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Abstract
Background. Staphylococcus aureus is one of the most common pathogens causing periprosthetic joint 
infection (PJI). Despite the high genetic diversity of S. aureus strains, determining phylogenetic relationships 
and, consequently, the source of infection is a challenging task that can only be addressed through detailed 
comparison of the genomes of the obtained isolates. 
The aim of the study was to assess the feasibility of differentiating the cases of nosocomial periprosthetic joint 
infections, using whole-genome sequencing to identify genetic and phenotypic differences between isolates 
with the prospect of the application of evidence-based treatment strategies.
Methods. Genomes of 20 S. aureus isolates from 13 patients with PJI were sequenced. Standard microbiological 
tests and in silico analysis of genomes using ResFinder, KmerFinder, spaTyper, and SCCmecFinder programs 
were employed. 
Results. Phylogenetic analysis was performed using core genome reconstruction and identified potential cases 
of nosocomial infections, as well as cases of recurrent infections. The relatedness of isolates collected between 
2012 and 2019 was demonstrated, along with the evolution of their genomes, including the acquisition and loss 
of antibiotic resistance genes. In one case of recurrent infection, the loss of several genes was observed over a 
remission period of approximately 5 years. Comparison of phenotypic testing results using the disk diffusion 
method and resistance predictions based on genome analysis revealed discrepancies for three isolates containing 
the aac(6’)-aph(2’’) gene, which were resistant to tobramycin and gentamicin but susceptible to amikacin. Based 
on the treatment outcomes of several recurrent PJI cases, it was hypothesized that radical treatment might be 
more effective in cases of infections caused by multidrug-resistant nosocomial strains. 
Conclusions. Whole-genome sequencing enables the identification of phylogenetically related isolates, with 
shared genetic and phenotypic properties confirming their relatedness. Against the backdrop of high-dose 
antibiotic therapy, S. aureus genomes accumulate changes that, through molecular genetic testing, may help 
to justify the choice of radical treatment strategy for periprosthetic joint infection, such as prosthesis removal.
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Реферат
Актуальность. Staphylococcus aureus — один из наиболее частых возбудителей перипротезной инфекции 
(ППИ). Несмотря на высокое генетическое разнообразие штаммов S. aureus, определение филогенетических 
связей, а следовательно, и источника заражения является непростой задачей, которая может быть решена 
только при подробном сравнении геномов получаемых изолятов. 
Цель — используя полногеномное секвенирование с выявлением генетических и фенотипических отличий 
между изолятами, изучить возможность дифференцирования случаев заражения пациентов внутриболь-
ничной перипротезной инфекцией с перспективой обоснованного выбора тактики лечения пациентов. 
Материал и методы. Были определены нуклеотидные последовательности геномов 20 изолятов S. aureus, 
полученных от 13 пациентов с перипротезной инфекцией. В работе были использованы стандартные микро-
биологические тесты и анализ геномов in silico программами ResFinder, KmerFinder, spaTyper и SCCmecFinder. 
Результаты. Применив филогенетический анализ с построением корового генома, были идентифици-
рованы потенциальные случаи внутригоспитальной инфекции, а также исследованы случаи повторного 
развития инфекции. Показано родство изолятов, выделенных на протяжении 2012–2019 гг., а также эво-
люция их геномов с приобретением и потерей генов антибиотикорезистентности. Так, в одном из случа-
ев повторного развития инфекции была обнаружена потеря нескольких генов за период ремиссии около  
5 лет. При сравнении результатов фенотипического тестирования изолятов диско-диффузионным методом 
и предсказаний резистентности по данным анализа генома было выявлено несоответствие для трех изо-
лятов, содержащих ген aac(6’)-aph(2’’) и резистентных к тобрамицину и гентамицину, но чувствительных к 
амикацину. На основании результатов лечения нескольких случаев с повторным развитием ППИ было вы-
двинуто предположение, что в случае развития инфекции, вызванной мультирезистентным внутригоспи-
тальным штаммом, более эффективным может быть проведение радикального лечения. 
Заключение. Полногеномное секвенирование позволяет выявлять филогенетически родственные изоляты, 
общность генетических и фенотипических свойств которых подтверждает их родство. На фоне проводи-
мой высокодозной антибактериальной терапии в геномах S. aureus накапливаются изменения, которые при 
молекулярно-генетическом тестировании могут помочь обосновать выбор радикальной тактики лечения 
перипротезной инфекции — удаление эндопротеза.

