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CHANGES IN BACTERIAL FITNESS DURING THE PSEUDOMONAS AERUGINOSA
EXPERIMENTAL ADAPTATION TO COLISTIN

Mayanskiy NA, Brzhozovskaya EA ™, Skvortsov-Igralov GA, Chausova SV, Chebotar IV
Pirogov Russian National Research Medical University, Moscow, Russia

Pseudomonas aeruginosa, the opportunistic pathogen, occupies one of the leading places in the structure of pathogens causing nosocomial infections, which is
due to high adaptive potential and the ability to quickly develop antimicrobial resistance. The study aimed to assess the influence of the P. aeruginosa adaptation to
colistin on bacterial fitness. A total of nine isolates obtained during the experimental evolution of the P aeruginosa strain (laboratory number 1202) under conditions of
increasing colistin concentrations, the growth kinetics of which was compared to that of wild type strain, were included in the study; the whole genome sequencing
of all isolates was performed, and the minimum inhibitory concentration of colistin was determined. Growth rate was estimated using the Varioskan LUX multimodal
reader (Thermo Scientific, USA) throughout 18 h at 37 °C; optical density (OD) at A = 600 nm was measured every 15 min. The maximum growth rate (GR __, i.e.
the maximum change in OD within 1h) and the time to reach 50% of the maximum OD reported when growing the wild type Pa_7202_0 strain (T_OD,, ) were
considered. Isolates of the clone carrying mutations of the genes phoQ, IptA, and prs showed low fitness values compared to wild type strains. For example, GR__
of the isolate Pa_7202_43 was 0.029 OD/h vs. 0.182 OD/h reported for the original isolate Pa_7202_0, and it reached OD,, 4.6 h later. The growth characteristics
of the clone carrying mutations of joxL and |ptB, as well as the clone carrying mutant pmrB were generally comparable with the characteristics of the wild type
strain. Thus, the genome modifications observed during the P, aeruginosa adaptation to colistin have an ambiguous effect on bacterial fitness.
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W3MEHEHUE BAKTEPUANIBHOIO ®UTHECA B XO[E 3KCMEPUMEHTAJIbHON AOANTALIUN
PSEUDOMONAS AERUGINOSA K KOJINCTUHY

H. A. MasiHckui, E. A. Bpxxososcekast =, I A. Ckeopuos-Vrpanos, C. B. Yaycosa, U. B. HYe6oTtapb
Poccuitcknin HaumoHanbHbIM CCNeaoBaTenbCKNA MEAULINHCKUIA yHUBEpPCUTET uMeHn H. . MNuporosa

OnnopTyHUCTUHECKWIA naToreH Pseudomonas aeruginosa 3aHMMaeT OfHO 13 BEAYLLWX MECT B CTPYKTYpe BO3OyAMTENe HO30KOMUaTbHbIX MHPEKLMIA, YTO CBSA3aHO
C BbICOKVM afanT/BHbIM MOTEHLMANIOM 1 CMOCOBHOCTBIO BbICTPO (hOPMMUPOBATE YCTOMHMBOCTL K aHTUMMKPOBHBIM Mpenapatam. Llensto paboTbl 6610 OLEHUTb
BMMSIHWE apanTaumm P aeruginosa K KONMCTUHY Ha GakTepuanbHbii UTHeC. B nccnepoBaHvie BKIOHMAM 9 130M1STOB, MOMYYEHHbBIX B XOL4E SKCMEPUMEHTaIbHON
3BOMIOLMN LWITaMMa P aeruginosa (nabopatopHbii Homep 1202) B yCNOBUSX BO3PACTAOLLEN KOHLIEHTPALMM KOMMCTUHA, KUHETVIKY POCTa KOTOPbIX CPaBHMBaIN C
POOUTENBCKYM LLITAMMOM; Y BCEX U30MISTOB MPOBEN MOSTHOrEHOMHOE CEKBEHVPOBAHVE 1 ONMPEfENAIN MAHUMATbHYIO MOLABISIOLLYIO KOHLIEHTPALMIO KONMCTVHA.
Temnbl pocTa OLEHVBaIN MNP MOMOLLIM MHOrOMYHKLMOHaIbHOro puaepa Varioskan LUX (Thermo Scientific, CLLIA) B TedeHre 18 4 npu 37 °C, kaxkaple 15 MUH 13mepsist
onTryeckyto nnoTHocTb (ON) mpu A = 600 HM. YuuTbiBaIM MakCUMaribHYHO CKOPOCTb pocTa (CPmax‘ T. e. MakcumMasibHoe nameHeHre OF B TeveHne 1 4) 1 Bpems,
Heobxommmoe ANt AOCTVKeHMs 50% oT MakcumManeHon Of, 3aperncTprpoBaHHOM MpY POCTE POAUTENBCKOrO WTamma Pa_7202_0 (T_OI50%). 3onaTsl knoHa ¢
MyTaUvsM1 B reHax phoQ, [ptA v prs OTIMHaIMCb HUSKUMI MoKasaTensamy (hvTHeca OT POANTENbCKIX WTamMoB. Hanprvep, CP_ . vsonsTa Pa_1202_43 cocTasina
0,029 OrM/A4 npotwe 0,182 OT/4 'y nexogHoro ugonaTa Pa_1202_0, a Ol , oH pocturan Ha 4,6 4 nose. POCTOBble XapakTepUCTVIKI KIOHa C MyTaLmsamMm B JoxL
1 [ptB, a Takxe KNoHa, HeCyLLIEro MyTMPOBaHHbI pmirB, B LIENOM Oblvi CONOCTaBKMbI C MOKA3aTeNsIMN POAUTENBCKOrO LWTaMmMa. TakumM 06pasom, Moaudrkaumm
reHoma, HabnioaaBLLIMECS B Xofe afanTaumm P, aeruginosa K KOIMCTUHY, OKa3bIBatOT HEOAHO3HAYHOE BINSIHNE Ha BaKTepuaibHbI UTHEC.

