 In461 1 1 1/1
ST390 Al VIM-2 In461 1(1) 1 1/1
DL VIM-2 In461 1 1 1/1
ST500 AK VIM-2 In461 2 2 2/2
ST664 CY VIM-1 In110 1 1 1/1
ED VIM-2 In1008 1 1 1/1
ST694 DN VIM-2 In461 2 2 2/2
ST1197 P VIM-2 In461 2 (1) 2 2/2
ST2553 DA IMP-1 In31 2 2 2/2
ST41 DW VIM-2 In461 1 1 1/1
ST198 CG VIM-2 In461 1 1 1/1
ST207 R VIM-2 In461 1 1 1/1
ST234¢ CX NDM-1+DIM-1¢ NA¢ 1(1) 1 1/1
ST245 DY VIM-2 In461 1 1 1/1
ST260 BF VIM-2 In1008 1 1 1/1
ST274 BG VIM-4 In1654 1 1 1/1
ST308 DO VIM-2 In1642 1 1 1/1
ST319 BX VIM-2 In1648 1(1) 1 1/1
ST348 BL VIM-2 In1008 1 1 1/1
ST360 DQ VIM-2 In461 1(1) 1 1/1
ST446 CM VIM-2 In461 1 1 1/1
STS589 CH VIM-2 In461 1(1) 1 1/1
ST611 -4 VIM-2 In461 1 1 1/1
ST655 AW VIM-4 In1643 1(1) 1 1/1
ST696 BU VIM-2 In1008 1 1 1/1
ST792 DF VIM-2 In461 1 1 1/1
ST794 DG VIM-2 In461 1(1) 1 1/1
ST815 DS VIM-2 In461-like 1 1 1/1
ST931 EN VIM-2 In461 1 1 1/1
ST1028 CcQ VIM-2 In461 1 1 1/1
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ST1978
ST2238
ST3212
ST3213
ST3214

EC
DT
CK
CT
DU

VIM-2
VIM-2
VIM-2
VIM-2
VIM-2

In249
In461
In461
In461
In461

1(1)

1/1
1/1
1/1
1/1
1/1

@ — Part of the data concerning the MPPA isolates with the In461 integron were shown

also in the previous report.'*

b — Numbers in parentheses indicate numbers of isolates subjected to WGS.
¢ — Most of the data for this NDM-1+DIM-1-producing isolate were published
separately'®; NA, non-applicable because this isolate did not produce VIM- or IMP-like

MBLs.

d

— =%, not classified by PFGE due to DNA degradation.
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Table S3. Numbers of SNPs between the study MPPA ST235, ST111, ST273 and
ST654 isolates and the corresponding reference isolates (1258/02, 1956/01, 188/03 and
4502/09, respectively)

ST235
Isolate” ST/pulsotype-integron pulsotype integron SNPs
genotype”
1258/02 (ref)© ER In337 0
2611/04% ST235/A-In1978 A In1978 80
1186/06¢ ST235/A-In1978 A In1978 78
5891/10 ST235/A-In1978 A In1978 80
2616/14 ST235/A-In1978 A In593 90
437/13 ST235/A-In1978 A In1652 90
4548/15 ST235/A-In1978 A In1978 93
2360/09 ST235/A-In2016 A In2016 82
2312/06¢ ST235/A-In2016 A In2016 83
3153/13 ST235/A-In2016 A In2016 84
1814/09 ST235/A-In2016 A In2016 85
3556/15 ST235/A-In2016 A In2016 85
6796/12 ST235/A-In2016 A In2016 88
2823/14 ST235/A-In2016 A In2016 89
2658/07 ST235/A0-In1451 AO In1451 80
1051/15 ST235/A0-In1451 AO In1451 85
88/14 ST235/A0-In1451 AO In1451 86
3816/05¢ ST235/J-In238 J In238 77
3859/09 ST235/J-In238 J In238 78
1308/10 ST235/J-In238 J In238 79
5426/11 ST235/J-In238 J In238 80
5886/10 ST235/J-In238 J In238 80
187/08 ST235/J-In238 J In238 80
5195/13 ST235/J-In238 J In238 81
5525/12 ST235/J-In238 J In238 84
2836/13 ST235/J-In238 J In238 84
471711 ST235/J-In238 J In238 87
6378/09 ST235/0-In1656 0O In1656 85
1385/11 ST235/0-In1656 (0] In1656 86
1076/14 ST235/0-In1656 0O In1656 88
111713 ST235/0-In1656 0O In1656 88
4678/15 ST235/0-In1656 (0] In1656 89
5478/11 ST235/0-In1656 0O In1656 92
762/15 ST235/0-In1656 0O In1656 94
342/09 G In1008 113
1597/13 0O In1977 92
1025/06¢ W In1649 124
6896/09 AG In341 141
10633/11 AP In1649 140
4589/12 AS In1008 84
1964/08 AU In342 115

N
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2913/07 AU In342 116

2264/10 AU In56 115
5973/13 AV In238 87
9271/10 AX In1643 109
4486/08 BA In1647 86
91/10 BB Inl1651 95
2145/13 BD In249 110
5212/12 BQ In1008 80
5965/10 CB In1646 93
4700/14 CL In342 123
2418/06 CcO In461 83
2351/13 DE In2017 92
3991/14 DE In2017 92
4878/09 DM In238 89
5446/12 EE In1008 126
384/08 EJ In1668 85
1900/06 EK In1008 115
950/14 EP In1640 83
Total polymorphic positions 761
ST111
Isolate” ST/pulsotype-integron pulsotype integron SNPs
genotype”
1956/01 (ref)© DB In1008 0
5500/10 ST111/K-In59 K In59 73
1066/13 ST111/K-In59 K In59 76
1546/14 ST111/K-In59 K In59 75
2138/15 ST111/K-In59 K In59 80
2488/15 ST111/K-In59 K In59 78
3025/13 ST111/K-In59 K In59 75
3073/15 ST111/K-In59 K In59 83
319/15 ST111/K-In59 K In59 78
4179/15 ST111/K-In59 K In59 80
433/12 ST111/K-In59 K In59 76
4374/14 ST111/K-In59 K In59 74
4740/14 ST111/K-In59 K In59 79
1821/05 ST111/L-In1008 L In1008 67
2409/06¢ ST111/L-In1008 L In1008 68
4135/15 D In59 78
6062/12 AA In1008 77
1010/064 AD In1655 102
705/15 Al In59 60
3231/13 AY In461 65
1897/13 BV In461 60
8843/11 CE In1656 100
3557/15 CE In1656 104
185/15 CE In56 92
17/09 CF In461 41

46



5309/14 DB In1008 0
2634/13 Dz In1966 79
883/15 EG In492 249
4430/15 EM In59 82
Total polymorphic positions 727
ST273
Isolate” ST/pulsotype-integron pulsotype integron SNPs
genotype”
188/03 (ref) ¢ ST273/AE-In249 AE In249 0
272/14 ST273/AE-In249 AE In249 45
538/09 ST273/AE-In249 AE In249 27
692/12 ST273/AE-In249 AE In249 29
1589/10 ST273/AE-In249 AE In249 50
1805/09 ST273/AE-In249 AE In249 25
1986/15 ST273/AE-In249 AE In249 69
2165/06 ST273/AE-In249 AE In249 48
2260/13 ST273/AE-In249 AE In249 38
2779/15 ST273/AE-In249 AE In249 37
3654/07 ST273/AE-In249 AE In249 38
3856/10 ST273/AE-In249 AE In249 49
3960/13 ST273/AE-In249 AE In249 34
4392/05 ST273/AE-In249 AE In249 78
4645/15 ST273/AE-In249 AE In249 41
4752/09 ST273/AE-In249 AE In249 28
4977/11 ST273/AE-In249 AE In249 41
5091/15 ST273/AE-In249 AE In249 52
5176/13 ST273/AE-In249 AE In249 44
5876/12 ST273/AE-In249 AE In249 80
6123/12 ST273/AE-In249 AE In249 47
6705/12 ST273/AE-In249 AE In249 39
8706/11 ST273/AE-In249 AE In249 42
9154/11 ST273/AE-In249 AE In249 34
4785/09 H In249 81
1935/10 BT In1008 294
4542/14 EO In249 66
Total polymorphic positions 761
ST654
Isolate” ST/pulsotype-integron pulsotype integron SNPs
genotype”
4502/09 (ref) Q In1667 0
250/14 ST654/Q-In1008 Q In1008 24
308/11 ST654/Q-In1008 Q In1008 13
497/13 ST654/Q-In1008 Q In1008 20
1530/13 ST654/Q-In1008 Q In1008 17
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3706/12 ST654/Q-In1008 Q In1008 26
4116/13 ST654/Q-In1008 Q In1008 23
4723/14 ST654/Q-In1008 Q In1008 21
8828/11 ST654/Q-In1008 Q In1008 19
2183/15 ST654/Q-In1653 Q In1653 28
5107/15 ST654/Q-In1653 Q In1653 31
8866/11 ST654/Q-In1653 Q In1653 17
2142/13 Q In1667 4
3373/12 Q In56 29
684/11 X In1644 39
Total polymorphic positions 129

@ — Isolates of the epidemic ST/pulsotype-integron genotypes are presented first,
followed by representatives of minor pulsotypes, ordered alphabetically.

b — The specific names refer only to the ST/pulsotype-integron combined genotypes
which grouped more than five isolates.
¢ — Archival isolates recovered in 2000-04°! and used in this study for comparison and

reference purposes.
4 _ Sequences of these isolates had been obtained in the previous international study.?’
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Table S4. Resistomes of the 163 MPPA isolates subjected to the short-read WGS analysis

ST-pulsotype- acquired AMR genes o AMR
pulso . . n : genes/
type Integron 1ntt?gro.n isolates? . . ‘ . resistance to
combination® resistance to B-lactams resistance to aminoglycosides . .
other groups? isolate
ST235 7.6
A In2016 ST235-A-In2016 7 blaviv.a, blaoxa-, blaoxa-10, blacars2  aacA7, aacA8, aadA6, aphA6 sull, (crpP) 9.5
A In1978 types’  ST235-A-In1978 (& blaviv.4 aacA7, aadA6, (aacA7), (aacA8) sull 5.5
J In238 ST235-J-In238 10 blaviv-amt, (blatem-116) aacA4, aacA7, aadA6 sull, cmx, (crpP) 6.6
O In1656 ST235-0-In1656 7 blaviv.z, blaoxa-2, blaoxa-10 aacA4, aacA7, aacAS8, aadA6 sull, (crpP) 8.4
O In1977 1 blawp-13, blaoxa-10, blaoxa-10 aacA4, aacA4, aacA7, aacA7, aacCA3, aadA2, aadA6, sull
aphA6, strA, strB
AO Inl451 ST235-A0-In1451 3 blaviv37pt aacA4, aadAll, aadB, (aphA7) dfrBl, sull 6.7
DE In2017 2 blaviva aacA4, aacA7, aadAl, aadA6, aadAl3, aadB, aadB sull
AS  Inl1008 1 blaviva, blaoxas aacA4, aacA7, aacA7, aacAS8, aadA6 sull
AU In342 2 blaviv- aacA4, aphAlS sull, crpP
AU In56 1 blaviv- aacA4 sull, crpP
BQ Inl1008 1 blaviv.a, blaoxax aacA4, aacA7, aacAS, aadA6, strA, strB sull
\\% In1649 1 blaviv.z aacA4, aacCl sull, crpP
AV  In238 1 blaviv-amt aacA4, aadAll, aadB, aphA7 dfrB1, sull
DM In238 1 blaviv-arpt, blaoxa-, aacA4,aacA7, aacAS8, aadA6, aphA6, strA, strB, strB sull, catAl, tet(A)
EE 1Inl008 1 blaviva, blacars-2 aacA4, aadA6, aphA6 sull
BD In249 1 blaviva aacA4, aadAl, aadA6, aphA6 sull, crpP
ER  In337 18 blavyiv.a,blasuv.s aacA4, aacCl, aadAl, aadA6 dfrAl, sull, crpP
AG In341-like 1 blaviv.a, blaoxa-10 aacA4, aadB sull
CL In342 1 blaviv-» aacA4, aphAlS sull, crpP
CO In461+In1894 1 blaviv.a, blavi, blaoxa-2 aacA4, aacAS8, aadA6, aadA6, aadA7, aadB sull, crpP
EK  Inl008 1 blaviva, blaoxa-2 aacA4, aadAl, aadB, aadB sull, crpP
G In1008 1 blaviva, blaoxa-ars aacA4, aadAl, aadB, aadB sull, crpP
EP Inl1640 1 blaviva, blaoxa21o aacA7, aacA7, aac8, aadA6, aadB, aphA6 sull
AX Inl643 1 blaviva aacA4, aacA7, aacA7, aacA27, aadA6 sull, crpP
CB Inl646 1 blaviv.a, blaoxa-, blacars-2 aacA4, aacA7, aacA8, aadA6, sull, floR, tet(G)

49



BA Inl647 1 blaviva aacA4, aacA7, aacAS, aadA2, aadA6 sull
AP Inl649 1 blaviva aacA4, aacCl, aadA6, aadB, aphA6 catB7, crpP
BB Inl651 1 blaviv.sz, blaoxa-x aacA4, aacA7, aacA8, aphA6, aadA6 sull
EJ Inl668 1 blawp-1 aacA4, aacA7, aadA6 sull, cmx, crpP
ST111 5.4
K In59 ST111-K-In59 12 blavyiva aacA29a, aacA29b, (aacA4), (aphA6) sull, crpP 5.2
L In1008 ST111-L-In1008 2 blaviv, blacars-, blaoxa-s aacA4, aadA2, aphA6, aphA-like, (aadB) sull, cmIB, crpP 10.5
CE Inl656 2 blaviv-2, blacars-2, blaoxa-10 aacA4, aadA2, aadA6 sull, crpP
CE In56 1 blayiv-2 aacA4 sull, crpP
CF Ind6l 1 blaviva, blacars-2 aadB, aadA6, aacA4, aadA2, aac(6')-1b’ sull, crpP
BV  In461 1 blavim-, blacars-2, blaoxa-2 aadB, aadA6, aacA4, aadA2, ant(4')-11b sull, crpP
AA Inl1008 1 blaviva aacA4 sull
AJ  In59 1 blaviv. aacA29a, aacA29b sull, crpP
D In59 1 blaviv. aacA29a, aacA29b sull, crpP
EM In59 1 blaviva aacA29a, aacA29b sull, crpP
AY In461 1 blaviva aadA6, aadB, sull, crpP
EG In492 1 blaviva, blacars-2 aacA4, aacCl, aadA2, aphA6, aphA7, aphAl5 sull, crpP, tet(C)
DB Inl008 28 blayiv-2 aacA4 sull, crpP
AD Inl655 1 blaviv-amt, blaoxa-10, blatem-116 aacA4, aadA2, aphA6, strA, strB sull, crpP
DZ Inl1966 1 blaviv.a, blayiv.s, blacars-2 aacA4 sull, crpP
ST273 5.1
AE  In249 ST273-AE-In249 248 blavim-2, (blaoxa-10) aacA4, aacCl, aphA6, sull, (crpP) 6.0
H In249 1 blaviva, blaoxa-10 aacA4, aacCl, aphA6, sull, crpP
EO In249 1 blaviva aacA4, aphA6, sull, crpP
BT Inl1008 1 blayiv-2, blatem-1 aacA4, aadA6, aphA6 sull, crpP
ST654 4.8
Q In1008 ST654-Q-In1008 8 blaviv-2, (blacars-2) aacA4, aphAG6, sull 4.9
Q In1653 ST654-Q-In1653 3 blayiv.a, (blacars-2) aadB, (aphA6) sull 4.3
Q In1667 2 blaviv-amt, blacars-2 aacA4, aadB, aphA6 sull
Q In56 1 blaviv-» aphA6 sull
X In1644 1 blayp.2 aadA2-like, aadB, aphA6, sull
ST244 BH 1In461 ST244/BH-In461 1 blavivo aadA6, aadB sull, crpP
ST17 M In1657 2 blaviv.a, blaoxa-10 aadA6, aacA4 sull, crpP
M In461 1 blaviv. aadA6, aadB sull, crpP
CR Ind61 1 blaviva aadA6, aadB sull, crpP
DH In238 1 blaviv-amt aacA4 sull, cmx, crpP
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EQ In238 1 blaviv-amt aacA4 sull, cmx, crpP
ST395 AF  In238 ST395/AF-In238 5 blaviv.amt aacA4 sull, cmx, crpP
ST175 AC 1Inll10 ST175/AC-Inl110 4 blaviv- aacA4, aadAl, aadAl3 sull, crpP, (crpP)
ST1567 AB  Inl658 ST1567/AB-In1658 3 blaviv-amt aacA7 sull, crpP
ST27 CI In461 1 blavim., blaoxa-x aadA6, aadB sull, crpP
ST697 AN Inl641 1 blaviva aacA29a sull, cmx, crpP
CZ Inl458 3 blayvp7_blaoxas aacA4, aacA4, strd, strB sull, (cmx), crpP,
ST381 DK 1n461 1 blaviv- aadA6, aadB, ant(4')-1Ib sull, crpP
ST390 Al  In461 1 blaviv., blaoxas aadA6, aadB, ant(4')-1Ib sull, crpP
ST1197 P In461 1 blaviva, blaoxas aadA6, aadB, ant(4')-1Ib sull, crpP, crpP
ST319 BX Inl648 1 blavivo, blaoxani accCA2 sull, tet(4)
ST360 DQ In461 1 blavima aadA6, aadB sull
ST589 CH In461 1 blaviv.o, blaoxas aadA6, aadB, ant(4')-1Ib sull, crpP
ST655 AW  Inl643 1 blaviv.a aacA7, aacA7, aacA27, aphA6, aadB sull, cmIB
ST794 DG In461 1 blavivma aadA6, aadB, ant(4')-11b sull
ST1978 EC  1In249 1 blaviva aacA4 sull, crpP, crpP
4 — Only the ST/pulsotype-integron combined genotypes with more than five isolates are named with specific symbols
b

— Numbers in the column refer to the sequenced isolates of the corresponding genotypes

¢ — Symbols in parentheses refer to the genes that occurred not in all isolates of the corresponding genotypes

d

— “other groups” comprise trimethoprim, sulphonamides, phenicols, ciprofloxacin and tetracycline

¢ — Mean numbers of AMR genes per isolate are shown only for the entire ST235, ST111, ST273 and ST654, and for their epidemic
ST/pulsotype-integron genotypes

/—1In1978 types include In1652, In593 and In1978, and isolates with all these were represented in the WGS analysis

£ — These genotypes contained the four archival isolates from 2000-04.3!
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Figure S1. Regional distribution of the more prevalent STs identified in the MPPA isolates in Poland in 2005-15. The pie charts represent the
STs’ distribution in each region, with numbers of isolates of individual STs indicated.
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Figure S2. Geographic distribution of the MPPA isolates of: A) ST235, B) ST111, C) ST273,
and D) ST654 in Poland, 2005-15. The major epidemic ST/pulsotype-integron genotypes are
indicated by specific symbols and colours, as shown in legends next to the individual figures.

Sizes of the symbols are roughly proportional to numbers of isolates in a given locale. Grey dots
represent sporadic genotypes of the STs included.
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Figure S3. SNP-based minimum spanning tree of 59 sequenced Polish MPPA ST235 isolates, constructed using BioNumerics 7.6.3 (Applied Maths). The epidemic genotypes
are defined by pulsotypes and integrons, and are distinguished with specific colours, while the minor/individual ones are defined by pulsotypes only and shown in grey. The
reference isolate 1258/023! is bolded. Lengths of branches are proportional to numbers of SNPs in pairs of closest-related isolates (as shown on the branches).

55



@5:
53
85
1956/01 (ref) X @

41

230

. s
a L-In1008

33 42
2 O

Figure S4. SNP-based minimum spanning tree of 29 sequenced Polish MPPA ST111 isolates, constructed using BioNumerics (Applied Maths). The epidemic genotypes are
defined by pulsotypes and integrons, and are distinguished with specific colours, while the minor/individual ones are defined by pulsotypes only and shown in grey. The
reference isolate 1956/01%! is bolded. Lengths of branches are proportional to numbers of SNPs in pairs of closest-related isolates (as shown on the branches).
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Figure S5. SNP-based phylogenetic tree of 29 sequenced MPPA Polish ST111 isolates compared with
the international P.aeruginosa ST111 genomes available in GenBank. Numbers correspond to original
numbers of the study isolates or GenBank assembly numbers. The reference strain 1956/013! number is
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bolded. The country and year of isolation, when available, is specified at the strain/GenBank assembly

number. The presence of VIM- or IMP-type MBL genes is indicated by red or green circles, respectively.
Polish isolates are within grey fields, with genotypes defined by pulsotypes and integrons. The tree was
constructed using Parsnp v. 1.5.3% and visualized with iTOL.** Countries’ names were coded with

ISO3166-1 alpha-2 standard.
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Figure S6. SNP-based minimum spanning tree of 27 sequenced Polish MPPA ST273 isolates, constructed using BioNumerics (Applied Maths). The major epidemic genotype
ST273/AE-In249 is distinguished by green colour, while the minor/individual ones are defined by pulsotypes (BT also by the integron) and shown in grey. The reference isolate
188/03%! is bolded. Lengths of branches are proportional to numbers of SNPs in pairs of closest-related isolates (as shown on the branches).
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Figure S7. SNP-based phylogenetic tree of 27 sequenced MPPA Polish ST273 isolates compared with
the international P.aeruginosa ST273 genomes available in GenBank. Numbers correspond to original
numbers of the study isolates or GenBank assembly numbers. The reference strain 188/03%! number is
bolded. The country and year of isolation, when available, is specified at the strain/GenBank assembly
number. The presence of VIM- or IMP-type MBL genes is indicated by red or green circles, respectively.
Polish isolates are within the grey field, with genotypes defined by pulsotypes and integrons. The tree was
constructed using Parsnp v. 1.5.3% and visualized with iTOL*. Countries names were coded with
ISO3166-1 alpha-2 standard.
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Figure S8. SNP-based minimum spanning tree of 15 sequenced Polish MPPA ST654 isolates, constructed using BioNumerics (Applied Maths). The major epidemic pulsotype Q
isolates are distinguished by pink colour, and their integrons are indicated; the minor pulsotype X isolate is in grey. The reference isolate 4502/09 is bolded. Lengths of branches are
proportional to numbers of SNPs in pairs of closest-related isolates (as shown on the branches).
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Figure S9. SNP-based phylogenetic tree of 15 sequenced Polish MPPA ST654 isolates compared with
the international P.aeruginosa ST654 genomes available in GenBank. Numbers correspond to original
numbers of the study isolates or GenBank assembly numbers. The reference strain 4502/09 number is
bolded. The country and year of isolation, when available, is specified at the strain/GenBank assembly
number. The presence of VIM- or IMP-type MBL genes is indicated by red or green circles, respectively.
Polish isolates are within the grey field, with genotypes defined by pulsotypes and integrons. The tree was

constructed using Parsnp v. 1.5.3% and visualized with iTOL*. Countries names were coded with
1SO3166-1 alpha-2 standard.
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7.2  Epidemic territorial spread of IncP-2-type VIM-2 carbapenemase-encoding

megaplasmids in nosocomial Pseudomonas aeruginosa populations.
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ABSTRACT In 2003 to 2004, the first five VIM-2 metallo-B-lactamase (MBL)-produc-
ing Pseudomonas aeruginosa (MPPA) isolates with an In4-like integron, In461 (aadB-
blayy, ,-aadA6), on conjugative plasmids were identified in three hospitals in Poland.
In 2005 to 2015, MPPA expanded much in the country, and as many as 80 isolates
in a collection of 454 MPPA (~18%) had In461, one of the two most common MBL-
encoding integrons. The organisms occurred in 49 hospitals in 33 cities of 11/16
main administrative regions. Pulsed-field gel electrophoresis (PFGE) and multilocus
sequence typing (MLST) classified them into 55 pulsotypes and 35 sequence types
(STs), respectively, revealing their remarkable genetic diversity overall, with only a
few small clonal clusters. S1 nuclease/hybridization assays and mating of 63 repre-
sentative isolates showed that ~85% of these had large In461-carrying plasmids,
~350 to 550kb, usually self-transmitting with high efficiency (~10"" to 10 2 per do-
nor cell). The plasmids from 19 isolates were sequenced and subjected to structural
and single-nucleotide-polymorphism  (SNP)-based phylogenetic analysis. These
formed a subgroup within a family of IncP-2-type megaplasmids, observed world-
wide in pseudomonads from various environments and conferring resistance/toler-
ance to multiple stress factors, including antibiotics. Their microdiversity in Poland
arose mainly from acquisition of different accessory fragments, as well as new resist-
ance genes and multiplication of these. Short-read sequence and/or PCR mapping
confirmed the In461-carrying plasmids in the remaining isolates to be the IncP-2
types. The study demonstrated a large-scale epidemic spread of multidrug resistance
plasmids in P. aeruginosa populations, creating an epidemiological threat. It contrib-
utes to the knowledge on IncP-2 types, which are interesting research objects in re-
sistance epidemiology, environmental microbiology, and biotechnology.

KEYWORDS IncP-2, MBL, Pseudomonas aeruginosa, VIM, carbapenemase,
megaplasmid, metallo-B-lactamase, plasmid

seudomonas aeruginosa is a frequent cause of nosocomial infections, affecting

mainly the respiratory tract, skin and soft tissue, urinary tract, and bloodstream (1,
2). Their treatment is difficult owing to common multidrug resistance (MDR) of the
pathogen, combining intrinsic and acquired antimicrobial resistance (AMR) mecha-
nisms (3, 4). Among the latter, metallo-B-lactamases (MBLs) are especially relevant,
hydrolyzing all penicillins, cephalosporins, and carbapenems and not being inhibited
by any B-lactamase inhibitor of clinical use (5, 6). P. aeruginosa has been the main host
of the “older” worldwide-spread MBL types, IMPs and VIMs, encoded by gene cassettes
in highly diverse, usually class 1 integrons (3, 4, 6). Acquired AMR determinants,
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Urbanowicz et al.

TABLE 1 Geographic regions and years of isolation of the MPPA isolates with In461

Administrative region No. of isolates No. of centers No. of cities Yr(s)®

Mazowieckie 46 23 11 2003°-2015
Warsaw urban area 32 16 4 200352015
élqskie 9 8 8 2007,2011-2014
tédzkie 8 5 4 2008-2015
Kujawsko-Pomorskie 5 2 2 2009-2013
Podkarpackie 4 4 1 2006, 2014-2015
Opolskie 2 2 2 2011,2015
Podlaskie 2 1 1 2013-2014
Lubelskie 1 1 1 2007
Swietokrzyskie 1 1 1 2015
Warminsko-Mazurskie 1 1 1 2014
Zachodniopomorskie 1 1 1 2008

aYears or periods of isolation of the In461 MPPA isolates; in some regions the year of the 1st identification was
separated from the period of regular isolation.

bIn Mazowieckie and Warsaw, the first identifications of the In461 MPPA occurred in 2003 to 2004 and were
reported previously (9).

including MBL integrons, circulate in P. aeruginosa populations with plasmids and
other transmissible platforms, like integrative and conjugative elements (ICEs), and
relatively often incorporate into the chromosome (3). Several pandemic clones, e.g.,
sequence type 235 (ST235) and ST111, have been largely accumulating these, and
clonal spread of their lineages has been the main method of AMR dissemination in
P. aeruginosa (3, 4).

MBL-producing P. aeruginosa (MPPA) emerged in Poland in the period from 1998 to
2000 (7, 8). Studies on all 53 MPPA isolates collected by 2005 unveiled parallel clonal
outbreaks caused by different organisms with chromosomal new VIM-encoding inte-
grons in several parts of the country (9, 10). The central region Mazowieckie, with
Warsaw as its main city, was peculiar in that nonrelated Pseudomonas strains from dif-
ferent hospitals from 2003 to 2004 had a unique integron, In461 (aadB-bla,,,,-aadA6),
on conjugative plasmids, indicating territorial horizontal MBL transmission (9). From
2005 to 2015, the National Reference Centre for Susceptibility Testing (NRCST)
recorded 1,314 MPPA cases from all of Poland, recently subjected to comprehensive
studies on major factors driving this spread (11). This analysis was aimed at the charac-
terization of the In461-carrying plasmids and addressing their role in MPPA
epidemiology.

(Parts of the data described here were presented orally at the 28th European
Congress of Clinical Microbiology and Infectious Diseases [ECCMID] Madrid, Spain,
2018 [11], and as a poster at the 29th ECCMID, Amsterdam, The Netherlands, 2019
[12].)

RESULTS AND DISCUSSION

MPPA with In461—basic epidemiological and microbiological data. Since 2000
the NRCST has been conducting MPPA surveillance in Poland. Of the all nonduplicate
1,314 MPPA isolates confirmed from 2005 to 2015, a collection of 454 isolates was
selected, representing at least one organism per medical center and year of recovery
(11). The isolates were first typed by pulsed-field gel electrophoresis (PFGE) and then
were screened for blaywe integron variants by PCR fingerprinting (9), followed by
sequencing these for each pulsotype/integron fingerprint combination. In461 was
found in 80 isolates (sequenced in 54), which constituted ~18% of the collection, indi-
cating the element to be one of the two most common MBL integrons (11). The iso-
lates were recovered in 49 hospitals in 33 cities of 11/16 major administrative regions
(Table 1; see also Fig. S1 in the supplemental material). The most affected county was
Mazowieckie, where In461 had occurred first in 2003 to 2004 (9) and where at least 46
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isolates (56%) were recovered in 23 centers and 11 towns in 2005 to 2015 (mainly in
the Warsaw urban area). £édzkie and Slaskie were the two next regions with recurring
isolations of In461-bearing MPPA in multiple hospitals and locales, since 2007 to 2008.
Most of the isolates were from infections (n =75), almost equally representing those of
the urinary tract (n=21), skin and soft tissue (n=20), and bloodstream and the respira-
tory tract (n=17 each). Eight genetically diverse isolates selected for susceptibility test-
ing (criteria reported below) showed resistance to carbapenems and to penicillins and
cephalosporins plus their B-lactam inhibitor combinations (Table S1). Resistance to
aminoglycosides was common, though it varied for individual drugs. The isolates dif-
fered in resistance to fluoroquinolones but were susceptible to colistin. With some di-
versity in AMR patterns and levels, all of the isolates revealed the MDR phenotype.

Clonality of the In461-bearing MPPA. By PFGE the 80 In461 isolates were classi-
fied into 55 pulsotypes (Table S2), representatives of which were then subjected to
multilocus sequence typing (MLST). Thirty-five STs were discerned, 27 of which
grouped isolates with In461 only and 8 of which had isolates with various integrons in
the collection (Table S2) (11). A large majority of the types, 29 STs and 49 pulsotypes,
comprised 1 or 2 isolates each. Of the pandemic MDR clones (3, 4, 13), ST111 was rep-
resented by 13 In461 isolates, though split into eight pulsotypes, with just one arising
from a limited clonal spread in Slaskie. Others, like ST235, ST253, and ST395, had a few
isolates each. Noteworthy was ST244, identified originally in 2003 to 2004 in Warsaw
with PER-1 extended-spectrum B-lactamase (ESBL) (14) and then observed worldwide
(https://pubmilst.org/bigsdb?db=pubmlst_paeruginosa_isolates&page=profiles). It included
12 isolates with In461, mainly of two pulsotypes spreading in the Warsaw area. In summary,
MPPA with In461 showed high diversity, typical for populations with the dynamic horizon-
tal transmission of a key genotypic trait, and a reduced role of clonal dissemination.
Numerous “minor” clones were observed plus a limited presence of globally or locally rele-
vant lineages.

In461-carrying plasmid mating and profiling. Sixty-three In461 isolates represent-
ing all pulsotypes (and multiple subtypes) were used in conjugation tests; transconju-
gants were obtained for 46 isolates, usually with high efficiency (~10~" to 1072 per do-
nor cell). The S1-PFGE profiling of the same 63 isolates revealed that 54 isolates,
including all mating and eight nonmating ones, had plasmids of ~350 to 550 kb (Table
2). Hybridization of the S1 patterns, done for 20 selected isolates, assigned In461 to the
large plasmids. The remaining nine nonmating isolates had either smaller, bla,,,._,-non-
hybridizing plasmids (~150 to 200 kb) or no visible plasmids at all. The analysis proved
that like the In461 isolates from 2003 to 2004 (9), the vast majority of those from 2005
to 2015 (~85%) had this integron on large, usually transmissible plasmids. Therefore,
plasmid diffusion has been the main factor in In461 MPPA expansion in Poland.

Sequencing of pPUV plasmids and their comparative analysis. Full sequences of
In461-carrying plasmids varying in size and mating ability were obtained for 18 study
isolates plus 1 early strain from 2003 (9). The isolates represented different years and
sites (hospitals, cities, and regions) of identification and were clonally diverse.
Seventeen sequences, named pPUV-1 to pPUV-17, were determined in a specific long-
read whole-genome sequencing (WGS) analysis, and two remaining ones, pPUV-18
and -19, were obtained by short-read WGS during a pPUV plasmid screening experi-
ment described below (Table 2). The 19 circular contigs (~400 to 490 kb) were com-
pared in detail within the sample and against GenBank. They matched 27 sequenced
IncP-2-type plasmids (as of 24 June 2020), of which 22 with the highest BLAST score
were chosen for the analysis (Table S3). These megaplasmids (~370 to 580 kb) had
been identified in clinical, environmental, or industrial pseudomonal strains identified
worldwide, and conferred resistance/tolerance to various stress factors, like antibiotics,
heavy metals, or organic solvents (15-27). Fifteen of these were analyzed recently by
Cazares et al. as “pBT2436-like megaplasmids” (16). A noncontinuous core genome was
discerned in these (~200kb; 42 to 57% of a molecule), with genes/operons or regions
providing plasmid backbone-associated functions (16), all of which were found also in
pPUVs (described below).
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TABLE 2 STs, pulsotypes, and plasmid content of the 63 In461 MPPA isolates selected for the detailed plasmid analysis

Isolate? Yrof isolation Region of isolation® Source MLST PFGE® Mating? Plasmid S1 profile¢ pPUV-like plasmid analysis
804/03 2003 Mazowieckie Urine ST244 ND + ND pPUV-1 (489,508)"
17/09 2008 Zachodniopomorskie Urine ST111  CF + ~440 +h

6106/09 2009 Kujawsko-Pomorskie Blood ST111  CE1l + ~450, ~190 +h

9152/11 2011 élqskie Urine ST111  AA1 - ~150 —h

9794/11 2011 élaskie Bronchial exudate ST111  BV4 + ~420 +h

601/12 2012 todzkie Urine ST111  BWI1 - — —h

1897/13 2013 Slaskie Bronchoalveolar lavage ST111  BV1 - — -9

3231/13 2013 Slaskie Wound ST111 AY - — -9

700/14 2014 Podlaskie Urine ST111 C + ~400 pPUV-16 (398,692)
1814/15 2015 Opolskie Urine ST111 K8 - — —h

259/06 2006 Mazowieckie (WUA)  Nasal swab ST244 BH3 + ~460 pPUV-2 (471,725)
981/06 2006 Mazowieckie (WUA)  Urine ST244 BH5 + ~450, <50 pPUV-3 (458,868)
1466/06 2006 Mazowieckie Bronchoalveolar lavage ST244 BOI1 + ~470, <50 +h

2498/07 2007 Lubelskie Urine ST244  BH1 + ~460 +h

408/12 2012 Mazowieckie (WUA)  Wound ST244  CJ + ~500 +h

6124/12 2012 Mazowieckie Wound ST244 CA - ~430 pPUV-14 (421,847)"
505/11 2011 Mazowieckie (WUA)  Wound ST27 cl + ~430 +9

5418/12 2012 todzkie Urine ST27 BM + ~450 +h

3606/13 2013 Podlaskie Blood ST27 B1 + ~350 +h

1483/14 2014 éla,skie Wound ST27 F + ~430 +h

2785/12 2012 Mazowieckie Wound ST17 M4 + ~420 pPUV-19 (425,512)9
4927/14 2014 Podkarpackie Tracheostomy tube ST17  CR2 - — -9

3989/15 2015 Podkarpackie Urine ST17 CR1 - — —h

1185/06 2006 Mazowieckie (WUA)  Nasal swab ST253 DX + ~440, ~280 pPUV-4 (433,698)
2407/06 2006 Podkarpackie Urine ST253 CS + ~480 +h

162/10 2010 Mazowieckie Tracheostomy tube ST253 BZ1 + ~440, ~180 pPUV-11 (436,091)
8635/11 2011 todzkie Sputum ST108 BJ + ~440 pPUV-12 (440,659)
239/15 2015 Mazowieckie (WUA)  Blood ST108 DR + ~430 +h

2418/06 2006 Mazowieckie Blood ST235 CO - ~440 pPUV-5 (435,868)
3459/07 2007 élqskie Urine ST235 E + ~420 pPUV-7 (413,916)
5751/12 2012 Kujawsko-Pomorskie Blood ST381 DK3  — ~200 —h

5352/14 2014 Mazowieckie (WUA)  Blood ST381 DK1 — ~500, ~180, <50 +9

333/14 2014 Mazowieckie (WUA)  Wound ST390 Al + ~450 +9

521/15 2015 Mazowieckie (WUA)  Blood ST390 DL — ~470 +h

202/07 2007 Mazowieckie (WUA)  Bronchial exudate ST500 AK1 + ~460 +h

2635/08 2008 toédzkie Sputum ST500 AK2  + ~500 pPUV-8 (489,682)
42/05 2005 Mazowieckie (WUA)  Urine ST694 DNI1 + ~450 +h

3438/07 2007 éla,skie Bronchoalveolar lavage ST694 DN2  + ~500 pPUV-6 (489,681)
84/11 2011 Mazowieckie (WUA)  Bronchial exudate ST697 AM + ~520 +h

8769/11 2011 Opolskie Tracheostomy tube ST697 BP + ~400, ~170 pPUV-13 (398,622)
133/15 2015 Mazowieckie Decubitus ulcer ST1020 CN3 + ~400 pPUV-17 (398,641)
4054/15 2015 Mazowieckie Ulcer ST1020 CN1 - ~400 +h

3005/09 2009 Mazowieckie (WUA)  Tracheostomy tube ST41 DwW + ~460 pPUV-10 (470,075)
5557/09 2009 Mazowieckie (WUA)  Ulcer ST155 AL + ~550 +h

4793/14 2014 Mazowieckie Urine ST164 Y2 + ~450 +h

1412/07 2007 Mazowieckie (WUA)  Blood ST198 CG + ~430 +h

724/13 2013 Kujawsko-Pomorskie Urine ST207 R + ~450 +h

347/11 2011 Kujawsko-Pomorskie Wound ST245 DY — ~450, ~160 +h

30/15 2015 Mazowieckie (WUA)  Blood ST313 DJ + ~460 +h

5912/09 2009 Mazowieckie (WUA)  Wound ST360 DQ - ~430 pPUV-18 (426,903)9
2098/13 2013 Mazowieckie (WUA)  Rectal swab ST395 DP + ~460 +h

2541/15 2015 Mazowieckie (WUA)  Decubitus ulcer ST446 CM1 + ~350 +h

18/09 2008 Mazowieckie (WUA)  Blood ST589 CH + ~400 +9

3364/08 2008 Mazowieckie (WUA)  Wound ST611 — + ~450 pPUV-9 (452,776)"
3872/10 2010 Mazowieckie Urine ST792 DF + ~400 +h

4157/10 2010 Mazowieckie (WUA)  Urine ST794 DG + ~450 +9

3671/10 2010 Mazowieckie (WUA)  Urine ST815 DS + ~450 +h

3209/12 2012 Mazowieckie (WUA)  Wound ST931 EN + ~430 +h

236/11 2011 Lodzkie Bronchial exudate ST1028 CQ - — —h

2529/15 2015 Loédzkie Bronchoalveolar lavage ST1197 P - ~450 +h
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Isolate? Yrof isolation Region of isolation® Source MLST PFGE® Mating? Plasmid S1 profile® pPUV-like plasmid analysis
773/10 2010 Mazowieckie (WUA)  Wound ST2238 DT + ~460 +h

5515/10 2010 Loédzkie Bronchial exudate ST3213 CT + ~420 +h

846/06 2006 Mazowieckie (WUA)  Blood ST3214 DU + ~430 +h

1389/13 2013 Mazowieckie (WUA)  Wound ST3212 CK + ~450 pPUV-15 (433,807)

9lsolate 804/03, shown in the first position, is an archival strain from the previous report (9), included in this study only for the plasmid long-read sequencing; the following

isolates are ordered according to representation of their STs; in case of equally represented STs these are shown in the ascending manner.

bWUA, Warsaw urban area within the Mazowieckie region.

cUppercase letters designate pulsotypes, followed by numbers symbolizing subtypes; designations are according to those assigned to the entire baseline MPPA collection

(n=454) (11), to which the In461 isolates belonged. —, not identified due to DNA degradation. ND, not determined in this study.

94 and —, positive and negative results of the conjugation test, respectively.

Values represent sizes of plasmids in kilobases, roughly calibrated on S1/PFGE gels. Underlined size values indicate 20 MPPA isolates selected for hybridization of their S1
plasmid profiles with the bla,,,,_, probe; values in bold refer to the plasmids that hybridized with the probe. ND, not determined because this archival isolate (9) was not

included in the S1 analysis. —, no plasmids visible in the ST analysis.

Seventeen pPUV plasmid variants sequenced by the PacBio long-read WGS technology (Pacific Biosciences); their sizes, in base pairs, are in parentheses.
9Ten isolates selected for the short-read WGS (MiSeq, lllumina) pPUV-like plasmid mapping. pPUV-18 and -19 variants with sizes, in base pairs, in parentheses are those for

which full circular contigs were obtained with MiSeq. + and —, pPUV presence and absence, respectively.

hThirty-seven isolates selected for the PCR pPUV-like plasmid mapping. + and —, pPUV presence and absence, respectively.

The single-nucleotide-polymorphism (SNP)-based phylogenetic analysis of the
pBT2436-like plasmids, using the variant pPUV-2 (471,725 bp) as a reference, revealed
pPUVs to form a tight cluster with 0 to 10 SNPs between each other (Fig. 1, Fig. S2, and
Table S4). All but one of the other plasmids differed by 993 to 4,594 SNPs from pPUV-2;
the exception was pJB37 from a Portuguese clinical P. aeruginosa isolate (15) which fell
into the pPUV cluster (4 SNPs). The actual range of its colinearity with pPUVs extended
beyond the core genome, up to ~80 to 90% of its sequence with 99.6 to 100% nucleo-
tide identity (Fig. S3). This indicated that pJB37 and pPUVs shared also some accessory
genome regions (addressed below), the variety of which, usually larger mosaic assem-
blies of genes and mobile elements, were identified in pBT2436-like molecules by
Cazares et al. and others (16, 20, 23, 27). Interestingly, pJB37 was the only “non-Polish”
pBT2436-like plasmid with the blay., MBL gene (15); however, dissimilar integrons
(In58 versus In461) and their mobile context (described below) proved separate
recent evolution of these closely related molecules, comprising independent blay,,.
, acquisitions.

Characterization of pPUV plasmids. The in-sample analysis of the 19 pPUV plas-
mids demonstrated these to share ~330 kb with each other (~67 to 82%) (Fig. 2). This
common part comprised the pBT2436-like core genome with the IncP-2-specific deter-
minants of replication (repA), partition (parAB), conjugation (traGBV, dnaG, and type IV
pilus/type Il secretion system genes), chemotaxis (cheBARZWY), and tellurite resistance
(terZABCDEF), as reported by Cazares et al. (16). Our manual annotation allowed identi-
fication of three more putative core conjugation genes, traK and traC, in the traGBV
region, and traU, between repA and cheB. The role of traC (virB4 [16]) and traU was sup-
ported by two nonconjugative variants, pPUV-14 and pPUV-5, respectively, in which
these genes are disrupted by an I1SPa97-like element (1S66 family) and ISPpu23, respec-
tively. The pPUV common part (and the pBT2436-like core genome) also contains the
sIVAT new toxin-antitoxin system genes, recently found in the pTTS12 plasmid from
The Netherlands (Table S3), contributing to plasmid stability and organic solvent toler-
ance (28).

The comparison also revealed seven accessory regions (~23 to 50 kb), variably pres-
ent in pPUVs (Table S5). A region of ~47 kb occurred in 14 variants and was found
entirely also in pJB37 (15) and partially in pTTS12 (17, 29) and pOZ176 (21) from China
(Table S3). The fragment contained additional, nonrelated replication (repA), partition-
ing (parAB), and conjugation (trbK, traG, and trbBCDEJLFGI) genes, together with the
acrAB and tolC genes of the efflux system for small hydrophobic molecules, including
acridine derivatives and various drugs (Fig. 2) (30). Possible insights into functionality
of some of these were provided by variants pPUV-14 and pPUV-15, carrying the ~47-
kb region. pPUV-14’s inability to transmit, likely due to the core traC/virB41SPa97-like
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pPUV-9
pPUV-3
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pPUV-5
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pPUV-4
pPUV-7
pPUV-12
pPUV-10
pPUV-13
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pPAG5
pBT2101
p12939-PER
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pCF39S
pSY153-MDR
pR31014-IMP
pBM413
pA681-IMP
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pTTS12
pRBL16
pBT2436
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plasmid unnamed2 AR0356
plasmid unnamed2 AR439
pPABL048
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FIG 1 Phylogenetic tree of the common part of IncP-2 pBT2436-like plasmids, including the pPUV series, using the pPUV-2 variant as
a reference, generated with iTOL (43). Detailed information on 19 pPUVs is in Table 2, and that on the 22 pBT2436-like plasmids

identified in GenBank is in Table S2.

disruption (discussed above), suggested nonfunctionality of the extra conjugation
locus, contrary to previous reports (15, 26, 29). Otherwise, pPUV-15 had the core repA
interrupted by ISPpu18, implying that its role might have been taken by the additional
repA. A GenBank search revealed 41 entries with the full ~47-kb fragment (>99% iden-
tity), being pseudomonal or enterobacterial whole-genomic, chromosomal, or plasmi-
dic sequences. Recently, Jiang et al. interpreted the corresponding related regions of
various sizes in pJB37, pTTS12, and pOZ176 to be likely ICEs (27). The remaining acces-
sory regions in pPUVs were specific for this cluster (Table S5). Of these, an ~31-kb
insert present in the “oldest” plasmid, pPUV-1 (2003) only, had the operon tbtABM, con-
ferring resistance to tributyltin, a toxic component of marine antifouling paints (31).
The acquisition of the accessory regions by individual pPUVs, including some with clear
biological functions, has been one of the major aspects of their microevolution.
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FIG 2 Comparison of the IncP-2 pPUV plasmids, using the pPUV-2 variant as a reference (thin, inner black circle). Only the variants pPUV-1 to -17
sequenced by the long-read PacBio technology (Pacific Biosciences) are shown. The plasmids compared are represented by various colors. Outer thick
rings depict common parts of all molecules within the group, plus the annotation of the selected regions/genes. The first outer ring of dark gray and light
gray fragments shows the pBT2436-like core genome discerned by Cazares et al. (16), and the second ring with light gray fragments shows only the core
genome of pPUVs identified in this work. Black fragments in the first outer ring represent variable regions, identified both by Cazares et al. (16) and in this
study. The percent sequence identity is reflected by color intensity. The figure was created using BRIG software (44).

AMR elements and loci in pPUVs. In461(aadB-bla,, ,-aadA6) formed the minimal
common resistome of the 19 pPUVs; however, their majority carried also the ant(4')-llb
gene and/or integron In1893 (blagya ,-aadA6), and four variants had tet(C). Both In461
and In1893 were of the In4 type (32), and their distal aadA6 cassettes were fused with
3'CS (33). The 5'CS segments of In461 and In1893 were truncated by 1S26 and an
ISCR16-like element, respectively. All AMR determinants resided in the same location,
defined by Cazares et al. as resistance region 1 (RR1) between pBT2436 loci 00202 and
00267, the family’s major segment with AMR genes and mobile elements (16). Its
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FIG 3 Graphical representation of AMR genes in the resistance region 1 (RR1) in the pPUV plasmids, generated with Easyfig v. 2.2.5 (45). Arrows indicate all
genes/coding DNA sequence (CDSs) and mobile elements identified, proportionally to their sizes and orientation, and the key genes/elements are marked
with colors and/or names. White arrows represent genes or gene fragments not related to AMR. Multiplications of elements are indicated as repeats in
representative structures. Plasmid variants pPUV-1 to -17 and pPUV-18 and -19 were sequenced by the PacBio long-read and MiSeq short-read

technologies, respectively.

structure much varied in size, content, and composition. pPUVs again formed a cluster,
with all but one [tet(C)] AMR gene surrounded by 1S26 on one side and 1S6700 plus a
Tn1013-like transposon on the other (Fig. 3; part of the Tn7073-like element is present
also in pJB37 [15]). In six pPUV variants In461 was alone in this site. In all others it was
followed by the ISCR16-like element, and this module then made various configura-
tions with ant(4’)-1lb plus truncated ISCR16-like sequence and In1893 (sometimes also
with the ISCR16-like element). The most frequent arrangement, In461-ISCR16-like-ant
(4')-1lb-AISCR16-like-In1893, was in seven plasmids. In several variants the individual
elements, including In461, were multiplied 2 or 3 times in different combinations, with
copies retaining or not the ISCR76-like elements. The tet(C) gene was always upstream
of 1S26, flanked further by another, directly oriented 1S26. The analysis has confirmed
RR1 as a major locus for AMR genes and its high structural dynamics (16). The results
coevidenced pPUVs as a specific sublineage of the family, evolving also by acquisition
and multiple rearrangements of AMR genes. The origin and mechanism of the In461
recruitment remain unclear; however, the role of ISCR76-like elements in shaping the
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region seems to be probable. Cazares et al. observed duplications of AMR genes and
ISCR-like elements in RR1 of other pBT2436-like plasmids as well (16).

Eight isolates representing each variant of the pPUV RR1 structure with respect to
In461, In1893, and the ant(4')-lb gene plus their transconjugants were tested for the gene
dosage/content effect on AMR (Table S1). The organisms with the In461 multiplied (in
pPUV-1 and pPUV-13) had higher MICs of B-lactams, including carbapenems, whereas the
presence of ant4"llb correlated with high-level resistance to amikacin and tobramycin.

Screening for pPUVs in the study isolates. A two-step approach was used to
detect pPUVs in 47/63 In461 isolates selected for detailed analysis. The first step was
short-read WGS of 10 isolates and mapping reads to pPUV-2 as a reference, followed
by screening contigs for IncP-2-specific core genes repA, parA, and virB4/traC and chro-
mosomal sequences. Seven isolates were pPUV positive, including two for which the
MiSeq data assembly yielded single circular contigs, as mentioned above (pPUV-18
and -19) (Table 2). In461-carrying contigs of three remaining isolates encompassed
also chromosome fragments and did not contain the IncP-2-specific genes, and their
reads mapped similar to those of a Pseudomonas sp. isolate with chromosomally
located In461 (Fig. S4); all these results indicated a chromosomal In461 location. The
subsequent PCR mapping of the repA, parA, and virB4/traC genes (16) increased the
total numbers of pPUV-positive and -negative isolates to 38 and 9, respectively, among
the 47 isolates that were not analyzed by long-read WGS (Table 2). The analysis has
definitely confirmed pPUVs as predominant platforms of In461 and vehicles of its
spread in P. aeruginosa.

Conclusions. MPPA dissemination has been one of major AMR-related threats in
Poland in last decades, prompting us to study its key factors with reference to the
starting period, 1998 to 2004 (9, 10). In 2003 to 2004, several isolates with the specific
integron In461 on conjugative plasmids were identified in Warsaw county, and these
were found to spread efficiently and interregionally in following years, accounting for
a remarkable fraction of all-country MPPA (11). The plasmids represented the IncP-2
type, discerned in the early 1970s and soon identified broadly in pseudomonads from
various environments (34, 35). However, it was only recently that their whole sequen-
ces started to be analyzed (15-27), including the first comparative study on 15 mole-
cules, verifying and revealing basic aspects of their biology and evolution (16). Despite
several works highlighting the IncP-2 plasmids as AMR/MDR platforms (15, 16, 18, 21,
22, 25-27), to our knowledge, this study is the first to practically demonstrate that on a
defined time and geographic scale and the first larger analysis of an AMR plasmid epi-
demic in P. aeruginosa.

MATERIALS AND METHODS

Bacterial isolates, preliminary typing, and susceptibility testing. According to the NRCST MPPA
surveillance procedure, from 2005 to 2015, each Pseudomonas species isolate sent by a diagnostic micro-
biology laboratory as a suspected MBL producer was examined by the EDTA double-disk synergy test
(36), followed by PCRs for bla,yem-like genes (9). PFGE typing was performed according to the method
of Seifert et al. (37), with visual interpretation of results (38). Class 1 blay,,we integron variants were ana-
lyzed by PCR fingerprinting and sequencing as described previously (9). Briefly, variable regions of the
integrons were amplified in two parts, from the region 5'CS to a blay,,,,-like gene, and from the gene
to the region 3'CS. Amplicons were cut with the Mbol enzyme for fingerprinting and/or sequenced by
the Sanger approach. MICs of 14 antipseudomonal antimicrobials (Table S1) were evaluated by broth
microdilution, according to EUCAST recommendations (https://eucast.org).

MLST. MLST was performed according to the method of Curran et al. (39); the database available at
http://pubmist.org was used for assigning STs.

Mating and plasmid profiling. Conjugation tests were performed by filter-mating (40), with P. aerugi-
nosa PAO1161 resistant to rifampin (41) as a recipient; transconjugants were selected with imipenem (4 ug/
ml) and rifampin (50 wg/ml). Transfer frequencies were calculated in reference to numbers of donor cells.
Plasmid profiling and identification of In461-carrying plasmids were done by S1 nuclease (New England
BioLabs, Beverly, MA) analysis, followed by hybridization with a bla,,,, probe (9), using the ECL random-
prime labeling and detection system (Amersham Pharmacia Biotech, Little Chalfont, United Kingdom).