KntoyeBble cnoBa: C1HErHomHas nanoyka, Ho3oKoMuasbHble MHEKLMW, BakTepuanbHbli (PUTHEC, KOMUCTUH, MreHbl PE3NCTEHTHOCTM
®duHaHcupoBaHue: paboTa BbiNonHeHa Npy NoaAep)KKe rpaHTa Poccuinckoro HaydHoro doHaa (npoekT Ne 20-15-00235).
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Pseudomonas aeruginosa is an important opportunistic
pathogen, the successful survival of which in clinical settings
results from high adaptive potential. Quick adaptation to new
ecological loci, antimicrobial drugs, and the immune system
effectors allows P, aeruginosa to be one of the main causes of
nosocomial morbidity [1]. The infections caused by multidrug-
resistant P aeruginosa strains are difficult to treat, and only a
few antimicrobial drugs remain active against such pathogens.

Colistin, the polymyxin antibiotic, is one of the “last chance”
antibiotics [2].

The increasing clinical use of colistin inevitably leads to
colistin resistance. Resistance to colistin is associated with
the structural modification of its target, lipopolysaccharide
(LPS), which decreases the antibiotic binding to the bacterial
cell wall [3]. LPS modification and colistin resistance in
P aeruginosa are usually associated with damage to the
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Fig. Growth curves of the wild type Pa_7202_0 strain and descendants strains of the clone Pa_phoQ/IptA/prs. Bacteria were incubated in the 96-well plate at 37 °C,
and optical density (OD) at A = 600 nm was measured every 15 min. The long open arrow points to the OD value corresponding to 50% of the maximum OD reported

when growing the wild type Pa_1202_0 strain (OD

50%)

. The short closed arrows point to the time needed by the studied isolates to reach OD,,, (T_ OD

50% 00)- The isolate

characteristics are provided in the Table. Representative results of one of three repetitions of the experiment

PhoP-PhoQ and PmrA-PmrB two-component systems
resulting from mutations of appropriate genes, although are
not limited to these mechanisms [3, 4]. Mutations that form
resistance are advantageous for carriers of mutations in the
presence of antibiotic. However, the same mutations can reduce
viability of microorganism as a whole, making it uncompetitive
in the absence of antibiotic. Mutations that trigger alternative
metabolic pathways in the cell and replace missing metabolism
links can compensate for biological expenditures associated
with resistance [5-7]. In this regard, assessment of bacterial
fitness, i.e. viability level that can be inter alia expressed as the
bacterial population growth rate changes [8], is an important
complement to genetic analysis of the resistance mechanisms.