Long-read whole-genome sequencing and bioinformatic analysis of IncP-2 plasmids. Long-read
WGS was carried out on the PacBio Sequel platform (Pacific Biosciences, Menlo Park, CA). Plasmid con-
tigs were assembled with HGAP4 (Pacific Biosciences), followed by manual annotation based on BLASTp
searches against the RefSeq and Conserved Domain NCBI databases. Plasmid sequences were compared
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with those deposited in GenBank by BLASTn. SNP-based phylogenetic analysis of plasmids was done
with Harvest Tools v.1.2 (42), using a pPUV-2 variant as a reference, and trees were plotted utilizing iTOL
(43). BRIG 0.95 was applied for circular alignments (44). Plasmid resistomes were determined with
ABRicate (https://github.com/tseemann/abricate), using the NCBI database (https://www.ncbi.nlm.nih
.gov/pathogens/antimicrobial-resistance/AMRFinder/). Resistance regions were visualized by Easyfig v.
2.2.5 (45). Mobile elements were identified with ISFinder (ISs) (46) and BLASTn searches of sequences de-
posited in GenBank. Putative phage-related regions were indicated by PHASTER (47).
Short-read WGS and IncP-2 plasmid sequence and PCR mapping. Short-read WGS was performed
using MiSeq (lllumina, San Diego, CA). Reads were trimmed by Cutadapt 1.16 (https://cutadapt
.rreadthedocs.io/en/stable/) and assembled by SPAdes 3.13.2 (48). The trimmed reads were mapped to
the reference pPUV-2 plasmid sequence as described by Cazares et al. (16), utiliziing BWA-MEM v.0.7.17-
r1188 plus SAMtools v.1.10 (49, 50). lllumina reads of pPUV-1-carrying isolate 804/03 and an IncP-2 plas-
mid-negative Pseudomonas sp. isolate with a chromosomally located In461 (P. Urbanowicz, M.
Gniadkowski, and R. Izdebski, unpublished results) were used for comparison. Additionally, contigs of
the isolates were screened by BLASTn for the IncP-2 plasmid-specific genes repA, parA, and virB4/traC
and chromosomal sequences. A multiplex PCR mapping assay, targeting the IncP-2 plasmid genes listed
just above, was carried out as proposed previously (16).
Accession number(s). Plasmid nucleotide sequences pPUV-1 to pPUV-19 were assigned GenBank
accession numbers MT732179 to MT732197, respectively. The lllumina assembly files and raw sequencing
reads were submitted under the GenBank BioProject PRINA645026 (accession numbers JACCIKO00000000
to JACCIT000000000).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.8 MB.
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TABLE S1. Antimicrobial susceptibility patterns of the eight representative MPPA isolates carrying different pPUV plasmids and their

transconjugants®
Isolate? Resistance determinants® MICs pg/mLée
In461 Inl893  ant4'-IIb PIP TZP CAZ FEP C/T ATM IPM MEM GEN AMK TOB CIP LVX CST
NMI804/03 (pPUV-1) 3 1 3 >512 >512 >128 128 >8 64 >128 >128 >64 >256 >128 >8 >8 <1
NMI259/06(pPUV-2) 1 1 2 >512 128 64 32 >8 32 32 32 >64 >256 >128 >8 >8 <l
NMI1185/06 (pPUV-4) 1 0 0 >512 256 32 16 >8 8 16 16 >64 2 32 0.25 0.5 <1
NMI3438/07 (pPUV-6) 1 1 1 >512 512 64 32 >8 8 64 16 >64 >256 >128 >8 >8 <l
NMI3005/09 (pPUV-10) 1 2 0 >512 256 64 32 >8 32 >128 128 >64 4 64 4 >8 <1
NMI8635/11 (pPUV-12) 1 1 1 >512 512 32 32 >8 8 16 8 >64 >256 >128 0.5 1 <l
NMI8769/11 (pPUV-13) 2 0 1 >512 512 64 64 >8 16 >128 128 >64 >256 >128 >8 >8 <l
NMI1389/13 (pPUV-15) 1 0 0 128 128 32 16 >8 8 16 8 >64 2 64 0.25 0.5 <l
R*[NMI804/03] (pPUV-1) 3 1 3 >512 512 64 32 >8 8 64 64 >64 >256 >128 0.25 0.5 <1
R*[NMI259/06] (pPUV-2) 1 1 2 >512 128 32 16 >8 4 32 32 >64 >256 >128 0.25 0.5 <1
R* [NMI1185/06] (pPUV-4) 1 0 0 256 128 16 16 >8 4 32 32 >64 2 32 025 05 <1
R [NMI3438/07] (pPUV-6) 1 1 1 >512 256 32 16 >8 4 32 32 >64 256 >128 0.25 0.5 <l
R [NMI3005/09] (pPUV-10) 1 2 0 256 64 32 16 >8 4 32 16 >64 2 32 0.125 0.5 <l
R*[NMI8635/11] (pPUV-12) 1 1 1 >512 >512 32 16 >8 4 32 16 >64 256 >128 0.25 0.5 <l
R*[NMI8769/11] (pPUV-13) 2 0 1 >512 >512 64 16 >8 8 64 64 >64 256 >128 0.25 0.5 <1
R*[NMI1389/13] (pPUV-15) 1 0 0 128 128 16 16 >8 8 32 16 >64 2 32 0.25 0.5 <1
P. aeruginosa PAO1161 Rif? 0 0 0 8 16 2 2 <1 4 1 1 1 4 0.5 0.25 0.5 <1
P. aeruginosa ATCC27853 0 0 0 8 8 1 2 <1 4 2 0.25 1 2 0.25 0.5 1 <l

@ — Isolates represented each variant of the pPUV RRI1 structure with respect to the presence and copy number of In461, In1893 and the ant(4)-

11b gene.

b _Isolates are represented by their collection numbers; transconjugants' names include "R™ and numbers of the corresponding isolates in

brackets; names of isolates and transconjugants are followed by symbols of their plasmids.

¢ — Numbers in columns represent copy numbers of the individual AMR elements or genes present in the corresponding pPUV plasmids.
4 _ Abbreviations: AMK, amikacin; ATM, aztreonam; CAZ, ceftazidime; CIP, ciprofloxacin; CST, colistin;C/T, ceftolozane/tazobactam; FEP,
cefepime; GEN, gentamicin; IPM, imipenem; LVX, levofloxacin; MEM, meropenem; PIP, piperacillin; TOB, tobramycin; TZP, piperacillin-

tazobactam.

¢ — Bold format of MICs indicatesresistance.
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TABLE S2.Clonal identity of the MPPA isolates with the In461 integron

ST¢ Clonal status® n isolates® n pulsotypes n hospitals n regions
ST111 CGl111 13 (76) 8 11 6
ST244 CC244 12 (13) 4 7 2
ST27 CG27 5 4 5 4
ST17 CG17 4(11) 2 4 2
ST253 CG253 4 3 3 2
ST1020 slv ST1761 4 1 4 2
ST108 CC108 2 2 2 2
ST164 CGl64 2 1 1 1
ST235 CC235 2 (142) 2 2 2
ST381 C(C381 2 (3) 1 2 2
ST390 CC390 2 2 2 1
ST500 singleton 2 1 2 2
ST694 slv ST1197 2 1 2 2
ST697 singleton 2(5) 2 2 2
ST1197 slv ST694 2 1 2 2
ST41 slv ST153 1 1 1 1
ST155 CC155 1(2) 1 1 1
ST198 CG198 1 1 1 1
ST207 CC207 1 1 1 1
ST245 CG245 1 1 1 1
ST313 CC313 1(2) 1 1 1
ST360 CC360 1 1 1 1
ST395 CC395 1(9) 1 1 1
ST446 CG446 1 1 1 1
ST589 CG649 1 1 1 1
ST611 slv ST767 1 1 1 1
ST792 slv ST1340 1 1 1 1
ST794 slv ST3389 1 1 1 1
ST815 singleton 1 1 1 1
ST931 slv ST881 1 1 1 1
ST1028 slv ST1047 1 1 1 1
ST2238 slv ST1641 1 1 1 1
ST3212 slv ST1250 1 1 1 1
ST3213 singleton 1 1 1 1
ST3214 singleton 1 1 1 1

4 — Bold format symbolizes new P. aeruginosa STs identified in this study.

b — CC, clonal complex; CG, clonal group; slv, single-locus variant.

¢ — Several STs grouped isolates with various MBL-encoding integrons in the baseline
collection (n=454) (2); for these, numbers of isolates with In461 are followed by total
numbers of isolates shown in brackets; numbers of pulsotypes, hospitals and regions
refer only to the In461 isolates.

74



TABLE S3. IncP-2 pBT2436-like plasmids used for comparative analyses with the pPUV series

Plasmid name Size (bp)  Species Strain Country* Source GenBank acc. No. Reference(s)
pBT2436 422811 P. aeruginosa 2436 Thailand respiratory infection CP039989 4
pBT2101 439,744 P. aeruginosa 2101 Thailand respiratory infection CP039991 4)
unnamed?2 438,531 P. aeruginosa AR 0356 NA NA CP027170

unnamed2 437,392 P. aeruginosa AR439 NA NA CP029096

unnamed3 438,529 P. aeruginosa AR441 NA NA CP029094

pJB37 464,804 P. aeruginosa FFUP_PS 37 Portugal respiratory infection KY494864 )
pBM413 423,017 P. aeruginosa PA121617 China respiratory infection CP016215 @)
pOZ176 500,839 P. aeruginosa PA96 China respiratory infection KC543497 (®)
p12939-PER 496,436 P. aeruginosa NA China NA MF344569 9
p727-IMP 430,173 P. aeruginosa NA China NA MF344568 9)
pA681-IMP 397,519 P. aeruginosa NA China NA MF344570 9)
pR31014-IMP 374,000 P. aeruginosa NA China NA MF344571 9
pRBLI16 370,338 P. citronellosis SITE-3 China wastewatersludge CP015879 (10)
pl 467,568 P. koreensis P19E3 Switzerland Origanummajorana CP027478 (11)
pSY153-MDR 468,170 P. putida SY153 China urinarytractinfection KY883660 (12)
pPAG-5 513,322 P. aeruginosa PAG-5 China urinarytractinfection CP045003 (13)
pNK546-KPC 475,027 P. aeruginosa PAB546 China burnwoundinfection MN433457 (14)
RW109 plasmid 1 555,265 P. aeruginosa RW109 UK personalcareproduct LT969519 (15)
pPABL048 414,954 P. aeruginosa PABL048 USA bloodstreaminfection CP039294 (16)
pTTS12 583,900 P. putida S12 The Netherlands soil CP009975 (17-19)
pCF39S 468,631 P. aeruginosa CF39S USA respiratory infection CP045917

pBM908 395,774 P. aeruginosa PA298 China feces CP040126

4 —NA, not assigned.
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TABLE S4. Numbers of SNPs between pPUV-2 and the other IncP-2 pBT2436-like
plasmids®®<

Plasmidname n SNPs
pPUV-11 8
pPUV-14 7
pPUV-8 8
pPUV-6 8
pPUV-19 7
pPUV-1 7
pPUV-17 9
pPUV-15 10
pPUV-18 7
pPUV-16 3
pPUV-9 0
pPUV-3 0
pPUV-5 3
pJB37 4
pPUV-4 3
pPUV-7 5
pPUV-12 8
pPUV-10 5
pPUV-13 7
pOZ176 933
pNK546-KPC 933
pPAGS5 2,209
pBT2101 3,734
p12939-PER 3,734
pl 4,166
pCF39S 4,223
pSY153-MDR 3,560
pR31014-IMP 3,559
pBM413 3,557
pA681-IMP 3,558
p727-IMP 3,559
pBM908 3,558
pTTS12 2,980
pRBL16 2.415
pBT2436 3,704
plasmid unnamed2 ARO0356 4,170
plasmid unnamed3 AR441 4,171
plasmid unnamed2 AR439 4,594
pPABL048 4,050
plasmid RW109 2,758

2 — SNPs were identified in a common part of all of the plasmids with pPUV-2 as a
reference, distinguished by Parsnp within HarvestTools v.1.2.(20).

b — Order of the plasmids in the table is like in the phylogenetic tree (Figure 1).

b — GenBank accession numbers and references to the non-pPUV plasmids are in Table
S3.
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TABLE S5. Accessory regions of the variable presence in pPUV-like plasmids®?

pPUVvariant®

Tributyltin resistance

ICE-like region

Phage-related region A

ATn5563a region

Phage-related region B

Transposonic region

Mosaic region

pPUV-1
pPUV-2
pPUV-3
pPUV-4
pPUV-5
pPUV-6
pPUV-7
pPUV-8
pPUV-9
pPUV-10
pPUV-11
pPUV-12
pPUV-13
pPUV-14
pPUV-15
pPUV-16
pPUV-17
pPUV-18
pPUV-19

396,462..427,465

336,470..351,866¢

259,274..306,250
247,802..294,777
234,945-281,920
234,468..281,442

289,253..336,229

289,254..336,230
228,853..275,828
248,046..317,819¢
236,862..283,838
241,427..288,403

226,280..273,256
233,122..280,087

227,670..274,646
228,304..275,279

432,446..457,130
419,589..444,273

413,497..438,181

412,948..437,632

213,334..265,719

213,335..265,720

228,606..254,467

213,500..222,8784

288,642..311,435

@ — Presence of an accessory region in a pPUV variant is indicated by its nucleotide position coordinates, according to the annotation in the
corresponding GenBank entry.
b — Names of the regions are arbitrary and refer to their distinctive marker, hypothetical origin or general apparent structural characteristics; the
ICE-like region has been named according to the proposal of Jiang ef al.(9).
¢ — Plasmid variants pPUV-1-17 and pPUV-18-19 were sequenced by the PacBio long-read or MiSeq short-read technologies, respectively.
4_1In pPUV-7 the accessory regions were truncated.
¢— In pPUV-10 the ICE-like region was disrupted by the Transposonic region.
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2003-04 2005-15

Mazowieckie

[ ) Warsaw
[

FIGURE S1. Geographic distribution of the In461 MPPA cases in Poland in 2003-15, illustrating the territorial dissemination of the IncP-2 pBT2436-like
pPUV megaplasmids. A) First cases identified in 2003-04, reported previously (1); B) cases from 2005-15 analyzed in this study. Cities are represented by
black dots, except for Warsaw marked in grey in order not to mask other locales in its urban area and the Mazowieckie region. Sizes of the dots are not strictly
proportional to numbers of cases. Only the three regions mentioned in the text, Mazowieckie, £.6dzkie and Slaskie, are named on the map.
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Tree scale: 0.01 ————

pPUV-15
pPUV-19
pPUV-1
pPUV-11
pPUV-14
pPUV-17
pPUV-18
| pPUV-8
! pPUV-6
pPUV-5
pPUV-16
pPUV-9
‘ pPUV-3
| pPUV-2
pPUV-10
pPUV-12
pPUV-4
pPUV-7
pPUV-13

FIGURE S2. Phylogenetic tree of the common part of the pPUV series plasmids, using pPUV-2 as a reference, devoid of the context of other IncP-2
pBT2346-like plasmids (Figure 1). The tree was generated with iTOL(3). Detailed information on the 19 pPUVs is in Table 2.
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FIGURE S3. Comparison of the IncP-2 pBT2436-like plasmids with the pPUV-2 plasmid used as a reference (thin, inner black circle) identified in GenBank (Table
S3). The plasmids are represented by various colours. Outer thick rings depict common parts of all plasmids, plus the annotation of the selected regions/genes. The first
outer ring of dark gray and light gray fragments shows the pBT2436-like core genome discerned by Cazares et al. (4), and the second ring with light gray fragments
only shows the core genome identified in this work in the context of pPUV-2. Black fragments in the first outer ring represent variable regions, identified both by
Cazares et al. (4), and in this study. The percentage of sequence identity is reflected by color intensity. The picture was created using the BRIG software (6).
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FIGURE S4. Plotof percentages of genomic MiSeq trimmed reads of 10 selected In461 MPPA isolates mapped to the pPUV-2 PacBio sequence (blue
triangles). Genome of the pPUV-1-carrying isolate 804/03, sequenced by MiSeq, and genome of a Pseudomonas sp. isolate 4533/14 with chromosomal
In461 (P. Urbanowicz, M. Gniadkowski, R. Izdebski; unpublished data) were used for a comparison (on the right).
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Sir,

Pseudomonas aeruginosa is an important, notoriously MDR patho-
gen. Itis the main host of VIM- or IMP-type MBLs, and has been re-
peatedly identified with others, such as NDMs or DIMs;'~” ESBLs
and 16S rRNA methylases occur more sparsely but with original
types or variants.>*%° Foreign genes often reside in chromosom-
al mosaic regions, P. aeruginosa genomic islands (PAGIs), which
comprise integrative and conjugative elements (ICEs) with variable
cargo regions, carrying IS- or transposon-associated resistance
genes.'® Here we present a nearly pan-resistant P. aeruginosa iso-
late with new ICE/PAGIs.

P. aeruginosa 1334/14 was recovered from the conjunctiva of
an 82-year-old patient (no travel history) with endophthalmitis in
a Polish hospital in 2014. Tested by broth microdilution (http://
eucast.org), it was susceptible only to colistin (Table S1, available
as Supplementary data at JAC Online). The MBL PCR sequencing
revealed blaypw-1 and blapm-1 genes. The whole genome was
sequenced by MiSeq (Illumina, San Diego, USA) and MinION
(Oxford Nanopore Technologies, Oxford, UK). A single contig,
assembled with MaSuRCA v.3.2.6 (https://github.com/alekseyzi
min/masurca), contained a full chromosome of 6902135 bp, with
6646 putative genes [6567 coding sequences (CDSs)] (GenBank
entry CP035739). P. aeruginosa 1334/14 was classified as ST234
(http://pubmist.org). A search in the literature, PubMLST database
and GenBank (described below) yielded only 26 ST234 isolates
identified in several European and African countries and Australia
(http://pubmist.org).’®!! Some had MBLs, such as VIM-2 in
Russia®! and IMP-34 plus DIM-1 in Ghana.'®

For the phylogenetic analysis, all 17 other available ST234
genomes were used, identified in PubMLST or extracted from all
GenBank P. aeruginosa genomes (n=3254 as of 6 December
2018). Core ST234 genomes were aligned against P. aeruginosa
PAO1 as a reference, inferring SNP-based phylogeny with Parsnp
v.1.2.32 Two major lineages were discerned, one with isolates from
Russia, Germany and Estonia, and the other with 1334/14 and iso-
lates from Ghana and the UK (Figure S1). The IMP-34 + DIM-1-pro-
ducing Ghanaian isolates’® were the closest relatives of P.
aeruginosa 1334/14, confirmed by proteome comparison with bi-
directional BLASTp, revealing 100% protein identity within ~5700
CDSsintheseisolates.

The isolate’s resistome, shown by ResFinder 3.1 (https:/cge.
cbs.dtu.dk/services/ResFinder/), represented a new peculiar com-
bination of 25 acquired genes (Table S2), including blanpwu-1, blapim-
1 and the ESBL gene blapme-1. Multiple aminoglycoside-modifying
enzyme genes co-occurred with the 16S rRNA methylase gene
rmtD3. Since the first report in Serbia in 2010,? P. aeruginosa NDM
has been reported broadly, and repeatedly in India.*”® DIM-
producing pseudomonads were described in the Netherlands in
20107 and only recently in, for example, India® or Myanmar
(ST234-non-related P. aeruginosa with DIM-1 + NDM-1).° P. aerugi-
nosa PME-1 was found in Gulf countries,® and then in Denmark
(from India; with NDM-1 and VIMs).> RmtD3 was reported in
P. aeruginosain 2018 in Myanmar.’

IslandViewer 4  (http://www.pathogenomics.sfu.ca/island
viewer/) and ICEFinder 2.0 (http://db-mml.sjtu.edu.cn/ICEberg/)
were used to identify PAGIs and ICEs. When compared with P. aer-
uginosa PAO1, 1334/14 contains 12 mosaic regions. blaynpm-1,
blapme-1 and rmtD3 are in a 112205 bp-long structure inserted into
a tRNA®Y gene (PAO1 locus PA2583; Figure 1a). Its ~50kb frag-
ment resembles (87%) the ICEclc(B13) backbone (GenBank
AJ617740); therefore, the structure was classified into the ICE
family clc,*® and named ICE6660 (GenBank MK497171). It has two
variable regions: cargol (~25kb), between the P4 integrase and
relaxase genes, and cargo? (~30kb) within the DNA methyltrans-
ferase gene. Related elements (93% coverage, 99.8% identity)
were found in several GenBank entries, e.g. in P. aeruginosa PA83
from Germany (GenBank CP017293). However, none of these has
blanpm-1, blapme-1 or rmtD3, which in ICE6660 are in cargo2 with
five ISCR-like elements. The rmtD3 locus with ISCR3 and ISCR14/24
matches well (100% coverage, 98% identity) the structure in
P. aeruginosa MyNCGM481 from Myanmar.® Downstream is the
blapwe-1 locus with two ISCR14/24s, like in P. aeruginosa GB771
from the United Arab Emirates (100% coverage, 95% ider]tity),8
followed by a blaypm-1-carrying Tn125 remnant, truncated by a
partial ISCR14/24. blapim-1 is in another region of 84126 bp, named
PAGI-18 (GenBank MK450539), residing at an RNA helicase hrpB
gene (PAO1 locus PA3961; Figure 1B). Its distal ~21 kb-long seg-
ment has 26 putative CDSs, found also in 12 other P. aeruginosa
genomes, including the ST234 isolates from Ghana. The remaining
PAGI-18-specific part has a patchwork-like structure with numer-
ous resistance genes and mobile elements. blapyw-1 is in the inte-
gron In1592, identified first in the Ghanaian ST234 isolate 97

©The Author(s) 2019. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved.
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Figure 1. Graphical representation of ICE6660 (GenBank MK497171) compared with ICEclc(B13) (GenBank AJ617740) (a), and PAGI-18 (GenBank
MK450539) compared with the corresponding chromosomal loci of the Ghanaian P. aeruginosa strain 97 (GenBank CP031449) and P. aeruginosa
PAO1 (GenBank NC_002516.2) (b), generated with Easyfig v. 2.2.4 (https://github.com/mjsull/Easyfig/wiki). Arrows indicate all genes/CDSs, propor-
tionally to their sizes and orientation; only selected specific genes/elements are marked with colours and/or names. The shaded grey areas between
linear structures indicate homologous regions and the level of their sequence identity. The ICE6660 cargo2 subregion with rmtD3, blaypm-1 and
blapve-1 genes is enlarged above the ICE6660 structure using dotted lines. This figure appears in colour in the online version of JAC and in black and

white in the print version of JAC.

(GenBank CP031449) but located far from the ~21kb segment.
PAGI-18 likely arose by several rearrangements mediated by mo-
bile elements, such as 1S6100, flanking the patchwork subregion,
and In1592 might have been recruited from its original locus,
retained in the Ghanaian isolates, into the vicinity of the ~21kb
segment.

A new, almost pan-resistant P. aeruginosa genotype is
described. The clone and major resistance genes have been occa-
sionally reported in the species, usually separately or in other com-
binations, and over large distances in Asia, Africa and Europe. The
Polish strain might have evolved in another continent; however,
despite its relatedness to some African isolates, the place and time
of its importation remain unknown.
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Table S1. Antimicrobial susceptibility of the P. aeruginosa 1334/14 isolate.

MI L)*
Isolate Cs (mg/L)

TIM PIP TZzP CAZ  FEP ¢/T ATM IPM MEM DOR GEN AMK
P. aeruginosa 1334/14 >256  >256 >256  >256 < >256  >256 128

TOB CIP LVX  CST
>64 >64 >64 >256  >256  >256 >64 >64 1

@ — abbreviations: AMK, amikacin; ATM, aztreonam; CAZ, ceftazidime; CIP, ciprofloxacin; CST, colistin; C/T, ceftolozane-tazobactam; DOR,

doripenem; FEP, cefepime; GEN, gentamicin; LVX, levofloxacin; IPM, imipenem; MEM, meropenem; PIP, piperacillin; TIM, ticarcillin-
clavulanate; TOB, tobramycin; TZP, piperacillin-tazobactam.
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Table S2. Acquired AMR genes in P. aeruginosa 1334/14 and their genomic positions®

Protein function

Gene name Genetic background

Position in the chromosome®

metallo-B-lactamase
(MBL)
extended-spectrum [3-
lactamase (ESBL)
metallo-B-lactamase
(MBL)

broad-spectrum -
lactamase (oxacillinase)

16S rRNA methylase

aminoglycoside O-
phosphotransferase
aminoglycoside O-
phosphotransferase
aminoglycoside O-
phosphotransferase
aminoglycoside O-
phosphotransferase
aminoglycoside O-
phosphotransferase
aminoglycoside O-
nucleotidyltransferase
aminoglycoside O-
nucleotidyltransferase
aminoglycoside N-
acetyltransferase

quinolone target enzymes
protection

ciprofloxacin
phosphotransferase

ADP-ribosylating
transferase

dihydrofolate reductase

Resistance to p-lactams
ICE6660 (cargo2; ATnl25,

bl _
NP ISCR14/24-associated)
ICE6660 (cargo2;
blapmg1 .
ISCR14/24-associated)
blaDIMq PAGI-IS (In1592)
blaoxa-10 uncharacterised GI (In1664)

Resistance to aminoglycosides
ICE6660 (cargo2; ISCR3&

tD3 )
m ISCR14/24-associated)
aph(3')-1b-like PAGI-18
aph(3')-VI PAGI-18
strd PAGI-18 (Tn5393c)
strB PAGI-18 (Tn5393c)

aph(3")-11b-like PAGI-18

aadB PAGI-18 (In122)
aadA 1-like uncharacterised GI (In1664)
1acCilike ICE6660 (cargo2;

ISCR14/24-associated)
Resistance to quinolones

gnrVCl PAGI-18

crpP-like pKLC102-like GI

Resistance to rifampicin
arr-2 uncharacterised GI (In1664)
Resistance to trimethoprim
dfrAl PAGI-18 (In122)

Resistance to sulphonamides

88

1,279,629..

1,282,517..

2,909,551..

5,670,589..

1,291,364..

2,897,353..

2,901,994..

2,946,695..

2,947,498..

3,145,858..

2,952,187..

5,669,781..

1,285,854..

2,948,955..

5,470,914..

5,673,660..

2,952,789..

1,280,441

1,283,446

2,910,306

5,671,389

1,292,107

2,898,168

2,902,773

2,947,498

2,948,334

3,146,664

2,952,720

5,670,572

1,286,648

2,949,611

5,471,111

5,674,112

2,953,262



dihydropteroate synthase

MEFS efflux pump

MES efflux pump

macrolide
phosphotransferase
macrolide
phosphotransferase
ABC-F type ribosomal
protection protein

ICE6660 (cargo2);
PAGI-18 (In122);
uncharacterised GI (In1664)

Resistance to phenicols

sull (3 copies)
cmlAl-like uncharacterised GI (In1664)
Resistance to tetracyclines

tetG ICE6660 (cargo2)

Resistance to macrolides

mphE PAGI-18
mphF PAGI-18
msrE PAGI-18

1,300,121..1,300,960
2,954,307..2,955,146
5,668,444..5,669,310

5,671,654..5,672,913

1,274,563..1,275,738

2,915,747..2,916,631

2,920,710..2,921,609

2,916,687..2,918,162

“— AMR genes detected with ResFinder 3.1 (https://cge.cbs.dtu.dk/services/ResFinder/), except
for the aacC3-like gene, identified manually

b _ positions are according to the annotation of the P. aeruginosa 1334/14 genome (GenBank

acc. No. CP035739)
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{ P. aemuginosa MET-131 (Russia)
P. aemuginosa MET- 168 (Russia)

L P. aeruginosa MET-8 (Russia)

— FP. aenuginosa REW.223 (Russia)

L—— P. aeruginosa MET-18 (Russia)

—— P. aemginosa MET-588 (Russia)

L P. aemginosa MET-202 (Russia)

—— P. aemginosa RES-3988 (Russia)

L P. aenuginosa RES-1181 {Russia)

F. aeruginosa AZPAE15048 (Germany )

—— P. aenuginosa EN 883 (Estonia)

—— P. aenuginosa ENW 682 (Estonia)

—— P. aenuginosa 142 (Ghana)

—— P. aenuginosa 130 (Ghana)

—— P. aemuginosa 97 (Ghana)

—— P. aenuginosa 140 (Ghana)

P. aemuginosa 1334 14" (Poland)

F. aeruginosa PABEI220 (England)

P. aemuginosa PAD1T

0.7

Figure S1. Phylogenetic tree of P. aeruginosa 1334/14 and 17 other ST234 core genomes, using
P. aeruginosa PAO1 (GenBank acc. No. NC 002516.2) as a reference, generated with the
FigTree v. 1.4.4 viewer (https://github.com/rambaut/figtree/releases). The 1334/14 genome is
marked with an asterisk. The nodes were ordered increasingly, with branches transformed
proportionally. Genomes of the isolates from Russia and the UK have the following European
Nucleotide Archive (ENA) numbers: MET-131, ERR364111; MET-168, ERR364112; MET-9,
ERR364125; REV-223, ERR370065; MET-18, ERR364164; MET-589, ERR364066; MET-202,
ERR364033; RES-3998, ERR364155; RES-1181, ERR364058; PAE0220, ERR363825.
Genomes of the isolates Germany, Estonia and Ghana are under the following NCBI BioProject
numbers: AZPAE15048, PRINA264310; ENV_683 and ENV682, PRINA244279; and 142, 130,
97 and 140, PRINA411997.
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,CIEZKOZBROJNY” PSEUDOMONAS AERUGINOSA: MECHANIZMY
LEKOOPORNOSCI I ICH TLO GENETYCZNE

WSTEP

Stosowanie kazdej substancji terapeu-
tycznej jest obarczone ryzykiem powstania
tolerancji lub opornosci na jej dziatanie i
zjawisko to jest charakterystyczne takze dla
lekow stosowanych w terapii zakazen bak-
teryjnych, wirusowych czy pasozytniczych
(Davies i DAviEs 2010). Powstata tolerancja
lub opornosc¢ przyczynia sie do wydluzenia
czasu trwania leczenia, podniesienia jego
kosztow 1 co najwazniejsze, zwiekszenia ry-
zyka niepowodzenia lub powiklan. Proces
rozwijania opornosci jest wieloaspektowy,
zas mechanizmy lub sposoby, dzieki ktorym
komorka staje sie niepodatna na dziatanie
leku sa bardzo zroznicowane i moga miec
podloze genetyczne, biochemiczne lub fizjo-
logiczne (COHEN 1992). Zjawisko lekooporno-
sci o wielkiej skali dotyczy zakazen i chorob
zakaznych wywolywanych przez bakterie,
bedac jednym z zasadniczych problemow, z
jakimi boryka sie¢ wspolczesna medycyna. W
ostatnim czasie jego znaczenie osiagnelo tez
wymiar spoleczny, ekonomiczny i nawet po-

lityczny.

ANTYBIOTYKI I
ANTYBIOTYKOOPORNOSC - RYS
HISTORYCZNY I PODSTAWY

Mianem pierwszego antybiotyku (zgod-
nie z terminem ukutym przez Selamana
Waksmana, produkt metabolizmu wtorne-
go drobnoustrojow o dzialaniu bakteriosta-
tycznym lub bakteriobdjczym) okresla sie
penicyline. Protoplaste dzisiejszych lekow

przeciwbakteryjnych moze jednak stanowic
srodek z konca lat 90. XIX w. o nazwie Pio-
cyjanaza (ang. Pyocyanase), za odkryciem
ktorego stali Rudolf Emmerich i Oscar Low.
W sklad owego leku wchodzil ekstrakt z ho-
dowli bakterii Bacillus pyocyaneus (Pseudo-
monas aeruginosa). Juz w 1899 r. niemieccy
badacze wykazali, ze substancja ta posiada
wlasciwosci przeciwbakteryjne, skierowane
wobec gatunkow odpowiedzialnych za rozwoj
cholery, tyfusu, blonicy czy waglika. Piocy-
janaze wprowadzono do leczenia szpitalnego,
ale jej zroznicowana skutecznos¢ w zalezno-
Sci od pacjenta, a takze preparatyka, ktorej
poszczegolne etapy byly toksyczne, dopro-
wadzily do porzucenia leku (Aminov 2010).
Za wlasciwe wejscie rodzaju ludzkiego w
L,ere antybiotykowa” odpowiedzialne sa trzy
nazwiska: Paul Ehrlich, Gerhard Domagk i
przede wszystkim, Alexander Fleming.

Paul Ehrlich, wraz z bakteriologiem Sa-
hachiro Hato i chemikiem Alfredem Ber-
theidem, wynalezli w 1909 r. arsfenamine,
pierwszy chemioterapeutyk (lek przeciwdrob-
noustrojowy syntetyzowany chemicznie, nie-
majacy odpowiednika w przyrodzie), znany
szerzej jako Salvarsan. Ten arsenoorganicz-
ny zwiazek pozwolil na walke z kila, choro-
ba uznawana jeszcze do poczatku XX w. za
nieuleczalna (stosowane wowczas sole rteci
odznaczaly sie wysoka toksycznoscia i niska
efektywnoscia terapeutyczna) (AMINOV 2010).
Z kolei Gerhard Domagk uwazany jest za
tworce calej klasy chemioterapeutykow, sul-
fonamidow. Prowadzil on badania nad ak-
tywnoscia bakteriostatyczna i bakteriobojcza
roznych barwnikow chemicznych. Jednym z

Stowa kluczowe: antybiotyki B-laktamowe, antybiotykoopornos¢, metalo-p-laktamazy, opornos¢ nabyta, Pseudomonas

aeruginosa
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nich byl odkryty w 1932 r. Prontosil. Zwia-
zek ten nie wykazywal jednak aktywnosci
bakteriobdjczej in vitro; ujawniala sie ona
dopiero po podaniu domiesniowym zwierze-
tom. Okazalo sie, ze Prontosil stanowi pre-
kursor aktywnej formy leku — sulfaniloami-
du. Byl on tani i prosty w masowej produk-
cji, a dzieki wprowadzanym modyfikacjom
chemicznym otrzymano wiele jego pochod-
nych. Dzieki temu sulfonamidy staly sie w
niedlugim czasie najbardziej rozpowszechnio-
nymi lekami wykorzystywanymi w medycy-
nie zakazen, zas Domagk w 1939 r. zostal
za to odkrycie uhonorowany Nagroda Nobla
w dziedzinie fizjologii lub medycyny (AMINOV
2010).

Kwestia  odkrycia  penicyliny wyda-
je sie rozstrzygnieta. Nastapilo to w 1928
r. wskutek rzekomego niedbalstwa Ale-
xandra Fleminga. Faktem malo znanym,
a wartym zapamietania jest praca eks-

perymentalna pochodzaca z 1896 r., au-
torstwa  Ernesta Duchesnego. Podczas
badan prowadzonych in vitro, obserwo-

wal on powstajace zjawisko antybiozy po-
miedzy zmieszanymi hodowlami bakte-
rii Escherichia coli lub Salmonella enterica
i grzyba Penicillium glaucum. Prowadzit tak-
ze badania na $winkach morskich, podajac
im kultury wymienionych bakterii chorobo-
tworczych i plesni. Zebrane dane pozwolity
mlodemu badaczowi sformulowac hipoteze
mowiaca, ze za ograniczenie lub brak wzro-
stu bakterii odpowiada ,toksyna” produ-
kowana przez strzepki P. glaucum. Nie zi-
dentyfikowal jednak konkretnego zwiazku,
ktory mogt by¢ za to zjawisko odpowiedzial-
ny. Praca Duchesnego pozostala w sSwiecie
naukowym niezauwazona, zas sam badacz
zmart na gruzlice w 1912 r. (SCHAEFER
2014). Epizod ten rzucaé moze nowe Swia-
tlo na odkrycie penicyliny przez Fleminga.
Niemniej, droga dzielaca pierwsze obserwa-
cje i uzyskanie tego antybiotyku w formie
czystej chemicznie i efektywnej terapeutycz-
nie, byla diluga. Fleming, w obliczu kompli-
kacji zwigzanych z oczyszczeniem i stabil-
noscia penicyliny, zaniechat dalszych badan
nad nig w 1940 r. Szczesliwie jednak, ze-
spol pod kierownictwem Howarda Floreya i
Ernesta Chaina w tym samym czasie pod-
jat sie opracowania metody, dzieki ktorej
skutecznie pozyskiwano i oczyszczano peni-
cyline z hodowli plesni. Szacuje sie, ze pro-
dukowana na wieksza skale, obok sulfona-
midoéw, okazala sie bezcenna w uratowaniu
zycia i zdrowia ponad 100 milionow ludzi,
przez co zapewnila Flemingowi, Chainowi i
Floreyowi miejsce w gronie noblistéw (SCHA-
EFER 2014). Co ciekawe, Alexander Fleming
byl jednym =z pierwszych, ktorzy ostrzegali
przed opornosScig bakterii na nowoodkryty

antybiotyk, wynikajacga z jego nieprawidto-
wego dawkowania (FLEMING 1999).

Przedstawione prace nad trzema pierw-
szymi lekami przeciwbakteryjnymi (Salvarsa-
nem, Prontosilem oraz penicylina) sa niejako
wstepem do okresu opisywanego jako ,zlota
era antybiotykéw”. Przez ponad 20 lat, po-
czawszy od lat 50. XX w., trwal szybki roz-
woj na tym polu; powstala wowczas wiek-
szo$¢ gléwnych klas lekow, z ktorych duza
czesS¢é jest stosowana do dzis.

Wdrozenie antybiotykow, obejmujacych
swoim dzialaniem liczne, OwczesSnie znane
bakterie chorobotworcze, bylo krokiem milo-
wym w medycynie zakazen. Wyrazano prze-
konanie, ze trapiace ludzi i zwierzeta cho-
roby bakteryjne wkrétce naleze¢ beda do
przesztosci (COHEN 2000). Niestety, wraz z
intensywnym rozwojem antybiotykoterapii,
dynamicznie rozwijalo sie rowniez zjawisko
antybiotykoopornosci, przed czym ostrze-
gal juz Fleming wraz z nielicznym gronem
bakteriologow. Pierwsze doniesienia na te-
mat pojawiajacych sie opornych szczepow
bakterii patogennych traktowano 2z niedo-
wierzaniem. Do problemu podchodzono ra-
czej jak do ciekawostki z zakresu genetyki,
wartej] ewentualnego opisania, a nie nara-
stajacego zagrozenia klinicznego. Co wiecej,
uwazano, ze problem antybiotykoopornosci
ma male prawdopodobienstwo zaistnienia
podczas leczenia (DAVIES 1995). A jednak,
juz w 1942 r., niedlugo po wprowadzeniu
penicyliny do leczenia szpitalnego, wyizo-
lowano pierwszy penicylinooporny szczep
Staphylococcus aureus. Wraz z uplywem cza-
su proporcja zakazen tym opornym patoge-
nem drastycznie rosta i zaczal odpowiadac
on nie tylko za zakazenia w Srodowisku szpi-
talnym, ale réwniez poza jego obrebem. Juz
na poczatku lat 50. ubiegltego wieku penicy-
linooporne szczepy S. aureus zyskaly charak-
ter pandemicznych, stanowigc az ok. 80%
izolatow szpitalnych tego gatunku (MEDEIROS
1997, CHAMBERS i DELEO 2009). Co wiecej,
réwnolegle w czasie doszlo do epidemii dy-
zenterii wywolanej przez Shigella dysenteriae
w Japonii, co dodatkowo podkreslito realne
zagrozenie antybiotykoopornoscia, bowiem w
jej trakcie obserwowano spadek efektywnosci
leczenia szeroko dostepnymi sulfonamidami.
Pod koniec 1952 r. ponad 80% izolatow S.
dysenteriae bylo opornych na dzialanie tych
chemioterapeutykow. Podejmowane leczenie
chloramfenikolem, tetracykling czy strepto-
mycyna bylo skuteczne tylko chwilowo, oka-
zywalo sie bowiem, ze bakterie stawaly sie
oporne i na te leki (DAVIES 1995). Zaczeto
zwraca¢ uwage, ze cechy opornosci na anty-
biotyki moga by¢ przekazywane miedzy ko-
morkami (NAKAYA i wspoétaut. 1960, DATTS
1962, LEBEK 1963). Stale rosla liczba do-
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niesien z calego swiata o opornych (w tym
wieloopornych) szczepach réznych gatunkow
bakterii (DAVIES 1995). Zaczeto sie skupiac
na wyjasnieniu problemu, w jaki sposob
geny warunkujace antybiotykoopornosé¢ sa
»Zorganizowane” w genomie bakteryjnym i
dzieki jakim mechanizmom komorki sg w
stanie je nabywac. Opracowanie epidemii
S. dysenteriae w Japonii pozwolito okreslic,
ze to plazmidy (okreslane jako ,czynniki R”)
byly odpowiedzialne za lekoopornosé¢ bakte-
rii (WATANABE i FUKUSAWA 1960). W dodatku,
w 1973 r. Robert Hedges i Alan Jacob zi-
dentyfikowali transpozon niosacy w obrebie
swojej sekwencji gen opornosci na ampicy-
line (HEDGES i JACOB 1974). Ponad dekade
pozniej, w 1989 r., Harold Stokes i Ruth
Hall wykryli integrony, struktury genetycz-
ne zdolne do wymiany i ekspresji tzw. kaset
genowych, ktérymi czesto sa geny opornosci
na antybiotyki (STOKES i HALL 1989). Dzieki
takim doniesieniom coraz lepiej rozumiano
mechanizmy nabywania opornosci i zaczeto
sie przekonywac, jak bardzo dynamiczne, a
w efekcie niebezpieczne jest to zjawisko.

Jak wspomniano wyzej, zagadnienie le-
koopornosci bakterii jest zlozone. Moga ja
warunkowaé¢ pojedyncze geny lub ich ze-
spoly, ktore oprocz samej opornosci koduja
tez funkcje regulacyjne i jako takie, moga
by¢ niekiedy czescia skomplikowanych sieci
regulacyjnych w komorce. Ekspresja genu
opornosci moze zachodzi¢ w sposob ciagly
na tym samym poziomie (ekspresja konsty-
tutywna) lub tymczasowo, wskutek indukcji
specyficznym czynnikiem, np. samym anty-
biotykiem (ekspresja regulowana lub indu-
kowana). Mechanizmy antybiotykoopornosci
reprezentuja kilka zasadniczych strategii, z
ktérych najbardziej rozpowszechniona jest
enzymatyczna inaktywacja leku poprzez jego
chemiczng modyfikacje lub hydrolize. Wy-
roznia sie takze ochrone miejsca docelowe-
go dzialania antybiotyku lub, czesciej, jego
zmiane strukturalna, wywolang np. mutacja
(zmiana sekwencji bialka lub RNA) lub che-
miczna modyfikacja. Jezeli antybiotyk znaj-
dzie sie wewnatrz komorki bakteryjnej, to
wyspecjalizowane pompy moga go aktywnie
usunac. Bakteria moze tez hamowac proces
wnikania leku do wnetrza komorki poprzez
zmniejszanie przepuszczalnosci otaczajacych
ja oslon. Wreszcie, blokowany przez anty-
biotyk szlak metaboliczny moze by¢ zmodyfi-
kowany lub zastgpiony szlakiem alternatyw-
nym (BLAIR i wspoétaut. 2015).

Warto pamietac, ze niektore gatunki bak-
terii moga by¢ naturalnie oporne na dziata-
nie okreslonych antybiotykéw lub ich catych
klas. Zjawisko to wynika najczeSciej z braku
obecnosci miejsca docelowego dla ich dziala-
nia, stabej przepuszczalnosci lub aktywnosci

chromosomowo kodowanych mechanizméw
opornosci. Definiowana w ten sposob opor-
noS¢ naturalna podlega pozytywnej selekcji
podczas ekspozycji na antybiotyki, przez co
niektore gatunki moga zyskiwac sprzyjajace
warunki do rozwoju w Srodowisku szpital-
nym (MARKIEWICZ i KWIATKOWSKI 2012). Glow-
nym problemem pozostaje jednak opornoscé
nabyta, majaca dwa gléwne zrodila. Jednym
z nich sa mutacje lub zjawiska rekombina-
cji w obrebie chromosomowego DNA, ktoére
moga odpowiadaé np. za zmiany struktural-
ne miejsc docelowych antybiotykow, wzrost
ekspresji naturalnie wystepujacych enzymoéow
inaktywujacych leki lub pomp, wreszcie ha-
mowacé ekspresje lub zmienia¢ strukture
(az do calkowitej utraty) kanaléw poryno-
wych, przez ktore antybiotyki przedostaja sie
do komérki (DAVIES i DAVIES 2010, BLAIR i
wspotaut. 2015). Drugim Zrodlem o ogrom-
nym znaczeniu jest zdolnos¢ nabywania ob-
cego DNA przez komoérke bakterii poprzez
horyzontalny transfer genéw (ang. horizontal
gene transfer, HGT). Otrzymane w ten spo-
s6b fragmenty DNA moga zawiera¢ sekwen-
cje homologiczne do genéw kodujacych cele
dzialania antybiotykow i ich rekombinacja w
locus moze powodowac¢ zmiany struktural-
ne tych celow. Moga one tez zawieraé nowe
geny antybiotykoopornosci, ktére sa wlacza-
ne do chromosomu lub pozostaja na auto-
nomicznie replikujacych sie plazmidach. Co
wazne, tak nabyte geny opornosci podlegac
moga kolejnym mutacjom, prowadzacym np.
do podwyzszenia poziomu ich ekspresji lub
modyfikacji struktury i funkcji ich produk-
tow (FROST i wspoétaut. 2005). Przenoszone
geny opornosci pochodza z réznych gatun-
kow bakterii, u ktérych moga warunkowac
oporno$§¢ wrodzona. Za poczatek ,krazenia”
tych genéw w populacjach drobnoustrojow
uznaje sie proces ich mobilizacji, tzn. poja-
wienia sie w ich poblizu ruchomych elemen-
tow genetycznych (np. sekwencji insercyj-
nych, IS), zdolnych do przeniesienia sasied-
nich regionéow DNA w inne miejsce genomu,
W tym na obecny w komoérce plazmid (STO-
KES i GILLINGS 2011).

Pozyskiwanie cech lekoopornosci w dro-
dze mutacji chromosomalnych lub HGT,
jak rowniez rozprzestrzenianie sie klonalne
szczepow z nowo nabytymi cechami sa, po-
dobnie jak opornos$é naturalna, silnie fawo-
ryzowane przez istniejaca presje antybioty-
kowa (LEVY i MARSHALL 2004). Sprzyja ona
rowniez akumulacji w pojedynczych szcze-
pach ré6znych determinant opornosci, doty-
czacych tych samych lub réznych grup le-
koéw i w zaleznosci od stopnia ich nagroma-
dzenia wyréznia sie szczepy typu MDR (ang.
multi-drug-resistance), XDR (ang. extensive-
-drug-resistance) oraz PDR (ang. pan-drug-
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-resistance), z ktérych te ostatnie wykazuja
opornos¢ na wszystkie dostepne antybiotyki
(MAGIORAKOS i wspoétaut. 2012). Ze wzgle-
du na znaczenie kliniczne gatunkéw oraz
ich zdolno$¢ do akumulacji cech lekoopor-
nosci, stworzono liste gléwnych patogenow
szpitalnych, tzw. ESKAPE (Enterococcus
faecium, Staphylococcus aureus, Klebsiella
pneumoniae 1 Escherichia coli, Acinetobac-
ter baumannii, Pseudomonas aeruginosa,
Enterobacter spp.). Wraz z Clostridium
difficile, a takze pozaszpitalnymi drobnoustro-
jami Streptococcus pneumoniae, S. pyogenes
i Mycobacterium tuberculosis, ESKAPE sta-
nowig problem kliniczny o niezwyklej wadze
(BOUCHER i wspélaut. 2009, FAIR i YITZHAK
2014). Sposréd Gram-ujemnych bakterii,
szczegblne znaczenie w grupie ESKAPE ma
pateczka ropy btlekitnej, P. aeruginosa. Uzy-
te w tytule niniejszego artykulu okreslenie
sciezkozbrojny”, trafnie odzwierciedla wtasci-
wosci tego niezwyklego mikroorganizmu. Po-
dobnie jak dobrze uzbrojona i opancerzona
piechota pdl bitewnych sSredniowiecza zdolna
jest rozbi¢ szeregi stabszego przeciwnika, tak
P. aeruginosa jest w stanie dokonac spusto-
szenia w zakazonym organizmie. Rozmaitosc
kodowanych czynnikéw zjadliwosci, a takze
wiele skutecznych, naturalnych i nabytych
mechanizméw opornosci na antybiotyki i
dezynfektanty, kaza traktowac ten oportuni-
styczny patogen jako jedno z powazniejszych
zagrozen klinicznych.

HISTORIA ODKRYCIA PSEUDOMONAS
AERUGINOSA

Zakazenia bakteria P. aeruginosa po raz
pierwszy byly odnotowywane w XIX w., kie-
dy opisywano charakterystyczne, niebiesko-
-zielone zabarwienie i osobliwy zapach ban-
dazy, ktérymi opatrywano niektérych ran-
nych i chorych. W 1850 r. francuski badacz
Charles Sédillot zwrocit uwage, ze zabarwie-
nie to jest w stanie przenosi¢ sie pomiedzy
pacjentami. Byl to na tyle ciekawy temat,
ze dekade pozniej Fordos wyekstrahowal ow
barwnik, piocyjanine, wciaz jednak nie zna-
no czynnika, ktory go wytwarzat. W 1862 r.
Lucke zaobserwowal mikroorganizmy o po-
dtuznym ksztalcie w preparacie z charak-
terystycznie zabarwionej ropy, pochodzace;j
z zakazonej rany. Dopiero w 1882 r. drob-
noustr6j ten zostal wyizolowany przez Car-
la Gessarda i nazwany poczatkowo Bacillus
pyocyaneus (zmiana na Pseudomonas aeru-
ginosa nastapita w 1894 r.) (VILLAVICENCIO
1998, D’AGATA 2015). Poczatkowo nie trakto-
wano jednak B. pyocyaneus jako organizmu
patogennego, dopiero rosnaca liczba donie-
sien o ,zielono-niebieskich zakazeniach”, a
takze publikacja Williamsa z 1894 r., ktéra

pierwsza zawierala szczegélowe opisy infek-
cji B. pyocyaneus, pozwolila identyfikowac
te bakterie jako czynnik etiologiczny zaka-
zen. W latach 40. XX w., William Haynes
nakreslit doktadna charakterystyke mikro-
biologiczna gatunku P. aeruginosa i zapropo-
nowal sposob odréznienia go od pokrewnego
P. fluorescens (D’AGATA 2015). Przez nastep-
ne 50 lat paleczka ropy blekitnej stala sie
jednym z najintensywniej badanych drobno-
ustrojow.

MIKROBIOLOGIA

Pseudomonas aeruginosa jest bakterig
wszechobecna; wystepuje powszechnie w
glebie, zbiornikach wodnych, rzekach, sta-
nowi cze$S¢ mikroflory roslin i zwierzat. Co
ciekawe jednak, jest rzadkim skladnikiem
mikrobiomu czlowieka. Bakteria ta jest ru-
chliwa, oksydazo-dodatnia, tlenowa pateczka
niefermentujaca laktozy. Ze wzgledu na nie-
wielkie wymagania pokarmowe jest w stanie
rosna¢ na wielu podlozach laboratoryjnych.
Optymalna temperatura dla tej bakterii to
37°C, cho¢ jest tez w stanie rosnaé¢ w 42°C,
co wyroznia ja na tle reszty gatunkéw swo-
jego rodzaju. Dzieki réznorodnym pigmen-
tom hodowle P. aeruginosa charakteryzu-
ja sie specyficznym kolorem, poczynajac od
zielono-niebieskiego (piocyjanina), zielone-
go, zdolnego do fluorescencji (piowerdyna),
przez czerwony (piorubina) po brazowo-czar-
ny (piomelanina). Ponadto, kultury pateczki
ropy blekitnej maja charakterystyczny za-
pach przypominajacy jasmin. Niektére szcze-
py P. aeruginosa sa w stanie wytwarzaé¢ po-
zakomoérkowy polisacharyd, alginian. Nad-
produkcja tej substancji powoduje, ze two-
rzone kolonie staja sie Sluzowate i lejace.
Tego typu forma kolonii jest wlasciwa dla
izolatow otrzymywanych od chorych na mu-
kowiscydoze lub inne choroby, ktorym to-
warzysza przewlekle zakazenia P. aeruginosa
(D’AGATA 2015).