In the recent study focused on the P aeruginosa experimental
adaptation to colistin, we have shown that the genome evolved
by alternative routes not only in different strains, but also within
the same bacterial strain when developing colistin resistance
[9]. Isolates of one experimental P aeruginosa strain obtained
at various stages of adaptation to colistin and analyzed by
whole genome sequencing were used in this study. Isolates
with various mutations were selected for the study, in which
the growth kinetics was assessed and compared with that
of the parent strain. The study aimed to investigate the
relationship between genotypic and phenotypic characteristics
in the experimental models, which highlights the importance
of genetic background for the development of antimicrobial
resistance, makes it possible to gain new knowledge about the
mechanisms underlying antibiotic resistance, and outline new
ways to overcome drug resistance of bacteria.

METHODS

We studied the R, aeruginosa strain (jaboratory number 1202, genome
deposited in GenBank) isolated from the environment in 2016 that
was susceptible to all antibiotics and its Pa_71202-descendants
isolates obtained during experimental adaptation to colistin, the
methodology of which had been earlier discussed in detail [9].
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To estimate bacterial fitness, we compared growth rates of the
wild type and descendants Pa_1202 strains obtained in the adaptive
experiment. A single colony of the 24-h culture of each isolate was
used to prepare a bacterial suspension, which was standardized
by optical density to 0.5 McFarland units. A total of 10 mL of the
Luria—Bertani broth were inoculated with 10 pL of the resulting
suspension, after which 200 pL were collected and transferred
to the well of the flat-bottom 96-well plate. The plate was sealed
with the transparent film and incubated in the Varioskan LUX
multimodal reader (Thermo Scientific, USA) for 18 h at 37 °C;
optical density (OD) at A = 600 nm was measured every 15 min.
Growth curves were analyzed using the Skanlt v. 7.0 software tool
(Thermo Scientific; USA). Growth rate was estimated based on
two indicators: 1) maximum growth rate (GRmax, corresponds
to the maximum change in OD within 1h measured in OD/h); 2)
time to reach 50% of the maximum OD reported when growing
the wild type Pa_7202_0 strain (T_OD,,) (Fig). The decrease in
GRmax and the increase in T_OD,,, were considered as the
fitness decrease. The experiment was carried out in triplicate.

The minimum inhibitory concentration (MIC) of colistin within
the range of 0.25-16 mg/L was determined using the ComASP
Colistin 0.25-16 kits (Liofilchem srl.; Italy), while higher MICs (up
to 64 mg/L) were estimated by the broth microdilution method.
The MIC values were interpreted based on their experimental
dynamics, not clinical significance.

The whole genome sequencing was performed using
the bacterial DNA extracted from the 24-h cultures of the
experimental Pa_7202 isolates grown from frozen samples
(see above) on the Mueller-Hinton agar. The whole genome
sequencing and bioinformatics analysis procedure has been
earlier discussed in detail [9].

Statistical analysis was performed using the IBM SPSS
Statistics v. 27.0 software (USA). The quantitative results are
presented in the text and the Table as mean values (standard
deviations). The Mann-Whitney U test was used to compare
the GRmax and T_ODEO% values; the differences were considered
significant at p < 0.05.
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Table. Phenotype and genotype of the isolates obtained during experimental adaptation to colistin

GR_ (ODh) | T.op,, ()

Isolate | Day | MIC of colistin (mg/L)
Mean (SD)

12020 | o 1 0.182(0.018) | 88(0.1)
1202 43 | 11 32 0.029 (0.001)* | 13.4(0.2)*
120249 | 13 1 0.038 (0.009) * | 12.7 (0.2)*
120262 | 16 2 0.140 0.012) | 10.0(0.1)"
1202 63 | 16 16 0.285(0.015)* | 8.9(0.0)
1202 80 | 20 2 0.268 (0.059) | 9.0(0.1)
1202 95 | 28 16 0.163(0.016)* | 9.2(0.1)
1202.37 | 9 1 0.155 0.016) | 8.9 (0.0
1202 44 | 11 2 0.219(0.029) | 9.0(0.1)
1202.88 | 24 16 0.198 (0.026) | 7.9(0.1)*

Clone Pa_phoQ/IptA/prs

Clone Pa_phoQ/lpxL/IptB

Clone Pa_pmrB

speE | hp/PA2117

Note: 10 Pa_7202 isolates were obtained on the specified days of the experiment [9]. We determined the minimum inhibitory concentration (MIC) of colistin and
assessed fitness by analysis of the growth curves and measurement of the maximum growth rate (GR__ ) and the time to reach 50% of the maximum optical density
(OD) reported when growing the wild type Pa_7202_0 strain (T_OD, ) (see Fig). Genes of the core genome were studied using whole genome sequencing. Green
cells correspond to the gene sequences identical to Pa_7202_0, mutations are highlighted in red. Names of the genes involved in lipopolysaccharide synthesis and
associated with colistin resistance are highlighted in orange; names of the genes of general metabolism not directly associated with colistin resistance are uncolored.