ZNACZENIE KLINICZNE

Pseudomonas aeruginosa jest szczegol-
nie niebezpieczny w Srodowisku szpitalnym,
gdzie jego rezerwuarem moze by¢ skazony
sprzet diagnostyczny, elementy aparatury
do sztucznego oddychania lub resuscyta-
cji, urzadzenia i instalacje sanitarne, sprzet
czyszczacy, a nawet wazony na kwiaty czy
kostkarki do lodu (D’AGATA 2015). Zakazenia
pateczka ropy bilekitnej sa grozne zwlaszcza
dla pacjentéw z oslabiona odpornoscia, np.
po przeszczepach i poddawanych chemio-
terapii. Ryzyko dotyczy rowniez oséb star-
szych, szczegblnie wielokrotnie lub dtugo ho-
spitalizowanych, pacjentow po zabiegach in-
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wazyjnych, z ranami oparzeniowymi i prze-
bywajacych na oddziatach intensywnej tera-
pii (OIT). Charakterystyczna grupe stanowia
chorzy na mukowiscydoze, zasadniczo prze-
bywajacy poza szpitalami, jednak czesto do
nich trafiajacy z powodu choroby podstawo-
wej i zakazen (ALHAzZMI 2015). Pseudomonas
aeruginosa jest czynnikiem etiologicznym
wielu typow zakazen, zaréwno ostrych, jak
i przewleklych, do ktéorych naleza zakazenia
drég oddechowych (ang. respiratory tract in-
fection, RTI), skory i tkanek miekkich (ang,
skin and soft tissue infection, SSTI), drog
moczowych (ang. urinary tract infection,
UTI) i najgrozniejszych — lozyska krwi (ang.
bloodstream infection, BSI). Wsréd SSTI
bardzo duze znaczenie maja zakazenia miej-
sca operowanego, ran oparzeniowych, a tak-
ze odlezyn. W USA P. aeruginosa nalezy do
pierwszej piatki bakterii wywolujacych zaka-
zenia szpitalne, w tym plasuje sie na dru-
gim miejscu wsrod czynnikéw respiratorowe-
go zapalenia pluc i odcewnikowych zakazen
drog moczowych (VINCENT 2003). Zebrane
dane z OIT polskich szpitali takze wymie-
niaja P. aeruginosa jako jeden z pieciu naj-
wazniejszych czynnikow etiologicznych SSTI,
RTI, BSI oraz UTI (Deptula i Hryniewicz,
dane niepublikowane). Smiertelno§é wsrod
pacjentéw zakazonych P. aeruginosa jest wy-
soka 1 siega ogolnie okoto 20% przypadkéw,
przy czym w wyniku respiratorowego zapale-
nia pluc jest wyzsza (ponad 30%), w zakaze-
niu krwi za§ wynosi blisko 50% (LAUTENBACH
i wspotaut. 2010, CENICEROS 1 wspélaut.
2016). Pseudomonas aeruginosa jest czestym
czynnikiem RTI towarzyszacych poéznym sta-
diom przewleklej obturacyjnej choroby ptuc
(POChP), a co wiecej, odpowiada on tez za
70% wystepujacych RTI u pacjentéow choru-
jacych na mukowiscydoze (SORDE i wspol-
aut. 2011). Biorac pod uwage zagrozenia ja-
kie stanowi P. aeruginosa, kluczowe okazuja
sie mechanizmy, ktére je warunkuja: wielki
i plastyczny genom, pokazna liczba czynni-
kow wirulencji, szeroka naturalna antybioty-
koopornosé, rozbudowana sie¢ regulatorowa
i latwos¢ pozyskiwania opornosci nabyte;j.

CECHY OGOLNE GENOMU

Rozmiar genomu P. aeruginosa waha sie
miedzy 5,5 a 7 milionami par zasad (Mpz),
co czyni go jednym z najwiekszych wsrod
bakterii (KLOCKGETHER i wspétaut. 2011).
Co ciekawe, nie posiada on wielu powtorzen
poszczegolnych genéw, a ich liczne rozbu-
dowane rodziny o =zaznaczonej odrebnosci.
Fakt ten moze tlumaczy¢ silne zroznicowa-
nie genetyczne i funkcjonalne tego patogenu
(D’AGgATA 2015). Duzy rozrzut (~1,5 Mpz) w
podawanej wielkosci genomu wynika z cech

tzw. genomu dodatkowego (ang. accessory
genome), ktoérego rozmiar moze sie¢ znacza-
co rozni¢ (6,9-18,0% calosci). W jego sktad
wchodzi¢ moga plazmidy oraz sekwencje
znajdujace sie w obrebie chromosomu, np.
ICE (ang. integrative and conjugative ele-
ments; glownie z grupy pKLC102/PAGI-2),
sekwencje insercyjne, transpozony (najcze-
Sciej z rodziny Tn3), integrony czy profagi,
nabyte na drodze HGT. Poszczegbélne ele-
menty dodatkowe moga by¢ obecne w poje-
dynczych szczepach lub tez charakteryzowac
linie filogenetyczne, klady lub grupy klonal-
ne P. aeruginosa, determinujac tym samym
duze zroznicowanie wewnatrz- i miedzypo-
pulacyjne. Zawarta w genomie dodatkowym
informacja genetyczna warunkuje tolerancje
lub opornos¢ na liczne antybiotyki i metale
ciezkie, koduje dodatkowe czynniki wirulen-
cji (np. egzotoksyny ExoS oraz ExoU) i za-
wiera elementy regulatorowe (KUNG i wspol-
aut. 2010). Ciekawe cechy wnosza niektére
profagi, ktérych DNA wlaczany jest w ge-
nom P. aeruginosa. Przykladowo, fag @CTX
jest w stanie podnies¢ zjadliwos¢ bakterii
dzieki genowi ctx, kodujacemu toksyne typu
PFT (ang. pore-forming toxin), zdolng prze-
rwac ciaglosé blony atakowanej komorki. W
efekcie infekcji innym fagiem, D3 z rodziny
Siphoviridae, dochodzi do modyfikacji w
strukturze LPS (lipopolisacharyd; endotoksy-
na). Zjawisko to, okreslane jako serokonwer-
sja, przyczyniaC sie moze do efektywniejszej
adhezji bakterii do powierzchni komoérek go-
spodarza. Co wiecej, infekcja P. aeruginosa
fagiem FIZ15, podobnym do D3, warunkuje
wieksza odpornos¢ patogenu na fagocytoze
(CEYSSENS i LAVIGNE, 2010, KUNG i wspoétaut.
2010).

Warto pamietaé, ze schemat lokalizacji
opisywanych elementéw w obrebie genomu
dodatkowego nie jest dzielem przypadku.
Miejsca o zwiekszonej podatnosci na mo-
dyfikacje genetyczne, nazywane regionami
plastycznosci genomu (ang. region of ge-
nome plasticity, RGP), znajduja sie najcze-
Sciej na koncach 3’ genéw tRNA. Regiony
te moga by¢ zaréwno punktami insercji tzw.
wysp genomowych lub profagéw, jak i ich
pozniejszych modyfikacji (MATHEE i wspol-
aut. 2008). Do tej pory poznano ponad 80
RGP w obrebie kilku genoméw P. aeruginosa
(KLOCKGETHER 1 wspoétaut. 2011). Do tej pory
funkcje biologiczne przypisano stosunko-
wo niewielkiej czesci genow obserwowanych
w genomie dodatkowym; udato sie to zale-
dwie w przypadku ok. 30% tych genow (w
porownaniu z ponad 60% genéw genomu
podstawowego), podczas gdy pozostata czesé
jest stabo lub w ogéle niescharakteryzowa-
na (OzZER i wspoétaut. 2014). W przeciwien-
stwie do genomu dodatkowego, zmiennosc
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sekwencji genomu podstawowego (ang. core
genome) jest niewielka i wynosi okolo 0,5-
0,7%. W efekcie czestych rearanzacji ge-
netycznych w obrebie pangenomu, genom
podstawowy jest opisywany jako mozaikowy
(KLOCKGETHER i wspélaut. 2011, BEZUIDT i
wspoétaut. 2013).

CZYNNIKI WIRULENCJI — ROLA
W PATOGENEZIE, REGULACJA
WYTWARZANIA

Gama wytwarzanych przez P. aeruginosa
czynnikow wirulencji jest niepospolicie sze-
roka i sg one kodowane zar6wno przez ge-
nom podstawowy, jak i dodatkowy, czesto
w obrebie tzw. wysp genomowych lub wysp
patogennosci (ang. P. aeruginosa genom-
ic island, PAGI; P. aeruginosa pathogenicity
island, PAPI). Ze wzgledu na ich lokalizacje
dzieli sie je na zwiazane z komorka, tj. LPS,
pile czy rzeska, oraz na wydzielane pozako-
morkowo, w tym: piocyjanina i inne barw-
niki, polisacharydy zewnatrzkomorkowe czy
roznorodne enzymy i toksyny, wydzielane
przez specyficzne systemy sekrecyjne. Umoz-
liwiaja one inwazje organizmu gospodarza
przez P. aeruginosa, wywolanie ostrego zaka-
zenia oraz jego przejScie w stan przewlekly,
W co zaangazowane sa lub czemu towarzy-
szg takie aktywnosci, wlasciwosci, procesy i
zjawiska, jak ruchliwosé, adhezja, cytotok-
sycznos¢, niszczenie tkanek, stan zapalny,
chelatacja jonow zelaza, unikanie odpowie-
dzi immunologicznej czy tworzenie biofil-
mu (SCHUREK i wspétaut. 2012). Pomimo ze
mechanizmy dzialania wiekszosci czynnikow
(lub efektorow) zjadliwosci P. aeruginosa juz
poznano w szczegb6lach, to trzeba mie¢ na
uwadze fakt, iz zostaly one zidentyfikowane
gtownie podczas badan na zwierzetach lub
liniach komorkowych. Ich dokladna rola w
patogenezie u ludzi czesto nie jest do konca
ustalona (D’AGATA 2015).

Wsrod dobrze poznanych czynnikow wi-
rulencji P. aeruginosa sa cytotoksyny (egzo-
toksyny), do ktorych naleza, m. in. (i) ExoA,
odpowiedzialna za miejscowe uszkadzanie
tkanek oraz udzial w hamowaniu syntezy
bialek w komoérkach gospodarza; (ii) ExoS i
ExoT, ktorych dzialanie polega na spowal-
nianiu procesu fagocytozy, (iiijj ExoU, kto-
ra wywoluje efekt cytotoksyczny wzgledem
komoérek nablonkowych i makrofagéw oraz
(iv) ExoY uczestniczaca w reorganizacji cy-
toszkieletu komorki eukariotycznej (ALHAZMI
20195). Oprocz egzotoksyn, P. aeruginosa wy-
twarza zewnatrzkomoérkowe proteazy, takie
jak alkaliczna proteaza, czy proteazy LasA i
LasB, ktore podobnie jak niektore egzotok-
syny uszkadzaja komorki i tkanki organi-
zmu gospodarza (ALHAzZMI 2015). Szczegdlne

znaczenie ma elastaza, ktora rozklada biatka
strukturalne, jak lamininy i kolageny, bierze
udzial w degradacji polaczen miedzy komor-
kami nablonkowymi oraz inaktywuje ludzki
inhibitor proteinaz a-1 i immunoglobuliny
IgG oraz IgA (GALLOWAY 1991). Egzotoksyny
i proteazy naleza do grupy efektorow proce-
su patogenezy P. aeruginosa. Warto jednak
pamietac, ze w obrebie czynnikow wirulencji
klasyfikuje sie takze systemy sekrecyjne, od-
powiedzialne za wydzielanie okreslonych bia-
lek efektorowych, w tym takze bezposrednio
do wnetrza komorek eukariotycznych lub do
przestrzeni miedzykomorkowych. Nalezy tutaj
wymieni¢ uklady sekrecyjne, takie jak T1SS,
T2SS, T3SS, czy T6SS (ang. type... secre-
tion system, TSS). Wydzielaja one wymienio-
ne wyzej egzotoksyny i proteazy, np. T1SS
alkaliczna proteaze, T2SS egzotoksyne ExoA
i elastaze, a T3SS egzotoksyny ExoS, T, U
i'Y (ALHAzMI 2015). Ciekawa role w proce-
sie patogenezy pelni ostatni z wymienionych
systemow sekrecji, T6SS. Nie uczestniczy on
(w przeciwienstwie do pozostalych TSS) w
kontakcie z komoérkami eukariotycznymi, ale
z innymi komoérkami bakteryjnymi. Trans-
portowane przez T6SS do ich wnetrza roz-
ne biatka efektorowe (fosfolipazy, amidazy,
muramidazy, nukleazy) powoduja uszkodze-
nie, a w konsekwencji obumieranie innych
komoérek bakteryjnych. Jak sie okazuje,
usprawnia to proces kolonizacji tkanek przez
patogen ze wzgledu na ostabiang w ten spo-
s6b naturalng flore bakteryjna gospodarza
(RUSSELL i wspotaut. 2014). Na uwage zastu-
guja rowniez czynniki wirulencji zwiazane z
komorka P. aeruginosa, tj. pile typu IV (PT4)
i lipopolisacharyd (LPS). Pile typu IV biorg
udzial w adhezji do komorek gospodarza, a
takze odpowiadaja za proces wyboru atako-
wanej tkanki przez bakterie (tropizm tkan-
kowy) (JAGUSZTYN-KRYNICKA 2012, ALHAZMI
2015). Z kolei LPS uczestniczy w wywolywa-
niu wrodzonej i nabytej odpowiedzi immu-
nologicznej oraz stanowi czynnik etiologiczny
stanéw zapalnych (ALHAZMI 2015). W posia-
danym przez P. aeruginosa arsenale znajduje
sie rowniez kilka barwnikéow, w tym piower-
dyna i piocyjanina. Piowerdyna jest siderofo-
rem, ktory bierze udzial w chelatacji jonow
zelaza (WOLSKA i wspotaut. 2010). Z kolei
piocyjanina, nadajaca charakterystyczny zie-
lono-niebieski kolor koloniom P. aeruginosa,
wyzwala produkcje reaktywnych form tlenu
(RFT) w komorce gospodarza. Duze stezenie
RFT w komoérce moze wywolac apoptoze nie-
ktorych typow komoérek ukladu odpornoscio-
wego, np. neutrofili, co skutkuje hamowa-
niem odpowiedzi immunologicznej (WOLSKA i
wspoétaut. 2010). Nie bez znaczenia w proce-
sie patogenezy pozostaje wydzielany zewna-
trzkomoérkowo polisacharyd alginian. Stano-
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wi on jeden z glownych skladnikéw struk-
tury biofilmoéw. Pelni bardzo istotna role w
adhezji do komorek gospodarza. Dzieki jego
obfitemu wydzielaniu do przestrzeni miedzy-
komérkowej P. aeruginosa podwyzsza od-
pornos¢ na fagocytoze i zwieksza opornosc
na antybiotyki; zjawisko to jest szczegolnie
charakterystyczne dla szczepow izolowanych
od pacjentow z mukowiscydoza (SCHUREK i
wspoétaut. 2012, ALHAZMI 2015).
Zagadnieniem réwnie interesujacym, jak
same czynniki wirulencji, jest regulacja ich
wytwarzania. Produkcja wielu determinant
zjadliwosci przez P. aeruginosa zalezna jest
od mechanizmu ,wyczuwania obecnosci”
(ang. quorum sensing, QS), pelniacego role
nadrzedna w kontroli ekspresji wielu ge-
now. Wyczuwanie obecnosci innych bakte-
rii odbywa sie za pomoca wydzielanych do
Srodowiska tzw. autoinduktoréw (typu AHL
lub AQ). Zaleznie od ich stezenia w otocze-
niu, komoérka bakteryjna niejako monitoruje
liczebnos¢ populacji. Jezeli dojdzie do zmia-
ny ilosci AHL/AQ wskutek dzialania okre-
Slonego czynnika sSrodowiskowego, bakteria
poprzez wyrazanie konkretnych genow do-
stosowuje sie do zmieniajacych warunkéow
(JAGUSZTYN-KRYNICKA 2012). QS jest kluczo-
we w procesie patogenezy P. aeruginosa, re-
guluje bowiem ekspresje zewnatrzkomorko-
wych proteaz, pomp wyrzutowych (ang. ef-
flux), chelatorow jonéw, a ponadto wplywa
na ruchliwos¢ i unikanie odpowiedzi immu-
nologicznej gospodarza. Ze wzgledu na role
jaka QS pelni u wielu bakterii patogennych,
oprocz P. aeruginosa, takze m.in. S. aureus,
S. enterica czy E. coli, proces ten moze sta-
nowi¢ atrakcyjny cel dla potencjalnych, no-
wych lekow przeciwbakteryjnych (BALASU-
BRAMANIAN 1 wspétaut. 2013). W regulacje
ekspresji genéw wirulencji P. aeruginosa
zaangazowane sa roéwniez inne mechani-
zmy, tworzace tzw. systemy dwuskladnikowe
(ang. two-component system, TCS). W kla-
sycznym wariancie, pierwszym skladnikiem
takiego systemu jest zwiazana z blona ko-
morkowa kinaza histydynowa (ang. histidine
kinase, HK), ktora odbiera okreslony sygnat
ze Srodowiska zewnetrznego, drugim zas re-
gulator odpowiedzi (ang. response regulator,
RR), zlokalizowany w cytoplazmie. Odebranie
sygnatu przez HK implikuje fosforylacje RR,
co z kolei powoduje zmiane jego konforma-
cji i zwiazanie sie z odpowiednim regionem
DNA (wowczas dziata jako regulator proce-
su transkrypcji, zapobiegajac lub umozli-
wiajac przylaczenie sie polimerazie RNA do
DNA) lub konkretnym biatkiem. Umozliwia
to regulacje ekspresji wybranych genéw, a
takze zmiane aktywnosci enzymatycznej cze-
Sci biatek, rowniez tych wspélodpowiedzial-
nych za zjadliwos¢ bakterii czy antybiotyko-

opornos¢ (GOODERHAMAND i HANcoOckK 2009).
Jak juz wspomniano, sie¢ regulatorowa
P. aeruginosa jest bardzo rozbudowana; ko-
dowana jest przez ok. 8% wszystkich genow.
Dobrze obrazuje to tez liczba TCS. Szczep
laboratoryjny P. aeruginosa PAO1 moze ich
mie¢ nawet 127, podczas gdy B. subtilis ok.
70, a E. coli ok. 60. Ogodotem P. aeruginosa
posiada ponad 400 czynnikow transkrypcyj-
nych, 24 podjednostki o polimerazy RNA i
34 sRNA (ang. small RNA; czasteczki RNA o
funkcjach regulatorowych), ktorych doktad-
na rola wciaz wymaga analizy doswiadczal-
nej. Wszystkie te elementy tworza niezwykle
gesta i zawila sie¢ powiazan funkcjonalnych
(BALASUBRAMANIAN i wspétaut. 2013).

Omawiajac tematyke wirulencji P. aeru-
ginosa, trudno nie wspomnie¢ o wybitnej
zdolnosci tego drobnoustroju do tworze-
nia biofilmu. Strukture te definiuje sie jako
osiadle zbiorowisko komorek trwale zwigazane
z podlozem, otoczone matriks zewnatrzko-
morkowa (MARKIEWICZ 2012). Biofilmy ogra-
niczaja dostep czasteczek antybiotykéw do
komoérek bakterii, przez co moga by¢ one
nawet 1000 razy bardziej oporne na dzia-
lanie antybiotykow niz formy planktonowe
(SCHUREK i wspoétaut. 2012). Ponadto, bio-
film chroni je tez przed dzialaniem dezyn-
fektantow i odpowiedzia immunologiczna.
Proces tworzenia biofilmu jest wieloetapowy
i skomplikowany pod wzgledem regulacji i
uczestnicza w nim liczne efektory zjadliwo-
Sci, wlaczajac w to egzopolisacharydy (Pel,
Psl, alginian), piowerdyne, biosurfaktant -
ramnolipid, pozakomoérkowy DNA (eDNA) czy
pile typu IV (PT4), rzeske, i fimbrie typu
Cup (WEI i MA 2013). Podczas formowania
biofilmu dochodzi do roéznicowania profilu
ekspresji réoznych genéw (SAUER i wspoétaut.
2002), a ponadto, istnieje zaleznos¢ skladu
proteomu komoérek znajdujacych sie w obre-
bie biofilmu od rodzaju podtoza, na ktérym
on powstaje (MARKIEWICZ 2012). Obecnosé
biofilméw jest szczegbdlnie niebezpieczna na
powierzchni przyrzadéw medycznych, takich
jak cewniki, rurki intubacyjne i tracheosto-
mijne, wenflony, rozruszniki lub endopro-
tezy. P. aeruginosa jest w stanie rosnaé¢ w
formie biofilmu réwniez bezposrednio na po-
wierzchni ran oparzeniowych i uwaza sie,
ze wlasnie P. aeruginosa tworzacy biofilm
jest odpowiedzialny za zakazenia u pacjen-
tow z mukowiscydoza. Biofilm jest wiec jed-
na z cech zakazenia przewleklego (SCHUREK i
wspolaut. 2012).

OPORNOSC NATURALNA I MUTACYJNA

Paleczki P. aeruginosa sa naturalnie
oporne na wiele zréznicowanych struk-
turalnie antybiotykéw. Dotyczy to czesci
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B-laktamoéw  (benzylopenicyliny, penicyliny
izoksazolilowe, aminopenicyliny i ich potla-
czenia z inhibitorami (-laktamaz, cefalospo-
ryny I i II generacji), tetracyklin i tygecykli-
ny, chloramfenikolu oraz trimetoprimu. Co
wiecej, w poréwnaniu z przedstawicielami
rodziny Enterobacteriaceae, dzikie (ang. wild-
-type) szczepy P. aeruginosa odznaczaja sie
mniejszg wrazliwoscia na antybiotyki, ktore
sa wobec nich aktywne. Zjawisko okresla
sie mianem opornosci naturalnej lub wia-
snej (ang. intrinsic resistance) P. aeruginosa.
Wynika ono ze stosunkowo niskiej przepusz-
czalnosci blony zewnetrznej (ponad dwuna-
stokrotnie mniejszej niz u E. coli, konstytu-
tywnej ekspresji licznych pomp typu efflux i
obecnosci chromosomowo kodowanych enzy-
mow inaktywujacych leki (STRATEVA i YORDA-
Nov 2009, LISTER i wspélaut. 2009). W le-
czeniu zakazen P. aeruginosa najczesciej sto-
suje sie karboksypenicyliny (np. tikarcylina)
i ureidopenicyliny (np. piperacylina) oraz ich
potaczenia z inhibitorami (-laktamaz, nie-
ktore cefalosporyny III i IV generacji (np. ce-
ftazydym, cefepim), aztreonam, karbapenemy
(np. imipenem, meropenem), a takze fluoro-
chinolony (ciprofloksacyna, lewofloksacyna),
aminoglikozydy (amikacyna, gentamicyna,
tobramycyna) oraz polimyksyny (np. kolisty-
na) (STRATEVA i YORDANOV 2009).

Jak wspomniano wyzej, w chromosomie
P. aeruginosa kodowanych jest kilka en-
zymoOow zdolnych inaktywowac¢ antybiotyki.
Najistotniejszym Kklinicznie jest P-laktamaza
klasy C, tzw. cefalosporynaza AmpC, ma-
jaca odpowiedniki m. in. u réznych przed-
stawicieli Enterobacteriaceae (BREIDENSTEIN
i wspoélaut. 2011). Podobienstwa zasadzaja
sie w strukturze i wlasciwosciach tych enzy-
moéw oraz regulacji ich ekspresji. Spektrum
substratowe AmpC obejmuje zdecydowa-
na wiekszos¢ B-laktamow, w tym wszystkie
penicyliny, niemal wszystkie cefalosporyny
i monobaktamy (aztreonam), a wiec licz-
ne antybiotyki stosowane w terapii zakazen
P. aeruginosa. Jedynie cefalosporyny IV ge-
neracji (np. cefepim) i karbapenemy (z wy-
jatkiem ertapenemu) praktycznie nie sg roz-
kladane przez AmpC. Ponadto, enzymy te
sg w niklym stopniu hamowane przez inhi-
bitory B-laktamaz (zwlaszcza kwas klawula-
nowy). Dzikie szczepy P. aeruginosa wytwa-
rzaja AmpC w sposéb kontrolowany, tzn.
wylacznie w obecnosci zwiazku zdolnego in-
dukowac ekspresje genu ampC, kodujacego
enzym. Ilosci AmpC, powstajace w czasie
indukcji sa bardzo duze, przy czym jest to
zjawisko odwracalne i poza stanem indukcji
ekspresja cefalosporynazy zachodzi na bar-
dzo niskim, Sladowym poziomie. Z punktu
widzenia fenotypu lekoopornosci, krytyczna
kwestig pozostaje, ktore B-laktamy sa dobry-

mi induktorami AmpC i jak sie ma ta ak-
tywnos¢ w stosunku do ich podatnosci na
hydrolize enzymatyczng. WiekszosS¢ znanych
induktorow stanowia zwiazki bedace jedno-
czesnie doskonalymi lub dobrymi substrata-
mi AmpC, czyli aminopenicyliny (np. ampi-
cylina), cefalosporyny I generacji (np. cefalo-
tyna) i cefalosporyny II generacji (np. cefok-
sytyna i cefuroksym). Przez to P. aeruginosa
wykazuje naturalna oporno$¢ na te anty-
biotyki i jednocze$nie ich potaczenia z in-
hibitorami pB-laktamaz (np. amoksycyline z
klawulanianem). Pozostale B-laktamy, aktyw-
ne wobec P. aeruginosa, roéznia sie miedzy
soba ,zachowaniem” wobec cefalosporynazy
AmpC i jej systemu regulacyjnego: karbok-
sy- i ureidopenicyliny, cefalosporyny III ge-
neracji i aztreonam sa substratami, ale juz
nie induktorami jej ekspresji, cefalospory-
ny IV generacji nie sa ani induktorami, ani
substratami, natomiast karbapenemy sg in-
duktorami, ale nie substratami (z wyjatkiem
ertapenemu). W zwiazku z tym, naturalna
aktywnos¢ kazdej z tych grup lekéw wobec
P. aeruginosa wynika niejako z innych przy-
czyn (LISTER i wspoélaut. 2009, BREIDENSTE-
IN i wspotaut. 2011). Do zaniku regulacji i
konstytutywnego wytwarzania ponadnorma-
tywnych ilosci AmpC dojs¢ moze wskutek
mutacji w obrebie genow, ktorych produkty
uczestnicza w systemie regulacji ekspres;ji
tej cefalosporynazy (geny ampR, ampD) (LI-
STER i wspotaut. 2009). Zjawisko to okresla
sie mianem ,derepresji” i w odréznieniu od
pateczek Enterobacteriaceae, u P. aeruginosa
moze ono zachodzi¢ trzystopniowo, z dwoma
pierwszymi stadiami, przy ktérych podstawo-
wy poziom ekspresji AmpC jest coraz bar-
dziej podwyzszony w stosunku do uktadu
dzikiego, ale ktory nadal jest indukowalny
do poziomu maksymalnego (derepresja cze-
Sciowa). Dopiero ostatnie stadium oznacza
w pelni konstytutywna ekspresje, na pozio-
mie wyzszym nawet niz w stanie indukcji
(derepresja catkowita) (CAMPBELL i wspolaut.
1997). Zjawisko to zostalo wyjasnione obec-
noscia w genomie P. aeruginosa trzech ge-
now ampD, kodujacych amidaze zwigzana z
metabolizmem peptydoglikanu, ktorej muta-
cyjna utrata jest najczestsza przyczyna de-
represji AmpC (JUAN i wspolaut. 2006). W
stanie calkowitej derepresji w pelni ujawnia
sie¢ fenotypowo omoéwione wyzej spektrum
substratowe AmpC, bedace jednym z naj-
szerszych wsrod p-laktamaz, a wytwarza-
na w tak duzej ilosci cefalosporynaza jest
w stanie nadac¢ szczepowi wysoka opornosc
nawet na antybiotyk stanowiacy dla niej
niedoskonaly substrat (np. ceftazydym lub
aztreonam). Co wiecej, w sytuacji derepresji
AmpC i jednoczesnego obnizenia przepusz-
czalnosci blony zewnetrznej, opornos¢ ta
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moze dotyczy¢ nawet tych zwiazkow, ktore
praktycznie nie sa zaliczane do substratow
AmpC (cefepim, imipenem, meropenem) i
szczep moze sie okazaé oporny na wszyst-
kie leki B-laktamowe. Derepresja AmpC jest
czesto spotykanym mechanizmem oporno-
Sci wsrod izolatéw klinicznych P. aeruginosa
(ok. 20%) (OLIVER i wspoétaut. 2015). Wartym
uwagi jest tez fakt identyfikacji najpierw u
E. coli a potem u P. aeruginosa, warian-
tow AmpC o rozszerzonym spektrum sub-
stratowym (ang. extended-spectrum AmpC,
ESAC). Enzymy te, zawierajace substytucje
aminokwasowa w okreslonej pozycji (T103A),
posiadaja podwyzszona zdolnos¢ hydrolizy
cefalosporyn (ceftazydymu, cefepimu) oraz
karbapeneméw (imipenemu, meropenemu) i
powoduja obnizenie wrazliwosci na te leki,
zwlaszcza w stanie calkowitej derepres;i.
Stanowia tez doskonate tlo do dalszego roz-
woju opornosci, w miare nabywania innych
mechanizméw (RODRIGUEZ-MARTINEZ i wspol-
aut. 2009). W ostatnim czasie opisano inne
warianty sekwencyjne AmpC, ktérych eks-
presja obniza wrazliwos¢ na najnowsza cefa-
losporyne skierowana przeciw P. aeruginosa,
zaliczany do tzw. V generacji ceftolozan
(BERRAZEG i wspotaut. 2015). Do tej pory
jednak, szczepom wytwarzajacym ESAC nie
przypisuje sie istotnej roli epidemiologiczne;j
i kliniczne;.

AmpC nie jest jedynym chromosomalnie
kodowanym, naturalnym enzymem P. aeru-
ginosa zdolnym do hydrolizy (-laktamoéw,
bowiem geny dwoéch innych, PoxB (OXA-50)
oraz PIB-1, zidentyfikowano w obrebie se-
kwencji genomowych tego gatunku. Zaden
z nich zdaje sie nie pelni¢ istotnej roli w
opornosci P. aeruginosa na antybiotyki.
PIB-1 jest cynko-zaleznym enzymem, ktérego
nie da sie zakwalifikowaé¢ do zadnej z czte-
rech znanych obecnie klas strukturalnych
B-laktamaz. Wykazano ze, PIB-1 posiada
aktywnos¢ wzgledem imipenemu, a delecja
jego genu podwyzsza wrazliwos¢ badanego
szczepu P. aeruginosa na karbapenemy (imi-
penem i meropenem) (FAJARDO i wspétaut.
2014). Druga z wymienionych (-laktamaz,
PoxB, jest produkowana na bardzo niskim
poziomie, prawdopodobnie nie warunku-
jac opornosci na zaden B-laktam. Jak inne
enzymy klasy D (oksacylinazy), hydrolizuje
penicyliny, a niektére doswiadczenia zasu-
gerowaly tez jej niewielka aktywno$S¢ w sto-
sunku do karbapenemoéw; niemniej, pelna
specyficznos¢ substratowa PoxB (OXA-50)
pozostaje niecatkowicie sprecyzowana (ZINC-
KE i wspotaut. 2016).

Wraz z transportem aminokwasow, pep-
tydow lub cukréw do komorki bakterii
Gram-ujemnej moga wnika¢ antybiotyki, np.
fluorochinolony czy p-laktamy. Utrata, zmia-

na struktury lub obnizenie ekspresji kon-
kretnego kanalu porynowego (poryny), przez
ktory dany lek dostaje sie do wnetrza ko-
morki jest przewidywalnym mechanizmem
opornosci. Nie inaczej jest w przypadku po-
ryny OprD P. aeruginosa, przez ktora trans-
portowane sa karbapenemy. Brak funkcjo-
nalnych kanatow OprD lub ich zredukowana
liczba nadaje oporno$s¢ lub obnizona wraz-
liwo§¢ na imipenem i w mniejszym stop-
niu meropenem. Zmniejszona ekspresja lub
utrata w wyniku mutacji kanaléw OprD
byla pierwszym rozpoznanym mechanizmem
opornosci na karbapenemy. Co wiecej, to
wlasnie tego rodzaju mechanizmy selekcjo-
nowane sa najczesciej podczas leczenia ta
klasg [B-laktamow. Warto pamietac, ze me-
chanizmy zwiazane z OprD samodzielnie na-
daja opornos¢ na niskim poziomie i dopiero
kombinacja z innymi wyraza si¢ w oporno-
Sci wysokiego stopnia i jednoczesnie szero-
ko spektralnej (L1 i wspotaut. 2012). O ile
utrata OprD wskutek mutacji typu non-sen-
se w genie oprD, jego delecji lub dysrupcji
przez element transpozycyjny jest kwestig
wyjasniona, o tyle konsekwencje licznych
innych polimorfizméw w jego strukturze juz
nie i wymagaja one szczegélowych badan.
Podobnie jest z regulacja ekspresji OprD.
Wiadomo na przyklad, ze nadprodukcja sys-
temu pompowo-porynowego MexEF-OprN po-
woduje jednoczesnie obnizenie lub zatrzyma-
nie ekspresji genu oprD. Odpowiedzialne sa
za to, posrednio lub bezposrednio, czynniki
regulatorowe: MexT, MexS oraz MvaT, jed-
nak ich wzajemne oddzialtywanie z MexEF-
-OprN i OprD jest niejasne, doswiadczenia
za§ z mutantami w poszczegdlnych genach
nie dostarczyly jednoznacznych odpowiedzi
(LISTER i wspoélaut. 2009).

Redukcja stezenia antybiotyku w ko-
morce moze byc¢ takze zastuga aktywnosci
transbtonowych pomp, ktore aktywnie wy-
rzucaja lek z wnetrza bakterii. Pompy typu
efflux podzielono na pie¢ kategorii, réznia-
cych sie struktura, rodzajem zuzywanej
energii do transportu i typem przenoszonych
substratéw. Dane pochodzace z sekwencjo-
nowania genomowego P. aeruginosa wyka-
zuja, ze najbardziej rozpowszechniong grupa
sg transportery (systemy pompowo-poryno-
we) RND (ang. resistance, nodulation, divi-
sion), obejmujaca 12 systemoéw, z ktérych
co najmniej cztery uczestnicza w antybio-
tykoopornosci (LISTER i wspoétaut. 2009).
Wszystkie one posiadaja szerokie spektrum
substratowe, stanowigce m. in. zrodlo natu-
ralnej opornosci P. aeruginosa na tetracykli-
ny, trimetoprim, chloramfenikol, nowobiocy-
ne, czy sulfonamidy. Spektrum to obejmu-
je jednak tez antybiotyki skuteczne wobec
P. aeruginosa, w tym [-laktamy, aminogli-



20 PAWEL URBANOWICZ, MAREK GNIADKOWSKI

kozydy i fluorochinolony. Warto pamietac, ze
zakresy usuwanych przez poszczegolne pom-
py substratow zachodza na siebie. Najistot-
niejszy system, MexAB-OprM, jest aktywny
zarowno wobec roéznorodnych antybiotykow
B-laktamowych (w tym meropenemu i inhibi-
torow P-laktamaz), fluorochinolonow, a takze
dezynfektantéw i detergentow. Pompa ta w
duzej mierze przyczynia sie do caloksztaltu
fenotypu opornosci wilasnej P. aeruginosa.
Pozostale transportery lekéw: MexCD-Oprd,
MexEF-OprN i MexXY-OprM, oprocz wyrzu-
cania fluorochinolon6w moga tez usuwac
cefepim (MexCD-OprJ) lub aminoglikozydy
(MexXY-OprM) (LISTER i wspotaut. 2009, Po-
OLE 2011). Wskutek mutacji (delecje, inser-
cje) zachodzacych w obrebie genow regulu-
jacych ekspresje wymienionych pomp RND,
ich aktywno$¢ moze zostaé¢ znaczaco zwiek-
szona. Tak dzieje sie w przypadku np. mu-
tantéw delecyjnych AnalB, AnalC i AnalD, u
ktorych stwierdzono nadekspresje MexAB-
OprM. Ten profil opornosci mutacyjnej,
obejmujacy obnizona wrazliwo§¢ na rézne
B-laktamy, w tym  meropenem, oraz
fluorochinolony, wystepuje najczesciej, bo u
10-30% szczepow klinicznych P. aeruginosa.
Stosunkowo czesto identyfikuje sie tez pod-
wyzszenie ekspresji pompy MexXY-OprM,
wynikajace z mutacyjnej inaktywacji repre-
sora MexZ i warunkujace tzw. nieenzyma-
tyczng opornos¢ na aminoglikozydy. Obec-
nos¢ szczepow P. aeruginosa nadprodukuja-
cych MexXY-OprM jest charakterystyczna u
pacjentéw z mukowiscydoza (LISTER i wspol-
aut. 2009). Duzo mniejszy udzial w opor-
nosci typu efflux u P. aeruginosa ma na-
dekspresja pozostatych pomp: MexCD-OprJ
(mutanty AnfxB; niewrazliwos¢ na cefepim i
fluorochinolony) i MexEF-OprN (AmexT; nie-
wrazliwo$§¢ na fluorochinolony) (POOLE 2011).
Warto nadmieni¢, ze poziomy nabytej opor-
nosci, wynikajacej z mutacyjnego podwyzsze-
nia aktywnosci pomp RND sa stosunkowo
niskie i z reguly nie pozwalaja zakwalifi-
kowac¢ szczepu jako opornego w sensie Kkli-
nicznym. Jednak rézne mutacje regulatoro-
we ulegaja akumulacji i czesto towarzysza
innym mechanizmom opornosci, takim jak
utrata OprD, derepresja AmpC lub wytwa-
rzanie enzymow kodowanych przez geny na-
byte z zewnatrz. Wéwczas w istotny sposéb
y,dokladaja” sie one do ewidentnej opornosci
szczepu na roznorodne leki przeciwbakteryij-
ne.

OPORNOSC KODOWANA PRZEZ GENY
NABYTE

Same juz naturalne mechanizmy wraz z
towarzyszacymi im mutacjami czynia P. aeru-
ginosa trudnym do zwalczenia patogenem i

w przewazajacej mierze to one decyduja o
zjawisku jego wieloopornosci. Jednakze, jak
wspominano wczesniej, tak kodowana opor-
nos$¢ stanowi tez doskonale tto dla nabywa-
nych z zewnatrz, kolejnych mechanizmow;
,wspotpraca” obu tych zrédel poszerza pro-
file i wydatnie podwyzsza poziomy oporno-
Sci. Za nabywanie nowych cech, gléwnie w
postaci enzymow inaktywujacych aminogli-
kozydy i PB-laktamy odpowiedzialny jest HGT
(FrROST i wspoétaut. 2005), zachodzacy przede
wszystkim za pomoca plazmidéw. Wskazuja
na to liczne obserwacje obecnosci u P. aeru-
ginosa roznych determinant opornosci na
plazmidach (POIREL i wspoétaut. 2000, 2001;
AUBERT i wspotaut. 2001; GIRLICH i wspot-
aut. 2002; FIETT i wspoélaut. 2006; GARZA-
-RAMOS i wspétaut. 2008), przy czym bardzo
czestym zjawiskiem jest rowniez ich lokali-
zacja chromosomalna (NORDMANN i wspolaut.
1993, PHILIPPON i wspotaut. 1997, DUBOIS i
wspoétaut. 2002, GIRLICH i wspoétaut. 2002,
FIETT i wspoétaut. 2006, JOVCIC i wspotaut.
2013), do ktorej zapewne dochodzi w dro-
dze rekombinacji, transpozycji lub integracji
plazmidoéw (CHIU i THOMAS 2004). Niestety,
sam proces transferu, jak i zaangazowane
wen elementy genetyczne u Pseudomonas
spp. nie sa tak dobrze poznane jak u Ente-
robacteriaceae. Ten niejasny aspekt genety-
ki P. aeruginosa ulega jednak stopniowemu
wyjasnianiu w zwiazku z rozwojem technik
sekwencjonowania genomowego i zwieksza-
niem sie liczby znanych sekwencji chro-
mosomowych i plazmidowych tego gatunku
(BORONIN 1992, HAINES i wspélaut. 2007,
SEVASTSYANOVICH 1 wspoétaut. 2008, BONNIN
i wspoélaut. 2013, XIONG i wspoélaut. 2013,
MARCHIARO i wspoétaut. 2014, VILACOBA i
wspotaut. 2014).

Tak nabyta opornos¢ P. aeruginosa na
B-laktamy warunkuja p-laktamazy. Juz pod
koniec lat 60. ubieglego wieku zaczeto iden-
tyfikowaé¢ te enzymy i przypisywac im role
W procesie szerzacej sie opornosci na stoso-
wane oOwczesnie penicyliny oraz cefalospory-
ny (LIVERMORE 1998). Nalezy tutaj wymienic¢
takie PB-laktamazy jak np.: PSE-1/CARB-2,
PSE-4/CARB-1, CARB-3 czy CARB-4 (ang.
Pseudomonas-specific enzyme lub carbeni-
cillinase; cyfra okresla wariant enzymu), po-
czatkowo uznawane za typowe dla P. aeru-
ginosa, ktore rozkladaja karboksypenicyliny
i ureidopenicyliny (BUSH i wspétaut. 1995).
Enzymy te, obecnie okreslane jako karbe-
nicylinazy, naleza do klasy A pB-laktamaz i
wrazliwe sa na dzialanie inhibitorow, np.
kwas klawulanowy lub tazobaktam (BUSH i
JAcoBy 2010). Ponadto, juz we wczesnej fa-
zie prac identyfikowano tez u P. aeruginosa
inne nabyte B-laktamazy o aktywnosci skie-
rowanej gléwnie przeciw penicylinom. Nalezg
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do nich tzw. B-laktamazy o szerokim spek-
trum substratowym (ang. broad-spectrum
B-lactamases) klasy A TEM-1 i TEM-2, ob-
serwowane przede wszystkim u Enterobacte-
riaceae, oraz oksacylinazy (ang. oxacillinases)
klasy D: OXA-2, OXA-5 lub OXA-10 (BUSH i
JACOBY 2010, POIREL i wspoétaut. 2010).

W 1983 r. swiat obiegla wiadomosc¢ o
identyfikacji pierwszego enzymu z nowej gru-
py, tzw. P-laktamaz o rozszerzonym spek-
trum substratowym (ang. extended-spectrum
B-lactamases, ESBL), zidentyfikowanego u
Enterobacteriaceae. Naleza one do klasy A i
stanowia dominujacy czynnik opornosci na
oksyimino-B-laktamy (cefalosporyny III i IV
generacji, aztreonam) u pateczek jelitowych
(GNIADKOWSKI  2001). Obecnie wyréznia sie
12 rodzin nabytych ESBL, z czego przed-
stawicieli az oSmiu typow zdotano juz odna-
lez¢ w izolatach klinicznych P. aeruginosa.
Pierwszym i jak dotad najpowszechniej wy-
stepujacym u tego gatunku enzymem typu
ESBL jest PER-1, opisany pierwszy raz w
1993 r. (NORDMANN i wspétaut. 1993). Szcze-
py wytwarzajace PER-1 identyfikowano po-
czatkowo w Turcji, pozniej rowniez stwier-
dzano ich obecnos¢ w szpitalach w Euro-
pie, Azji i podlnocnej Afryce. Pseudomonas
aeruginosa wraz z Acinetobacter baumannii
pozostaja do dzi§ glownymi producentami
PER-1 (POTRON i wspélaut. 2015). Inng gru-
pa ESBL wystepujaca stosunkowo czesto u
P. aeruginosa sa enzymy VEB, zidentyfiko-
wane w 1998 r., najpierw w Azji potudnio-
wo-wschodniej, potem réwniez w FEuropie
(POTRON i wspoétaut. 2015). Kolejnymi ESBL
zaobserwowanymi wczesnie u P. aeruginosa
sg B-laktamazy typu GES/IBC, wystepuja-
ce glownie w Europie i Ameryce Lacinskiej,
takze u Enterobacteriaceae (POTRON i wspol-
aut. 2015). Wreszcie, odnalezione w Belgii
po raz pierwszy enzymy typu BEL i PME-
1 pochodzenia azjatyckiego, jak do tej pory
zidentyfikowano niemal wylacznie u P. aeru-
ginosa (POTRON i wspolaut. 2015). Co cie-
kawe, inne, dominujace u Enterobacteria-
ceae rodziny ESBL, tj. CTX-M, SHV i TEM,
sa rzadkie u P. aeruginosa. Geny kodujace
ESBL czesciej obserwowane u P. aeruginosa
lokuja sie w obrebie transpozonow (bla,,
w Tnl1213) lub integronéw klasy 1 o rézno-
rodnej strukturze (bla,., bla,.,, bla,, ). Wy-
mienione elementy genetyczne znajdowane
sa zaréwno na plazmidach, jak i w chromo-
somie, a czasem w obu miejscach jednocze-
$nie (POTRON i wspélaut. 2015). Inna grupa
enzymow zdolnych do rozkladu oksyimino-
B-laktamow sg oksacylinazy (OXA) o rozsze-
rzonym spektrum substratowym klasy D,
ES-OXA (ang. extended-spectrum oxacilli-
nases). W odroznieniu do ESBL, aktywnosc¢
wickszosci ES-OXA jest stabo hamowana

przez kwas klawulanowy. Co ciekawe, ES-
-OXA sa charakterystyczne niemal wylacz-
nie dla P. aeruginosa, a pierwsze enzymy
tego typu, OXA-14 i OXA-15, zidentyfiko-
wano na poczatku lat 90. (DANEL i wspol-
aut. 1995, 1997). W sensie strukturalnym,
niemal wszystkie ES-OXA mozna zaklasyfi-
kowac¢ do trzech linii ewolucyjnych, wywo-
dzacych sie od zwyklych oksacylinaz OXA-1,
OXA-2 i OXA-10, i kodowane sa one przez
kasety integronow klasy 1 (POIREL i wspol-
aut. 2010). Uwaza sie, ze u P. aeruginosa
jest to czesSciej wystepujacy mechanizm
opornosci od ESBL, niemniej, brakuje wia-
rygodnych danych w tym zakresie, pocho-
dzacych z wiekszej liczby krajow. Powodem
sa trudnosci diagnostyczne; zaréwno ESBL,
jak i ES-OXA moga by¢ skutecznie masko-
wane przez nadprodukowana cefalosporyna-
ze AmpC. Ponadto, dla ES-OXA nie istnieje
zaden specyficzny test fenotypowy i jedyna
metoda wiarygodnego wykrycia takiego en-
zymu jest amplifikacja i zsekwencjonowanie
jego genu (LIVERMORE 1998, POTRON i wspoi-
aut. 2015).

Sposréd wszystkich nabytych B-laktamaz,
najistotniejsza role w zjawisku antybioty-
koopornosci P. aeruginosa pelnia metalo-
B-laktamazy klasy B (ang. metallo-f3-
lactamases, MBL). Stanowia one odrebna i
odlegta od pozostalych gataz drzewa ewolu-
cyjnego [(-laktamaz, charakteryzujac sie spe-
cyficzng strukturg i mechanizmem dzialania
katalitycznego. Jako jedyne p-laktamazy,
wymagaja one obecnosci kofaktora w posta-
ci jonéw Zn?. Podobnie jak AmpC, ESBL i
ES-OXA, MBL cechuje bardzo szerokie spek-
trum substratowe, obejmujace wszystkie
penicyliny, cefalosporyny i karbapenemy, a
ponadto enzymy te sa calkowicie niewrazli-
we na dostepne, mozliwe do stosowania Kkli-
nicznego inhibitory. Sposréd wszystkich an-
tybiotykow p-laktamowych tylko aztreonam
nie jest hydrolizowany przez MBL. Szcze-
g6lnie niepokojaca jest wysoka aktywnosc¢
tych B-laktamaz wzgledem karbapenemow,
okreslanych jako leki ostatniej szansy w le-
czeniu zakazen wywolywanych przez wie-
looporne szczepy paleczek Gram-ujemnych
(POTRON i wspoétaut. 2015). W badaniach
laboratoryjnych wykazano, ze mimo tej ak-
tywnosci, sama ekspresja MBL na typowym
poziomie nie warunkuje jeszcze opornosci
wysokiego stopnia i do tego potrzebne jest
swsparcie” dodatkowych mechanizmow. Po-
niewaz jednak, jak wspominano wyzej, u P.
aeruginosa czesto dochodzi do réznych mu-
tacji powodujacych ograniczenie przepusz-
czalnosci oslon komoérkowych lub podwyz-
szenie aktywnosci pomp typu efflux, szczepy
kliniczne tego gatunku posiadajace MBL z
reguly sa wysoce oporne na stosowane kli-
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nicznie karbapenemy (imipenem, meropenem
i doripenem). Po raz pierwszy szczepy MPPA
(ang. MBL-producing P. aeruginosa) zidenty-
fikowano w 1988 r. w jednym z japonskich
szpitali, po czym w ciagu kilku lat zdotaty
sie one rozprzestrzeni¢, najpierw w Japo-
nii, a nastepnie w innych krajach Dalekie-
go Wschodu. Rownoczesnie nastepowal mie-
dzygatunkowy transfer tego typu opornosci
i np. od 1993 r. obserwowano tam juz tak-
ze palteczki Enterobacteriaceae wytwarzajace
MBL. W Europie pierwsze szczepy P. aerugi-
nosa MBL(+) izolowano w latach 1996-1997
we Francji i Wloszech, i niemal natychmiast
potem w kilkunastu innych krajach (WALSH
i wspoélaut. 2005). Do tej pory zidentyfiko-
wano 13 rodzin nabytych MBL, niektore
posiadajace nawet po kilkadziesiat warian-
tow. Sa to enzymy: IMP (n=56), VIM (n=47),
NDM (n=16), SPM, GIM, SIM, AIM, KHM,
DIM, TMB, SMB, FIM, LMB. U P. aerugino-
sa stwierdzono obecno$¢ wiekszosci z nich,
a niektére wystepuja wylacznie u tego ga-
tunku jak do tej pory. Najstarszymi, najbar-
dziej wewnetrznie zréznicowanymi i najcze-
Sciej identyfikowanymi typami MBL sa en-
zymy VIM i IMP. Ich producentow obserwu-
je sie na calym $Swiecie, przy czym IMP sa
bardziej rozprzestrzenione i typowe dla Azji,
podczas gdy VIM dominuja na pozostatych
kontynentach, w tym w Europie (POTRON i
wspotaut. 2015). Pomimo skutecznej ,pene-
tracji” populacji paleczek Enterobacteriaceae
przez determinanty genetyczne IMP i VIM,
P. aeruginosa pozostaje najwazniejszym ich
producentem, co ostatnio ponownie wykaza-
tly badania typu surveillance, wykonane na
duzej proébie szpitalnych szczepow bakterii
Gram-ujemnych z 40 krajow. Okazalo sie,
ze P. aeruginosa stanowil 68% wszystkich
poddanych analizie szczepéw MBL(+) (glow-
nie z enzymami IMP i VIM) (KAZMIERCZAK
i wspoélaut. 2015). Szerzace sie w szybkim
tempie wsrod Enterobacteriaceae MBL z ro-
dziny NDM odnotowywane sa w szczepach
P. aeruginosa w niektorych krajach, niemniej
na nieporéwnanie mniejsza skale niz u pate-
czek jelitowych. Ich czestosé u P. aeruginosa
jest jak na razie niewielka, zwlaszcza w po-
rownaniu z IMP i VIM (JovCIC i wspoétaut.
2013, POTRON i wspoétaut. 2015).

Czestos¢ wystepowania MBL w popula-
cjach szpitalnych P. aeruginosa wykazuje
wielkie réznice miedzy krajami, od wartosci
bliskich zera w krajach skandynawskich,
do ok. 3% w Hiszpanii i az ok. 30% w Ro-
sji i Korei. Podobnie waha sie udzial MBL
w catkowitej opornosci na karbapenemy u
P. aeruginosa, z wartosciami takimi jak ok.
7% w Hiszpanii i ok. 40% w Rosji i Korei
(RIERA i wspoétaut. 2011, EDELSTEIN i wspol-
aut. 2013, BAE i wspoétaut. 2014, HONG i

wspotaut. 2015). Zasadniczo mozna przyjac,
ze MBL naleza do najczestszych nabytych
B-laktamaz u P. aeruginosa, prawdopodob-
nie przewyzszajac pod tym wzgledem ESBL
i ES-OXA w réznych krajach. Analiza ge-
netycznego kontekstu wystepowania genow
MBL wykazuje, ze w wigkszosci rodzin, w
tym IMP i VIM, sg to integrony, najczesciej
klasy 1, o wielkiej roznorodnosci struktural-
nej. Sposrod enzymoéw bardziej typowych dla
P. aeruginosa wyjatek stanowi gen blag,, ,,
zlokalizowany w module transpozycyjnym z
sekwencja ISCR4 i wraz z nim w elemen-
cie typu ICE (FONSEcA i wspotaut. 2015).
Podobnie jak w przypadku innych naby-
tych genéw opornosci P. aeruginosa, geny
MBL moga lokowaé¢ sie w plazmidowym lub
chromosomalnym DNA (WALSH i wspélaut.
2005, POTRON i wspétaut. 2015). Szczepy
MPPA powszechnie uwazane sa za jedne z
najgrozniejszych obecnie patogenow szpi-
talnych (ang. alert pathogens). Inne nabyte
karbapenemazy, takie jak enzymy KPC klasy
A (ang. Klebsiella pneumoniae carbapenema-
se) i oksacylinazy CHDL klasy D (ang. car-
bapenem-hydrolysing class D p-lactamases),
ktore wraz z MBL sa obecnie jednymi z
najwazniejszych ~ mechanizméw  opornosci
bakterii chorobotwérczych, u P. aeruginosa
wystepuja rzadko lub wrecz sporadycznie i
jak dotad w okreslonych regionach sSwiata
(POTRON i wspoélaut. 2015).

Oproécz B-laktamaz, P. aeruginosa bardzo
czesto nabywa geny enzymoéw modyfikuja-
cych inng klase antybiotykéw, aminoglikozy-
dy (ang. aminoglycoside-modifying enzymes,
AME). AME tworza niezwykle zroéznicowana
grupe o roéznych mechanizmach dziatania.
Ze wzgledu na sposob inaktywacji amino-
glikozydu, enzymy te dzieli sie na trzy pod-
grupy: acetylotransferazy (AAC), nukleoty-
dylotransferazy (ANT) oraz fosfotransferazy
(APH). Wsrod nich wyroznia sie jeszcze wie-
le podrodzin, w kazdej z nich zas znalezé
mozna po kilka odmiennych wariantow. U
P. aeruginosa najczesciej wystepuja podro-
dziny AAC(3), AAC(6’) oraz ANT(2”), o zrézni-
cowanej aktywnosci wobec gentamycyny, to-
bramycyny i amikacyny (POOLE 2005). Geny
AME wystepuja w formie kaset integrono-
wych i bardzo czesto lokuja sie wraz z ge-
nami okreslonych B-laktamaz w obrebie tych
samych integronéw, przez co elementy te sa
jednym z gléwnych zrédel zjawiska wielo-
opornosci P. aeruginosa. Dodatkowym me-
chanizmem opornosci na aminoglikozydy sa
niedawno odkryte, w tym u P. aeruginosa,
metylazy 16S rRNA. Z rosnacej ich listy, en-
zymy ArmA, RmtA, RmtC, RmtD i RmtF zi-
dentyfikowano juz u tego gatunku w kilku
krajach swiata (POTRON i wspoétaut. 2015,
RAHMAN i wspoélaut. 2015). Metylazy 16S
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rRNA modyfikuja cel dzialania aminoglikozy-
dow, jakim jest podjednostka 30S rybosomu
(Kos i wspotaut. 2015).