SD — standard deviation. * — p < 0.05, comparison with Pa_1202_0.
RESULTS

Growth rates of the wild type Pa_7202_0 strain and nine
Pa_1202 isolates representing three earlier described major
clonal lineages obtained during experimental adaptation to
colistin were assessed [9] (Table). Two clones carried the same
mutation of phoQ (ins-ATCGCCT-1086), but were distinguished
by mutations of other genes. In one case further damage was
found in the genes IptA (ins-CCGCGC-490) and prs (T143-C),
the clone was named Pa_phoQ/IptA/prs. In another case the
IoxL (ins-C-335) and IptB (ins-GCG-27) genes were altered,
the clone was named Pa_phoQ/lpxL/IptB. The third clone was
characterized by mutation of the gene pmrB (T92-G) (the
clone was named Pa_pmrB) combined with the damaged gene
hp/PA2117 (G326-A).

Isolates of the clone Pa_phoQ/IptA/prs showed low fithess
compared to the wild type Pa_7202_0 strain (Fig, Table). For
example, GR__ of the isolate 1202_43 was 0.029 (0.001) OD/h
vs. 0.182 (0.018) OD/h reported for the original Pa_1202_0
isolate, and it reached OD, ,, 4.6 h later.

The growth characteristics of the clones Pa_ jpxL/IptB and
Pa_pmrB were generally comparable with the characteristics of
the wild type Pa_71202_0 strain (Table). Two isolates showed
a significant increase in GR__ (1202_63) and a significant
decrease in T_OD,,, (1202_88), which suggested better
growth rate compared to the wild type strain, despite the 16-fold
increase in the colistin MIC (Table). Isolate 1202_95 of the clone
Pa_pmrB showed a significantly decreased GR__, however,
the difference in T_OD from the original strain was
non-significant.

50%

DISCUSSION

In this study we have shown how the P aeruginosa
experimental adaptation affects bacterial fitness by assessing
growth kinetics of the isolates with various genotypes. It is the
most logical choice to explain the differences in fitness between
representatives of three studied clones via analysis of the
profiles of the genomic alterations typical for each clone. The
genomes of isolates of the clone Pa_phoQ/IptA/prs comprise

alterations of two types: 1) mutations of the genes phoQ and
IptA that directly control biosynthesis of LPS, the main target
of polymyxins [10, 11]; 2) mutations of the gene encoding
ribose-phosphate pyrophosphokinase (prs) that is not directly
associated with the LPS synthesis and controls the nucleotide
synthesis and metabolism. PhoP, the component of the PhoPQ
regulatory system, is directly involved in the LPS synthesis
regulation, and its breakage is considered to be the common
cause of calistin resistance [10]. The IptA gene product ensures
the LPS assembly and outer membrane translocation [11]. In
the clone Pa_phoQV/|ptA/prs, the complex genomic alterations
were combined with the most pronounced bacterial fitness
decrease.

In the clone Pa_phoQ/IpxL/IptB, we found only mutations
of the LPS synthesis genes, including the abovementioned
phoQ), IpxL (gene encoding lauroyl acyltransferase ensuring the
lipid A biosynthesis), and IptB (gene encoding the LptB2FG
transporter transferring LPS to the outer membrane) [12, 13].

The Pa_pmrB clone combined mutations of the genes
encoding the sensor kinase (pmrB) and the hypothetic protein
(hp/PA2117). The PmrB kinase is a component of the two-
component system ensuring regulation of multiple functions,
including expression of the LPS operon genes; earlier it had
been proven that damage to the pmrB gene decreases the
P, aeruginosa susceptibility to polymyxins [14, 15]. To date, the
hp/PA2117 gene product has not been verified.

CONCLUSIONS

Thus, the genome modifications observed during the
P. aeruginosa adaptation to colistin have an ambiguous effect
on bacterial fitness. It is clear that the combination of mutations
of the LPS synthesis genes and genes of general metabolism
has the most severe effect on bacterial fitness, as reported
for the clone Pa_phoQ/IptA/prs. Further study of the interplay
between genotype and phenotype via experimental modeling
will improve understanding of the mechanisms underlying
adaptation of bacteria to environmental factors, including the
development of antibiotic resistance, and outline new ways to
overcome bacterial resistance to drugs.
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