Opornos¢ na fluorochinolony, wynikaja-
ca z obecnosci dodatkowych genow, wyste-
puje bardzo rzadko u P. aeruginosa w po-
rownaniu z Enterobacteriaceae. Do tej pory
zidentyfikowano zaledwie kilka przypadkow
obecnosci enzymu AAC(6)-Ib-cr, bedacego
wariantem AME i zdolnego oprécz aminogli-
kozydoéw inaktywowaé réwniez niektéore flu-
orochinolony (Kos i wspétaut. 2015). Ponad-
to, niedawno odkryto u P. aeruginosa nowy
enzym nadajacy opornosS¢ na te chemiote-
rapeutyki, QnrVC-1. Wykazat on homologie
sekwencji z chromosomowo kodowanym ge-
nem opornosci na fluorochinolony znalezio-
nym u przedstawicieli rodziny Vibrionaceae
(BELOTTI i wspoétaut. 2015).

STRUKTURA POPULACJI
P. AERUGINOSA

Globalna populacja P. aeruginosa, w tym
szczepy odpowiedzialne za zakazenia w Sro-
dowisku szpitalnym, okreslana jest jako za-
sadniczo nieklonalna, czyli skladajaca sie
z wielkiej liczby odrebnych, niespokrew-
nionych ze soba blizej genotypow. Ta duza
zmienno$¢ genetyczna w obrebie populacji
przypisywana jest gléwnie wysokiej czesto-
Sci zjawisk rekombinacji u P. aeruginosa.
Niemniej, zwlaszcza wsrod szczepow szpital-
nych, mozna wyrozni¢ stosunkowo niewielkg
grupe rozprzestrzeniajacych sie epidemicz-
nie lub wrecz pandemicznie klonow, ktore
stopniowo réznicujac sie w drodze mutacji
tworza grupy lub kompleksy klonalne bli-
sko spokrewnionych genotypow. Rozwijajaca
sie intensywnie genomika pozwala identyfi-
kowa¢ stopniowo markery charakterystyczne
dla poszczegélnych kladéow i sa wsréd nich
zarowno geny pewnych czynnikéw zjadliwo-
Sci, jak i, przede wszystkim, geny opornosci.
Zwlaszcza te ostatnie musza znacznie wply-
wacC na szczegbdlng zdolnos¢ adaptacji tych
klonéw do Srodowiska szpitalnego. Dane z
zakresu epidemiologii molekularnej dono-
sza o niezwyklym wprost stopniu akumu-
lacji opornosci nabytej w niewielkiej liczbie
kloné6w P. aeruginosa, ktore obserwowane
sg na calym lub niemal calym S$wiecie jako
czynniki zakazen szpitalnych. Dotyczy to
gltownie klonéow ST235 i ST111 (ang. sequ-
ence type; typ sekwencyjny) oraz ich kom-
pleksow lub grup klonalnych. Posiadaja one
niezwyklg zdolnos¢ do gromadzenia oporno-
Sci, zarowno mutacyjnej, jak i wynikajacej z
nabywania genow, przez co nalezace do nich
szczepy z reguly wykazuja fenotypy MDR,
XDR, a nawet PDR. Klon ST235 zostal naj-
pierw zidentyfikowany w Rosji, na Wegrzech

i w Polsce, gdzie tez po raz pierwszy zostal
opisany, i szybko utozsamiony z obserwo-
wanym wczesSniej w Europie tzw. wieloopor-
nym serotypem P. aeruginosa Ol11 (EMPEL i
wspoétaut. 2007, OLIVER i wspoétaut. 2015).
ST235 potrafi dominowaé¢ wsrod szczepow
klinicznych o fenotypach MDR-XDR-PDR w
skali calego kraju, np. w Japonii (58,5%)
(Krrao i wspoétaut. 2012), Chorwacji (40,8%)
(GuzviINEC i1 wspétaut. 2014) lub Czechach
(18%) (NEMEC i wspétaut. 2010). U przed-
stawicieli tego typu sekwencyjnego odna-
leziono wszystkie znane do tej pory geny
nabytej opornosci P. aeruginosa, obecne w
ponad 100 elementach genetycznych, w tym
39 roznych B-laktamaz (OLIVER i wspoétaut.
2015). ST235 jest glownym producentem
ESBL PER-1 w skali miedzynarodowej (EM-
PEL i wspoétaut. 2007, LIBISCH i wspoélaut.
2008) oraz MBL z rodzin IMP i VIM, kodo-
wanych przez ponad 50 réznych integronow
(OLIVER i wspoétaut. 2015). W latach 2002-
2010 w Rosji doszlo do niezwykle spekta-
kularnego rozprzestrzenienia sie ST235 z
enzymem VIM-2 na terenie catego kraju. O
ile na poczatku tego okresu stanowil on ok.
7,5% szczepow opornych na karbapenemy,
to pod koniec bylo to juz ok. 38,0%. Warto
nadmieni¢, ze Rosja jest jednym z krajow o
najwyzszej czestosci (75,3% w 2010 r.) opor-
nych na karbapenemy P. aeruginosa (EDEL-
STEIN i wspoétaut. 2013). Dane te doskona-
le ilustruja potencjal epidemiczny ST235;
wraz z ST111, przewazajacym wsrod szcze-
pow MDR-XDR-PDR w innych krajach, sa
one dzisiaj obiektami zakrojonych na szero-
ka skale badan genomicznych, majacych na
celu pelne zrozumienie zrodet ich globalnego
»Sukcesu” ekologiczno-epidemiologicznego.

TERAPIA ZAKAZEN P. AERUGINOSA -
NOWE NADZIEJE

W zwiazku z rosngca antybiotykooporno-
Scia w skali globalnej i cieniem, jaki rzuca
to zjawisko na wspoélczesng medycyne za-
kazen, mnoza sie¢ wysitki w celu opracowa-
nia nowych, skutecznych form zwalczania
wieloopornych szczepéw bakterii. Pole walki
z najtrudniejszymi z punktu widzenia tera-
peutycznego zakazeniami P. aeruginosa typu
MDR-XDR-PDR jest duze. Odpowiednio pod-
jeta strategia wdrazania i stosowania no-
wych terapeutykéw i nowatorskie wykorzy-
stanie starszych pozwalaja wierzy¢, ze poje-
dynek z tym ciezkozbrojnym przeciwnikiem
okaze sie na pewien czas zwycieski.

Mozna wyréozni¢ dwa glowne zalozenia
przy tworzeniu nowych lekéw i terapii prze-
ciwko opornym szczepom P. aeruginosa.
Pierwszym jest wyszukiwanie nowych an-
tybiotykow, ktére moglyby z powodzeniem
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zastapi¢ te, ktére obecnie okazuja sie juz
nieskuteczne. W ostatnich latach kilka no-
wych lekow przeciwbakteryjnych zostalo lub
niedlugo zostanie wprowadzonych na rynek,
aktywnych réwniez wobec P. aeruginosa.
Nowe wynalazki pojawily sie w grupie chi-
nolonéw (nemonoksacyna), cefalosporyn (ce-
ftozolan, ceftobiprol) oraz karbapenemow (to-
mopenem). Co wiecej, wynaleziono nowe in-
hibitory B-laktamaz (awibaktam), ktoére moga
zwiekszy¢ skutecznos$¢ terapeutyczna do-
tychczas stosowanych [-laktaméw (BASSETTI
i wspétaut. 2011, 2013). Druga koncepcja
zakltada opracowywanie zwiazkow, ktorych
celem sa systemy regulacji ekspresji czynni-
kow wirulencji (tzw. leki przeciwpatogenne).
Ich dzialanie moze powodowaé obnizenie zja-
dliwosci szczepu, co w konsekwencji moze
tez zadecydowac¢ o spadku jego opornosci
na podawane antybiotyki (ALLEN i wspotaut.
2014). Dodatkowo, do leczenia wdraza sie
klase adiuwantéw, zwigzkéw pomocniczych
w terapii (WAGNER i wspétaut. 2016).

Wsréd obiecujacych czasteczek o charak-
terze przeciwbakteryjnym znajduje sie zwia-
zek CHIR-090 oraz jego pochodne. Sa to
inhibitory deacetylazy N-acetyloglukozaminy
(LpxC), enzymu zaangazowanego W synte-
ze lipidu A, krytycznego elementu blony ze-
wnetrznej wiekszosci Gram-ujemnych bak-
terii. Testowana aktywnosS¢ in vitro i in vivo
przy zastosowaniu réznych modeli infekcji u
zwierzat wskazuje, ze pochodna CHIR-090
o nazwie LpxC-4 wykazuje dobre wlasciwo-
§ci antybiotyczne. Osiagniety wynik moze
kwalifikowac¢ ten inhibitor do badan przed-
klinicznych (TOMARAS i wspétaut. 2014). Ze
wzgledu na bariere, jaka stanowi malo prze-
puszczalna blona zewnetrzna P. aeruginosa,
kluczowym zagadnieniem jest sposob do-
starczenia antybiotyku do wnetrza komorki
bakteryjnej. Innowacyjnym pomystem jest
zastosowanie strategii ,molekularnych koni
trojanskich”, jakimi moga byc¢ naturalne lub
syntetyczne siderofory. Wydzielane na ze-
wnatrz, wychwytuja jony zelaza obecne w
Srodowisku, wiaza je w kompleksy i wraca-
ja do komorki w drodze transportu aktyw-
nego. Te ostatnia wlasciwosé postanowiono
wykorzystac w celu dostarczenia lekoéw prze-
ciwbakteryjnych, tworzac koniugaty sidero-
for-antybiotyk. Po wejsciu do komorki ule-
gaja one dysocjacji, uwalniajac lek (MISLIN i
SCHALK 2014). Przykladem moze byc¢ zwiazek
monosulfaktamu i meropenemu, znajdujacy
sie w fazie I testow klinicznych. Do dalszej,
II fazy badan klinicznych, kwalifikuje sie ce-
falosporyna o wtasciwosciach chelatujacych

S-649266 (www.clinicaltrials.gov; identyfi-
kator: NCT02321800) (WAGNER i wspoblaut.
2016). Ponadto, wykazano, ze S-649266

jest malo podatna na dzialanie niektérych

B-laktamaz nalezacych do klasy A oraz B
(NDM-1, VIM-2, IMP-1, KPC-3) (ITO-HORIY-
AMA i wspoétaut. 2016). Duze nadzieje wiaze
sie tez ze zwiazkami galu (Ga). Pierwiastek
ten jest dobrze znany dzieki zdolnosci nasla-
dowania zelaza w ukladach zywych, nie pel-
niac jednak tych samych funkcji. Zastepujac
jon zelaza w strukturze niektérych enzymow,
gal jest w stanie zatrzymywac istotne dla
komorki reakcje typu redoks, wplywa¢ na
konformacje biatek, a w efekcie na zywot-
nos$¢ komorki. Wymienione wtasciwosci galu
moga okazacC sie szczegblnie przydatne dla
intensywnie dzielacych sie, aktywnych me-
tabolicznie komoérek, takich jak komoérki no-
wotworowe czy bakteryjne (BERNSTEIN 1998).
Role galu doceniono w leczeniu hiperkalce-
mii pojawiajacej sie w trakcie choroby no-
wotworowej (preparat Ganite®). W testach
aktywnosci przeciwbakteryjnej substancja
czynna Ganite”, Ga(NO,), okazala sie wyso-
ce efektywna w stosunku do P. aeruginosa,
wlaczajac w to szczepy typu mukoidalne-
go (typowe dla pacjentéw z mukowiscydo-
zg) oraz szczepy wielolekooporne. Ponadto,
u myszy chorych na mukowiscydoze poda-
wany Ga(NO,), skutecznie zredukowal wywo-
lane zakazeniem uszkodzenia pluc (KANEKO
i wspoétaut. 2007). Aktualnie podejmowana
jest II faza badan klinicznych preparatu Ga-
nite® u oso6b chorych na mukowiscydoze,
ktorym towarzysza przewleklte zakazenia
P. aeruginosa (www.clinicaltrials.gov; identy-
fikator NCT02354859). Niestety, stosowanie
galu wzmaga wytwarzanie czynnikéw zjadli-
wosci u P. aeruginosa, co moze zaostrzyc
przebieg zakazenia. Chcac zachowac dobre
efekty terapeutyczne nalezaloby skoniugo-
wacC je z lekami przeciwpatogennymi (GAR-
CIA-CONTRERAS i wspoétaut. 2014). W latach
70. ubieglego wieku stosowano powszech-
nie w wielu krajach aminoglikozyd arbeka-
cyne, jednakze po 20 latach zaniechano jej
uzywania. Oprocz potwierdzonej aktywnosci
wobec bakterii Gram-dodatnich (np. MRSA)
posiada ona takze dobra skuteczno$¢ w le-
czeniu zakazen bakteriami Gram-ujemnymi,
szczegblnie A. baumanii czy P. aeruginosa.
Co wazne, arbekacyna jest odporna na dzia-
lanie wielu klas AME, dzieki czemu moze
by¢ z powodzeniem stosowana wobec szcze-
péw aminoglikozydoopornych. Analiza ak-
tywnosci in vitro arbekacyny w polaczeniu z
aztreonamem pokazala, ze kombinacja tych
dwoch lekow jest efektywna wobec szcze-
poéw MDR P. aeruginosa (MATSUMOTO 2014).
Obecnie arbekacyna przechodzi I faze testow
klinicznych (www.clinicaltrials.gov; identyfi-
kator: NCT02459158). Innym rozbudzajacym
nadzieje lekiem jest antybiotyk POL7080,
nalezacy do grupy peptydomimetykow. Lek
ten przeszedt juz II faze badan klinicz-
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nych (www.clinicaltrials.gov; identyfikator:
NCT02096328). Mechanizm jego dzialania
zasadza sie na modyfikacji procesu sklada-
nia LPS i moéglby by¢ stosowany szczegodlnie
w leczeniu respiratorowego zapalenia ptuc
wywolanego przez P. aeruginosa (RAMIREZ-ES-
TRADA i wspoétaut. 2016). Obecnie rozwijany
jest projekt, ktérego celem jest opracowanie
szczepionki przeciwko P. aeruginosa. Zespol
austriacki pod kierownictwem Bernda Jilma
niedawno dowiodl, ze tworzona szczepionka,
IC43 jest bezpieczna, przechodzi I faze ba-
dan klinicznych (WESTRITSCHNIG i wspotaut.
2014), a obecnie trwajg przygotowania do
fazy II/III (www.clinicaltrials.gov; identyfika-
tor: NCT01563263). Sukces tych prac umoz-
liwilby zwalczanie zakazen przewleklych,
jednoczesnie omijajac ryzyko rozwijajacej
sie antybiotykoopornosci u wywolujacych je
szczepow P. aeruginosa.

Lista innych potencjalnych lekow, ktore
w przysztosci moga byc¢ stosowane w tera-
pii P. aeruginosa MDR jest dluga. Czytelnicy
zaciekawieni ta materig zapoznacC sie moga
z pracami przegladowymi, ktére ukazaly sie
niedawno (BASSETTI i wspoétaut. 2013, PAGE i
BuUsH 2014, CHENG i wspoétaut. 2016, TANE-
JA i KAUR 2016, WAGNER i wspoétaut. 2016).
Pomimo, ze duza czes¢ tych zwiazkéw nie
jest jeszcze wprowadzona do leczenia, na-
dzieje budzi dynamika, z jaka podejmowane
sg kolejne proby ich efektywnosci w terapii.
Wydawac sie wiec moze, ze zagrozenie, jakie
stanowi oporny patogen P. aeruginosa, moze
by¢ juz niedlugo zazegnane. Niestety, samo
wprowadzanie coraz nowszych lekow nie
wystarczy. Osiagniecie sukcesu w walce ze
szczepami opornymi jest mozliwe tylko dzie-
ki ciagle udoskonalanym systemom kontro-
li zakazen, racjonalnej antybiotykoterapii, a
takze dokladnemu monitorowaniu zjawiska
lekoopornosci. Bardzo wazna jest jej spo-
leczna swiadomosé. Rozumiejac wage zagro-
zenia, jakie niesie ze soba globalne zjawisko
antybiotykoopornosci, znajac mechanizmy jej
rozprzestrzeniania i zapobiegania, a wreszcie
racjonalnie stosujac nowoczesne leki prze-
ciwbakteryjne nie musimy by¢ skazani na
powrot do ery przed-antybiotykowe].

Streszczenie

Wystepujace powszechnie i narastajace zjawisko
opornosci na antybiotyki wsréd bakterii chorobotwor-
czych jest jednym z najwiekszych wyzwan dzisiejszej
medycyny zakazen. Szczegbélne zagrozenie stanowia za-
kazenia szpitalne wywolywane przez wielooporne szcze-
py okreslonych gatunkéw, np. Pseudomonas aeruginosa.
Jest to patogen oportunistyczny, odznaczajacy sie opor-
noscia naturalna na kilka klas stosowanych antybioty-
kow. Dzieki wysokiej plastycznosci genomu, obejmujacej
roznorodne mutacje funkcjonalne (strukturalne i regu-
lacyjne) oraz pozyskiwanie obcego DNA, jest w stanie
szybko adaptowac¢ sie do niesprzyjajacych warunkow
Srodowiska. Szczegdlnie niepokoi zdolnos¢ nabywania

przez P. aeruginosa dodatkowych cech opornosci, co w
polaczeniu z naturalnymi mechanizmami czyni ten pa-
togen wybitnie trudnym do zwalczania. Bakteria ta jest
w stanie wywolywa¢ m. in. ostre zapalenie ptuc, za-
kazenia lozyska krwi, skory i tkanek miekkich (w tym
ran operacyjnych i oparzeniowych). Jest réowniez czyn-
nikiem etiologicznym zakazen przewleklych, towarzy-
szacych np. mukowiscydozie. Antybiotykami stosowa-
nymi obecnie przeciwko zakazeniom P. aeruginosa sa
najczesciej cefalosporyny III i IV generacji, karbapenemy,
fluorochinolony i aminoglikozydy. W zwiazku z maleja-
ca liczba dostepnych, skutecznych opcji terapeutycznych
pracuje sie nad nowymi terapeutykami lub nowatorskim
wykorzystywaniem dotad juz poznanych.
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“HEAVILY ARMED” PSEUDOMONOAS AERUGINOSA: MECHANISMS AND GENETIC BACKGROUND OF DRUG
RESISTANCE

Summary

The rapid spread of antibiotic resistance (AMR) in pathogenic bacteria is one of the greatest challenges of mod-
ern infectiology. In particular, the most threatening are nosocomial infections caused by multi-drug-resistant strains
of several major species, such as Pseudomonas aeruginosa. This opportunistic pathogen exibits a broad-spectrum
of natural resistance. Due to its high genome plasticity, comprising functional mutations and acquisition of foreign
DNA, P. aeruginosa can easily adapt and persist in harsh environmental niches. The critical issue is its outstanding
ability to acquire diverse AMR mechanisms, including those encoded by mobile genetic determinants. In addition to
the intrinsic resistance, P. aeruginosa can be highly resistant to all of the currently available antipseudomonadal an-
timicrobials. P. aeruginosa is the etiological agent of a variety of infections, including acute pneumonia, bloodstream
infections or skin and soft tissue infections (e. g. postoperative or burn wounds). It is responsible also for chronic
infections, like those in cystic fibrosis (CF) patients. The major antimicrobials used in P. aeruginosa infections are
newer-generation cephalosporins, carbapenems, fluoroquinolones or aminoglycosides. Owing to limitations of the ef-
fective therapeutic options against P. aeruginosa, new antimicrobials and novel indications and thus applications for
older drugs are being developed.



8. Discussion

B-Lactam compounds are the oldest, the largest, the most diverse and the safest
group of antibiotics, effective against a broad spectrum of infections, caused by most of
clinically relevant bacterial pathogens. However, shortly after the large-scale
application of penicillin in the early 1940s, the first resistant, B-lactamase-producing
staphylococcal strains emerged. With this and several following examples, bacteria
showed their potential of developing resistance to every new intiinfective agent soon
after its introduction, commencing a specific race between medicine, academia and
pharmaceutical industry on one side, and pathogens on the other. During several
decades microorganisms have acquired a large number and variety of AMR
mechanisms, segregating lineages steadily accumulating more and more effective ones,
and so adopting better to hospital environments.(153) P. aeruginosa has peculiar AMR
capacity based on multiplicity of intrinsic and acquired mechanisms which together are
able to confer resistance to all currently used drugs, including B-lactams and their
specific class, the carbapenems. Considered until recently as the ‘last-line’ drugs,
carbapenems possess extensive activity spectrum and remarkable potency against
Gram-positive and Gram-negative bacteria, being resistant to hydrolysis by numerous
B-lactamases.(154) Because of their high potential in combating widely disseminated
ESBL-producing enterobacteria and other Gram-negatives resistant to expanded-
spectrum cephalosporins, soon after their clinical implementation carbapenems started
to be used in large amounts, which resulted in the selection of resistant strains.(155) The
first ones, often being P. aeruginosa, emerged just after the approval of imipenem in
1985,(36, 154) and in the following years carbapenem resistance (CR) has been
increasingly observed worldwide in Pseudomonas spp., Acinetobacter spp. and then
Enterobacterales, with significant acceleration in the 2000s.(153, 154)

CR rates in P. aeruginosa in individual countries vary broadly, from <10% to
>60% of clinical isolates (Figure 6).(156, 157) Based on the data from specific AMR
studies and ECDC reports, the frequency of isolates resistant to imipenem and/or
meropenem in Poland doubled from 1996 to 2005, and has remained at the ~25% rate
until 2019. This value much exceeded the European mean of 16.5%, making the country
one of the more affected by CR in Europe,(55, 147, 158) and in 2020 the rate increased
to 28.5%(https://atlas.ecdc.europa.eu/public/index.aspx). Besides Europe, CR rates have

been also monitored in other continents/regions, and based on the susceptibility data for
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8,572 P. aeruginosa clinical isolates from 54 countries, in 2019 the lowest CR rate
(~4.5%) was in Oceania (Australia and New Zealand), while the highest one was
observed in South America (25.9%). Asia had the incidence of 20.3%, but when split
into the Far and Middle East, it revealed a remarkable difference, with 16% and 27.6%,

respectively.(157)

|:| 10 < 20%
[ ]20<40%

[ ] 40<60% ﬁﬁ
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Fig. 6. Rates of carbapenem resistance in P. aeruginosa worldwide in 2019. All the data
were extracted from the Antimicrobial Testing Leadership and Surveillance run by
Pfizer (data last updated on 30™ June, 2021).(157)

CR in P. aeruginosa and other Gram-negatives, especially when associated with
the carbapenemase production, is notoriously an element of MDR, with possible
transition to even the PDR phenotype.(159) Moreover, nosocomial pathogens with CR
at lower levels tend to elevate it by accumulating various non-enzymatic or enzymatic
mechanisms, including combinations of different carbapenemases.(160) Recently the
co-production of carbapenemases has been recorded more and more frequently also in
Poland, both in pseudomonads and enterobacteria, with the prevailing position of MBLs
in such combinations.(161-163) The worldwide continuous diffusion of MBLs in
P. aeruginosa populations has been observed from the 2™ half of the 1990s, so that
some national or international surveillance networks have started to monitor this
growing threat at that time.(33, 41, 155) Despite numerous reports, the overall
estimation of the prevalence of MPPA is difficult. This is largely due to differences in
the individual study design, including either all P. aeruginosa clinical isolates, isolates

from specific infection types, MDR isolates (with varying definitions),
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ceftazidime-resistant isolates or CR isolates as the study material. The early surveys on
MPPA prevalence in entire nosocomial P. aeruginosa populations were conducted
e.g. in Greece in 2001, recording the rate of 1.3%, the same as in Italy in 2004.(164,
165) A study in Korea in 2000-01 evaluated the MPPA rate to be 11.4% (166), while
Japan showed an increase from 0.4% to ~2.0% in 1992-2002, and then stabilization at
~2.0% to 2006.(167, 168) Till 2005, probably the highest incidence was observed in
Brazil; almost 20% of tested isolates produced MBLs.(41) With time the situation has
been changing in different countries, e.g. Greece recorded 14.1% in 2011(48), whereas
Korea had noted first a rapid growth to 30.2% MPPA in 2008, and then a decrease to
6.4% six years later.(26, 169) In Spain the MPPA incidence has been rather stable, in
2008-09 and 2017 the prevalence of 2.7% and 2.2%, respectively, was observed.(49,
170) In Russia, the all-country surveillance system monitored a drastic change of the
MPPA rate, from 4.5% in 2002-04, via 28.7% in 2008-10, to 30.8% in 2015-16.(47,
171) In Poland, one of the first countries reporting the MPPA prevalence, in 2003 the
rate was 0.5%(55) but after 15 years, it has elevated to 15%.(172)

In the 1% half of the 1990s, researchers began using molecular biology
techniques to investigate the dynamics and mechanisms of the pathogens’ spread within
their population structures. It was of critical importance to possess precise, reliable and
discriminatory tools for the effective identification of specific genotypes which due to
peculiar epidemicity, virulence and/or AMR constituted growing clinical and public
health threat. The introduction of molecular approaches, with the recent broad
implementation of WGS, has responded perfect to these needs, giving rise to the
so-called ‘molecular epidemiology’, which allowed understanding better the clonal
variation of pathogens, and identifying their reservoirs and transmission patterns.(173)
Most of the early molecular epidemiological reports on CR P. aeruginosa and/or MPPA
were from Japan and other Far East countries; in Europe only a few countries conducted
such research by the mid-2000s.(37, 55, 61, 164, 174, 175) Then the situation has
improved, among others due to the introduction of the MLST scheme for
P. aeruginosa,(176) the fully universal, standardised and inter-laboratory reproducible
method, which revolutionised microbial typing on the threshold of the 2000s.(177)
MLST has been especially useful in characterization of the clonal status of bacterial
isolates and the clonal structure of their populations, and being of limited discriminatory
power, it performed well in large-scale and long-term evolutionary-epidemiological

analyses.(138, 178) The recent application of the WGS-based approaches has opened
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new perspectives for the epidemiological investigations at all levels, and allowed
addressing all of the issues mentioned above with unprecedented comprehensiveness,
precision and reliability. Interestingly, the broader and broader implementation of WGS
has not undermined the scientific relevance and utility of sequence types (STs), the
specific ‘labels’ of clonal identity introduced in the standard 7-loci MLST schemes. The
use of STs remarkably facilitates bioinformatic analyses of huge amounts of data
generated by the enormously progressive WGS.(179-181)

Molecular epidemiology surveys of P. aeruginosa nosocomial or environmental
isolates revealed their extensive clonal diversity, with high contribution of multiple
sporadic genotypes. Moreover, despite the large and growing number of STs identified
so far (>3800 as of 6" December 2021), the detection of new variants is still frequent,
however, not for the MDR/XDR strains. The presence of some epidemic genotypes had
been postulated a long time ago, including the so-called international MDR serotypes
Ol11 and OI12, later classified as ST235 and STI111, respectively.(138) As it was
mentioned already, many nationwide surveys have documented their status of the global
or pandemic MDR P. aeruginosa clones, often associated with VIM/IMP-like MBLs.(3,
138) Recent advances in genomics allowed to explain possible factors underlying the
ST235 epidemic ‘success’; the clone possesses higher mutation rate (hypermutator
phenotype), additional set of genes implicated in DNA processing and transformation,
and no functional CRIPSR/Cas interference.(144, 182) Together, these genetic traits
likely increase the ability to acquire and maintain exogenous DNA, as well as enhance
the intraspecies competitiveness of the clone. Moreover, since the majority of currently
used antibacterials were discovered and implemented to clinical use in the 2" half of
the 20" century, the AMR acquisition, either by mutation or horizontal gene transfer,
may be the major driving force of the persistence and spread of ST235 in nosocomial
environments over the last decades. The huge selection pressure of various antibiotics in
hospital settings provides exceptional conditions for the expansion of such
genotypes.(182)

As the first work of this dissertation shows, Polish hospitals may be an apt
example of this phenomenon because almost half of the studied MPPA strains were
assigned to ST235 and ST111. The ST235’s peculiar genetic capacity discussed just
above was reflected in the study by the number of acquired AMR genes, including those
of the MBL variants and their class 1 integrons identified in this clone. ST235 had the

highest mean of ~7.6 mobile AMR genes per isolate, with seven variants of VIM/IMPs
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encoded by 22 different class 1 integrons, 14 of which were new. ST111 possessed
~5.4 acquired AMR genes per average isolate, with VIM-2/-4 in eight various integrons,
including three new ones. As the genomic phylogenetic analyses demonstrated, their
populations arose by the international circulation of several representatives of pre-
differentiated clades or lineages, some of which persisted then in hospital settings and
further diversified into locally-specific genotypes. This is probably well-portrayed by
the ST235/A, ST235/] and ST235/0O epidemic genotypes, identified first as MBL
producers in the region Slaskie in 2004,(55) in Warsaw in 2005, and in Kujawsko-
Pomorskie in 2009, respectively. All these genotypes belonged to the phylogenetic
Group I and likely clade C11 of ST235 (144), and apparently formed a related
subgroup, though ST235/0 was related even more to some MBL-negative strains from
Italy and the US (first paper; Figure 1). C11 seems to be one of the more expansive
ST235 lineages, recorded without or with MBLs in Japan, the US, and in southern
Europe — Croatia and mainly Italy. It is possible that C11 members arrived/emerged in
Poland as MBL-negative organisms at least twice, once giving rise to ST235/A and
ST235/J by the subsequent on-site clonal differentiation, and then to ST235/0. Their
diversification comprised also acquisition of five different, Poland-specific MBL
integrons, In1978 type or In2016 by ST235A, In238 by ST235/J, and In1656 or In1977
by ST235/0, and four of the resulting combined genotypes disseminated
interregionally. Considering also the variation of the In1978-type integrons (In1978,
In593, Inl1652), deriving from gene cassette insertions/excisions, the C11 ST235
organisms themselves showed the complexity of the MPPA epidemiology and
evolution. The last of the ST235 epidemic genotypes, ST235/A0-In1451, was relatively
distant to those discussed above; although located in Group I too, it represented another
highly ‘cosmopolitan’ clade C12, with closest relatives in MBL-negative isolates from
France and Portugal. This genotype, encountered first in 2007, unambiguously arose by
a separate individual emergence of P. aeruginosa ST235 in Poland.

A similar situation was observed for the two epidemic STI111 genotypes,
ST111/K-In59 and ST111/L-In1008, which fell into two different major phylogroups of
the clone (first paper; Figure S5). Contrarily to ST235, the largest group of ST111
consisted entirely of MBL (VIM)-producing isolates from Europe and the Americas,
and this contained ST111/K with In59, the integron identified originally in ST111 in
France in 1997, and then in Sweden, the UK and other countries.(61, 62, 113, 183, 184)
This might suggest arrival of the genotype into Poland already as the international MBL
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producer, with the 1% isolate recorded in 2010. Both ST111/K-In59 and the distant
ST111/L-In1008 had closest relatives in isolates from the UK; however, it should be
underlined that the majority of the ST111 genomic sequences available were from a
WGS-based epidemiological study in that country.(62) An interesting observation
concerned a number of minor ST235 and ST111 genotypes, varying by pulsotypes and
MBL integrons, which in the phylogenetic analysis formed three common branches, one
together with the ST235 Group I clade C2, one with the ST235 Group II clade C10 and
one within the group 3 ST111 isolates, respectively. The closest relatives of all these
three sets of isolates were from different countries/continents. It might be proposed that
their progenitors spread broadly and emerged in Poland as MBL negatives a relatively
long time ago, having then enough time to differentiate on site into multiple distinct
pulsotypes and acquire diverse MBL integrons.

The two remaining of the predominant clones, ST273 and ST654, represented a
remarkably distinct evolutionary-epidemiological case. Almost as numerous as ST111,
ST273 had much more clonally homogeneous population, with 95% isolates belonging
to one pulsotype, and 99% isolates carrying the same integron; therefore,
ST273/AE-In249 was the most successful individual epidemic genotype in entire
MPPA population. Considering that this was one of only two epidemic organisms that
commenced spreading in the early period, around 2000 in the region Dolnoslaskie,(55)
its relatively high internal microdiversity at the SNP level has not been surprising. At
the same time, there were only few reports on single ST273 isolates available from the
Far East and Western Europe,(77, 141, 185-187) and only two phylogenetically separate
ST273 genomes were present in the databases (first paper; Figure S7), all which have
strongly supported the hypothesis that the entire Polish ST273 population differentiated
on site, gradually expanding into multiple regions. However, the lack of any
MBL-negative ST273 isolates from Poland, especially from before 2000, and their
general scarcity from elsewhere, make it difficult to address the issue of the deeper
origin of the ST273/AE-In249 genotype. It is also a matter of question what factor(s)
has been responsible for its enhanced epidemicity, and why this has been observed only
in Poland so far; a study addressing specific characteristics of the organism has started.

ST654, the fourth abundant Polish clone, identified also in other countries with
various carbapenemases, has been recently attracting wider attention because of its
apparently growing prevalence e.g. in the Middle East and Russia.(188-193) Of all
Polish major STs, ST654 emerged as the last one in 2009, and similar to ST273, its
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population was clonally ‘compact’, with 95% isolates representing a single pulsotype.
However, it was remarkably diversified by the presence of five integrons, and so, only
two combined genotypes, ST654/Q-In1008 and ST654/Q-In1653, might be indicated as
epidemic organisms. Interestingly, when compared to the limited worldwide genome
collection, all Polish ST654 isolates formed a separate cluster, regardless their pulsotype
and integron content (first paper; Figure S9). All these indicated that ST654 has
emerged and spread as a basically MBL-negative organism in Poland, mainly in the
southern regions Matopolskie and Slaskie, acquiring then various integron-carrying
structures in individual settings. Like with ST273, the issue of its deeper origin is open.

Of the all remaining P. aeruginosa clones and specific MPPA genotypes, two
more deserve for some attention. ST175 with all eight isolates grouping in a
homogeneous genotype ST175/AC-In110, belonged to more prevalent organisms,
having caused a limited outbreak in the region Warminsko-Mazurskie (first paper;
Table 1). Both the ST and the integron have been identified broadly, especially in Spain,
Italy or France.(45, 138) The phylogenetic analysis of four sequenced Polish isolates
has evidenced their closest relatedness to a sample of isolates with In110 from Italy, the
country where the integron had been originally described in 1999.(194) Similar to the
case of ST111/L-In59 discussed above, the ST175/AC-In110 isolates identified in
Poland probably originated from import of an MPPA genotype to the country, followed
by its spread on site. Another situation was shown by one of the sporadic genotypes,
ST357/CZ-In1458, characteristic for four isolates from Dolnoslaskie mainly (first
paper; Table S2). The original isolate of this type was identified in Wroctaw in 2006, as
the 1% Polish MPPA with an IMP-like MBL, IMP-7, and in 2008 indistinguishable
isolates occurred in the north of the Czech Republic.(195) As shown in this study, the
genotype has not proliferated much in Poland in the following years, however, it has
done so in Czechia, becoming the predominant MPPA organism in there.(68) Therefore,
in contrast to ST175/AC-In110, this might exemplify export of MPPA from Poland to
another country.

The number of different horizontally-acquired AMR elements, mostly class 1
integrons, detected in P. aeruginosa high-risk clones is overwhelming. Despite the large
documentation of their presence, the information on the location, broader genetic
environment and mechanisms of transfer are still restrained. However, many studies,
including the genomic ones, have tracked these often to the chromosome and

PAGIs/ICEs, making clonal spread (mainly) and the conjugative transfer of ICEs the
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preferential manners of AMR dissemination and accumulation in P. aeruginosa
populations.(3, 138) Until recently, little was known about MBL-encoding plasmids in
pseudomonads, their diversity and role in disseminating AMR determinants. Yet, a
growing number of WGS studies, especially those utilizing long-read technology,
allowed for identification of new AMR plasmids lineages, such as pMOS94. These
nontypeable molecules, sizing from ~24 to ~100 kb, have disseminated through various
Pseudomonas spp. populations in Europe and Brazil since 1994, carrying miscellaneous
VIM/IMP integrons.(196)

Another, ‘older’ and more abundant group of plasmids are the IncP-2-type
molecules, identified and characterised originally in the 1970s-80s,(118, 119), but
difficult to study because of their large sizes of ~300 - ~550 kb (‘megaplasmids’).
Recently Cazares et al. indicated that a subfamily of these plasmids, grouping also the
Polish lineage of pPUVs, characterised in the second paper of this dissertation, are
widely distributed geographically and have been isolated from environmental and
clinical specimens. Moreover, the genomic analysis of isolates from 1970-1986, has
gained insights into the evolution of this subgroup. It was suggested that these structures
were originally assembled in non-aeruginosa pseudomonads without AMR genes, and
during the evolutionary process acquired various AMR determinants, either before or
after the transfer to P. aeruginosa, followed by positive selection of the
MDR-associated ones.(110) Except for a limited ‘outbreak’ of IMP-45-encoding
megaplasmids in three hospitals in China between 2015-2018, these structures were
usually recorded in single Pseudomonas spp. strains, occasionally with MBL
genes.(109, 110, 115, 123-127) Therefore, this study, demonstrating the presence of the
VIM-2-encoding pPUVs in ~15% of all MPPA isolates, has documented probably the
largest recorded spatiotemporal in-country spread of MBL-encoding plasmids in
P. aeruginosa, or even the largest AMR plasmid ‘epidemic’ reported in this organism
ever. The pPUVs’ self-transmission caused that the associated In461 was the most
prevalent element among all 46 MBL integrons in Polish MPPA, and remarkably
contributed to the overall MPPA spread. The comparative genomics showed that,
although sharing many features with the entire IncP-2 group, the pPUVs were closely
related only to the VIM-2-encoding plasmid pJB37 from Portugal;(109) however,
pJB37 had a different integron located in another genetic context, indicating separate
recent evolution. The in-sample analysis of the pPUV series allowed confirming the

accuracy of the new IncP-2 replicon identification;(110) it has also verified the views on
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structure and functionality of two distinct sets of DNA transfer genes, #rb and tra, the
former classified lately as a part of a putative ICE.(110, 122, 127)

While the first two original articles detailed the clonal and horizontal aspects of
the MPPA spread in Poland till end of 2015, the third paper is a case report
microbiological study, carried out by the fully genomic approach. This work showed a
remarkable accumulation of 25 various AMR genes in a P. aeruginosa ST234 strain,
including those coding for NDM-1 and DIM-1 MBLs, and the PME-1 ESBL, conferring
nearly pan-resistance. Although another ST234 MPPA isolate had been observed
already in southern Poland in 2013(197), both the clone and the major AMR genes have
been rather uncommon, reported though over huge distances, including Asian and
African countries. The SNP-based phylogeny on all publicly available ST234 genomes
suggested that the Polish strain might have evolved in another continent; however, both
the origin and the time of its import are unknown. A notable relatedness to several
Ghanaian IMP-34- and DIM-1-producing ST234 isolates was observed; these belonged
to the same evolutionary lineage, and differed by ~1500 SNPs from the Polish
isolate.(90) The recruitment of the same DIM-1-encoding integron, In1592, was another
possible evidence for the evolution of the Polish and Ghanaian isolates from a common
ancestor. However, this structure was embedded in distinct PAGIs, indicating it had
been acquired from an unknown donor and then underwent different variations.(90) The
origin of ICE6660 remains puzzling since none of the aforementioned ST234 isolates
possessed blanpm-1. (90) A possible clue might be provided by a recent meta-analysis,
showing that in 2012-2014 there were two NDM-producing P. aeruginosa strains in
Ghana, thus suggesting a possible source of blanpm for the Polish isolate.(198)

All the presented works together have demonstrated a comprehensive analysis of
a unique collection of clinical MPPA strains, using microbiological and
molecular/genomic state-of-the-art approaches, which in combination with the basic
epidemiological data have allowed to explain in details the background, mechanisms
and course of the extensive spread of MPPA in Polish hospitals in 2005-2015. When
compared to those described in other countries, the MPPA population in Poland
revealed a number of common and specific characteristics. The common ones included:
1) the key role of the clonal spread in the MPPA increase, ii) the predominance of a few
clones, iii) the remarkable contribution of the pandemic clones ST235 and ST111, iv)
the heterogeneous phylogeny of the ST235 and ST111 subpopulations. The specific

elements comprised: i) the remarkable role of the plasmid horizontal transfer on a
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territorial scale, ii) the specificity of multiple ST235 and ST111 genotypes due to in-
country differentiation, iii) the high contribution of ST273 and ST654 in the overall
MPPA population structure, iv) the number, diversity and specificity of MBL integrons,
v) the specificity of the pPUV lineage of the IncP-2-type plasmids.

The presented work provided new information on the P. aeruginosa population
genetics and epidemiology, as well as the structure, function and evolution of various
genetic elements in this species, such as MBL integrons, plasmids, and genomic islands.
The so far aggregated knowledge on MPPA in Poland, starting from the first
studies,(42, 43, 55, 150) together with the results presented within this doctoral
dissertation, place Poland among the countries with the best recognised epidemiology of
this pathogen.

Despite the best efforts, this work has also some limitations, concerning mainly
the representativeness and the age of the studied isolates. The introduced principle of
the collection composition, which assumed one strain per one centre per year, has
partially lowered the real contribution of hospital outbreaks in the MPPA spread. It
could not allow for a fully accurate presentation of prolonged or recurrent epidemics,
thus affecting the actual proportion between outbreak and non-outbreak isolates. On the
other hand, it prevented overgrowing the size of the study population, making its
analysis affordable and cost-effective. Along with that, the study collection (2005-2015)
has not comprised MPPA isolates from the very recent years, and so the results have not
necessarily reflected the current epidemiology of this pathogen. However, it should be
noted that the work presented was retrospective and it directly continued the early study
of MPPA from 2000-2004.(55) Moreover, the size of the collection and the range of the
methodology used required remarkable time to perform a comprehensive and

conclusive analysis.
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9. Conclusions

The overall aim of the project was to identify the factors and mechanisms of the

alarming increase in MPPA infections in Poland in 2005-2015, by revealing the

comprehensive view of the epidemiological situation in the spatiotemporal aspect. It

was possible by conducting a detailed microbiological, molecular and genomic

characterization of the study collection of isolates, including representatives of the early

stage of the MPPA spread in Poland (2000-2004), and the available WGS data from

other countries for the comparative phylogenetic analysis. The main conclusions of this

work are as follows:

l.

the rapid increase in the incidence of MPPA in Polish hospitals since 2005 was
based largely on the clonal spread, mainly the interregional expansion of 10
epidemic genotypes of the four major STs (~55% of the MPPA cases);

the horizontal dissemination of a specific MBL integron by an IncP-2-type
megaplasmid lineage accounted for at least 15% of the MPPA cases, being the

largest recorded, interregional MBL ‘plasmid epidemic’ in P. aeruginosa;

. the remaining fraction of the MPPA cases might be assigned to smaller local

clonal outbreaks, limited horizontal transmissions of MBL-encoding
plasmids/ICEs, and sporadic de novo selections/imports, all associated with a
variety of P. aeruginosa genotypes;

the Polish MPPA population had one of the highest genetic diversity levels of
those recorded so far at the country level, both in terms of the clonal structure
and the key AMR determinants, the MBL-encoding integrons;

the clonal structure of the Polish MPPA population was remarkably specific,
including high prevalence of local variants of the pandemic clones ST235 and
ST111, and of the internationally rare clones ST273 and ST654;

the other major factor of the Polish MPPA diversity were class 1 integrons

carrying the VIM/IMP MBL genes, most of which have evolved in the country;

. the almost pan-drug-resistant NDM- and DIM-producing P. aeruginosa strain

has emerged in Poland, most probably by the unnoticed importation event,

demonstrating the risk of spread of organisms with ultimate AMR phenotypes.
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uzyskanych wynikéw oraz udziat w tworzeniu finatowej wersji manuskryptu.

(merytoryczny opis wkiadu kandydata do stopnia w powstanie publikacji)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czgs¢ rozprawy doktorskiej

mgr Pawla Urbanowicza.

(imig i nazwisko kandydata do stopnia) [Ny

(podpis oswiadczajacego)

*w szezegdlnosci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow
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dr hab. Radostaw [zdebski, prof. NIL

(imig¢ i nazwisko)

OSWIADCZENIE

Jako wspdtautor pracy pt. Pseudomonas aeruginosa with NDM-1, DIM-1 and PME-1
B-lactamases, and RmtD3 16S rRNA methylase, encoded by new genomic islands,
o$wiadczam, iz moéj wiasny wkiad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badaf oraz przedstawienie pracy w formie publikacji stanowi:
sekwencjonowanie genomowe izolatu oraz cze$¢ analiz bioinformatycznych (potwierdzenie
genotypu oraz konsultacja wynikéw analizy filogenetycznej)

M6j udziat procentowy w przygotowaniu publikacji okreslam jako § %.

Wkiad mgr Pawta Urbanowicza w powstawanie publikacji okreslam jako 60 %, obejmowat
(imig i nazwisko kandydata do stopnia)

on: konceptualizacje pracy, okresleniu metodyki oraz wykonaniu badan (przeprowadzenie
analiz molekularnych oraz genomicznych, a takze badan lekowrazliwosci, opublikowanie
sekwencji nukleotydowych w publicznych bazach danych), interpretacji uzyskanych wynikéw

oraz napisanie roboczej wersji tekstu.
(merytoryczny opis wktadu kandydata do stopnia w powstanie publikacji)*
Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czeé¢ rozprawy doktorskiej

mgr Pawla Urbanowicza.

(imig i nazwisko kandydata do stopnia)

(podpis o$wiadczajacego)

*w szczegdlnosci udzialu w przygotowaniu koncepcji, metodyki, wykonaniu badar, interpretacji wynikéw
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M [ESTRUET NP
(miejscowos¢, data)

dr hab. Anna Baraniak, prof. NIL

(imig¢ i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. Pseudomonas aeruginosa with NDM-1, DIM-1 and PME-1
B-lactamases, and RmtD3 16S rRNA methylase, encoded by new genomic islands,
o$wiadezam, iz méj wiasny wkiad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi: przeprowadzenie
cze$ei analiz molekularnych (wykrywanie polimorfizmu Tnl25) oraz konsultowanie
wynikéw badan lekowrazliwoscei izolatu.

M6j udzial procentowy w przygotowaniu publikacji okreslam jako § %.
Wkiad mgr Pawta Urbanowicza w powstawanie publikacji okreslam jako 60 %, obejmowat

(imig i nazwisko kandydata do stopnia)

on: konceptualizacje pracy, okresleniu metodyki oraz wykonaniu badan (przeprowadzenie
analiz molekularnych oraz genomicznych, a takze badan lekowrazliwosci, opublikowanie
sekwencji nukleotydowych w publicznych bazach danych), interpretacji uzyskanych wynikéw

oraz napisanie roboczej wersji tekstu.

(merytoryczny opis wktadu kandydata do stopnia w powstanie publikacji)*
Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czes¢ rozprawy doktorskie]
mgr Pawla Urbanowicza.

(imig i nazwisko kandydata do stopnia)

(podpis o$wiadczajacego)

*w szczegblnosci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow
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RS WG

(miejscowos¢, data)

dr Dorota Zabicka
(imie i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. Pseudomonas aeruginosa with NDM-1, DIM-1 and PME-1
B-lactamases, and RmtD3 16S rRNA methylase, encoded by new genomic islands,
o$wiadczam, iz méj whasny wklad merytoryczny w przygotowanie, przeprowadzenie i
opracowanic badan oraz przedstawienie pracy w formie publikacji stanowi: doboru
antybiotykéw do badania lekowrazliwosci oraz konsultacji merytorycznej wynikow.

Mo6j udziat procentowy w przygotowaniu publikacji okreslam jako 5 %.

Wklad mgr Pawla Urbanowicza w powstawanie publikacji okreslam jako 60 %, obejmowal
(imig i nazwisko kandydata do stopnia)

on: konceptualizacje pracy, okresleniu metodyki oraz wykonaniu badan (przeprowadzenie
analiz molekularnych oraz genomicznych, a takze badan lekowrazliwosci, opublikowanie
sekwencji nukleotydowych w publicznych bazach danych), interpretacji uzyskanych wynikow

oraz napisanie roboczej wersji tekstu.

(merytoryczny opis wkiadu kandydata do stopnia w powstanie publikacji)*
Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czes¢ rozprawy doktorskiej
mgr Pawla Urbanowicza.

(imig i nazwisko kandydata do stopnia)

(podpis o$wiadczajacego)

*w szczegdlnosci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow
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Czeladz 14.12.2021
dr Grzegorz Ziotkowski

OSWIADCZENIE

Jako wspdtautor pracy pt. Pseudomonas aeruginosa with NDM-1, DIM-1 and PME-1
B-lactamases, and RmtD3 16S rRNA methylase, encoded by new genomic islands,
o$wiadczam, iz mdj wiasny wktad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badah oraz przedstawienie pracy w formie publikacji stanowi: wykrycie
mechanizmu oporno$ci oraz przestanie izolatu do dalszych analiz, udzielanie dodatkowych
informacji epidemiologicznych.

MOoj udziat procentowy w przygotowaniu publikacji okreslam jako S %.

Wkiad mgr Pawla Urbanowicza w powstawanie publikacji okre§lam jako 60 %, obejmowat
on: konceptualizacje pracy, okre$leniu metodyki oraz wykonaniu badan (przeprowadzenie
analiz molekularnych oraz genomicznych, a takze badan lekowrazliwosci, opublikowanie
sekwencji nukleotydowych w publicznych bazach danych), interpretacji uzyskanych wynikéw

oraz napisanie roboczej wersji tekstu.
(
Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czgs¢ rozprawy doktorskiej

mgr Pawla Urbanowicza.

(podpis osw1adczaJ cego)

*w szczegdlnosci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikéw
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(miejscowos$¢, data)

prof. dr hab. Waleria Hryniewicz
(imie i nazwisko)

OSWIADCZENIE

Jako wspétautor pracy pt. Pseudomonas aeruginosa with NDM-1, DIM-1 and PME-1
B-lactamases, and RmtD3 16S tRNA methylase, encoded by new genomic islands,
o§wiadczam, iz moj whasny wkiad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badaf oraz przedstawienie pracy w formie publikacji stanowi: oméwienie i
konsultacja wynikéw, wsparcie w interpretacji tychze.

Moj udziat procentowy w przygotowaniu publikacji okreslam jako § %.

Wklad mgr Pawla Urbanowicza w powstawanie publikacji okreslam jako 60 %, obejmowal
(imig i nazwisko kandydata do stopnia)

on: konceptualizacje pracy, okresleniu metodyki oraz wykonaniu badan (przeprowadzenie
analiz molekularnych oraz genomicznych, a takze badan lekowrazliwosci, opublikowanie
sekwencji nukleotydowych w publicznych bazach danych), interpretacji uzyskanych wynikow

oraz napisanie roboczej wersji tekstu.

(merytoryczny opis wkiadu kandydata do stopnia w powstanie publikacji)*
Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czesé rozprawy doktorskiej
mgr Pawta Urbanowicza.

(imig i nazwisko kandydata do stopnia)

........................................... Wieeaen

(podpis oswiadczajacego)

*w szczegblnosci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow
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(miejscowosé, data)

prof. dr hab. Marek Gniadkowski
(imi¢ i nazwisko)

OSWIADCZENIE

Jako wspdtautor pracy pt. Pseudomonas aeruginosa with NDM-1, DIM-1 and PME-1
B-lactamases, and RmtD3 16S rRNA methylase, encoded by new genomic islands,
o$wiadczam, iz mo6j wiasny wklad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi: udzial w
konceptualizacji pracy oraz okresleniu metodyki, konsultacja uzyskanych wynikoéw oraz
korekta manuskryptu.

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 15 %.

Wkiad mgr Pawla Urbanowicza w powstawanie publikacji okreslam jako 60 %, obejmowal
(imig i nazwisko kandydata do stopnia)

on: konceptualizacje pracy, okresleniu metodyki oraz wykonaniu badan (przeprowadzenie
analiz molekularnych oraz genomicznych, a takze badan lekowrazliwosci, opublikowanie
sekwencji nukleotydowych w publicznych bazach danych), interpretacji uzyskanych wynikow

oraz napisanie roboczej wersji tekstu.

(merytoryczny opis wkiadu kandydata do stopnia w powstanie publikacji)*

Jednocze$nie wyrazam zgode na wykorzystanie w/w pracy jako cz¢s$¢ rozprawy doktorskiej

mgr Pawla Urbanowicza.

(imie i nazwisko kandydata do stopnia) / /‘ \

(podpis o$wiadczajacego)

*w szezegdInosci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow
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prof. dr hab. Marek Gniadkowski

(imie i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. "Ciezkozbrojny" Pseudomonas aeruginosa: mechanizmy
lekoopornosci 1 ich tlo genetyczne, o$wiadczam, iz moj wiasny wkiad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badar oraz przedstawienie pracy w formie
publikacji stanowi: analiza oraz korekta przedstawionej koncepcji pracy oraz poprawienie
manuskryptu.

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 30 %.

Wktad mgr Pawla Urbanowicza w powstawanie publikacji okreslam jako 70 %, obejmowat
(imig i nazwisko kandydata do stopnia)
on: konceptualizacje pracy, zebranie i wyb6r zagadnien oraz napisanie roboczej wersji tekstu.

(merytoryczny opis wktadu kandydata do stopnia w powstanie publikacji)*

Jednoczes$nie wyrazam zgode na wykorzystanie w/w pracy jako czg$é rozprawy doktorskiej

mgr Pawta Urbanowicza.

(imig i nazwisko kandydata do stopnia)

(podpis o$wiadczajacego)

*w szczegdInosci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikdw
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