Ключевые слова: Staphylococcus aureus, перипротезная инфекция, внутригоспитальная инфекция, полно-
геномное секвенирование, филогенетический анализ, коровый геном.
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introduction

Periprosthetic joint infections (PJI) are among 
the most severe postoperative complications 
following primary major joint arthroplasty, 
leading to significant functional impairment of 
the replaced joint and even fatal outcomes [1, 2]. 
Timely diagnosis and the assessment of risk fac-
tors for PJI can help to prevent such complications 
or facilitate the selection of an optimal treatment 
strategy. One of the key factors determining 
subsequent antibiotic therapy is the nature 
of the causative agent and its characteristics, 
including antimicrobial susceptibility. Among 
PJI pathogens, Staphylococcus spp. are the 
most frequently isolated, with Staphylococcus 
aureus being predominant [3, 4, 5]. Identifying 
the source of infection is clinically crucial, as 
contamination during operation, hematogenous 
spread, recurrence of a previous infection, or 
contact transmission from a local focus can all 
contribute to PJI. Each scenario influences the 
course of the disease, response to antibiotic 
therapy, and, ultimately, treatment outcomes 
[6]. In most studies, the source of recurrent 
infection remains undetermined, leaving the 
mechanisms of reinfection poorly understood. 
Many studies attribute recurrent infection to 
the same microorganism based solely on species 
identification through standard microbiological 
tests [7, 8]. However, given the high genetic diver-
sity of S. aureus strains, accurate differentiation 
of two isolates requires more in-depth molecular 
genetic analysis of their genomes [9].

In recent years, whole-genome sequencing 
(WGS) has been increasingly applied to study 
S. aureus isolates responsible for PJI, enabling 
the identification of multiple clinically 
significant characteristics. WGS allows for the 
determination of phylogenetic relationships 
between two isolates, the detection of genetic 
determinants of antimicrobial resistance [10], 
and the prediction of strain virulence based 
on the presence of genes encoding various 
virulence factors [11]. Beyond these clinically 
relevant characteristics, which can affect the 
subsequent treatment of a patient, WGS data can 
also enhance our fundamental understanding of 
disease progression. For example, comparative 
genomic analysis of related isolates, such as 
those from reactivated primary infections, can 
provide insights into new strain characteristics 

acquired through horizontal gene transfer or 
point mutations. Achieving this requires both 
extensive statistical data linking molecular 
genetic characteristics with pathogen virulence 
and resistance properties, as well as detailed 
investigations of newly identified virulence and 
resistance factors. Such comprehensive study of 
PJI will ultimately contribute to the development 
of new strategies for managing and preventing 
this type of postoperative complication [12].

The aim of the study was to assess the feasibility 
of differentiating the cases of nosocomial 
periprosthetic joint infections, using whole-
genome sequencing to identify genetic and 
phenotypic differences between isolates with the 
prospect of the application of evidence-based 
treatment strategies.

methods
Bacterial isolates
From 2012 to 2019, twenty S. aureus isolates were 
collected at the Tsivyan Novosibirsk Research 
Institute of Traumatology and Orthopedics 
for whole-genome analysis. These isolates 
were obtained from 13 patients undergoing  
treatment for PJI after hip arthroplasty. In five 
patients, two to three isolates were collected due 
to recurrent PJI following treatment. Standard 
culture methods using growth media (sheep 
blood agar, chocolate agar, and Schaedler agar) 
were applied to identify etiologically significant 
microorganisms. The isolated microorganisms 
were identified using the VITEK 2 Compact 
30 analyzer (bioMérieux, France) with Vitek 
ID-GP identification cards, Vitek AST-GP67 
susceptibility cards, and the API STAPH 
system (bioMérieux, France) for staphylococcal 
and micrococcal identification. In 2021, 
following an agreement with the Federal State  
Budgetary Institution “Novosibirsk TB Research 
Institute” of the Ministry of Health of the  
Russian Federation for microorganism identi-
fication via mass spectrometry, the species 
identity of the isolates was validated. Bacterial 
cultures were stored at -80°C in Luria-Bertani 
medium supplemented with 30% glycerol.

In addition to Vitek AST-GP67 cards, antibiotic 
susceptibility was assessed using the standard  
disk diffusion method [13]. Antibiotic susceptibi-
lity testing was performed using disks impre-
gnated with cefoxitin (for methicillin resistance 
detection), rifampicin (rifampin), linezolid, 
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trimethoprim-sulfamethoxazole, levofloxacin, 
ciprofloxacin, tigecycline, gentamicin, amikacin, 
erythromycin, tetracycline, and clindamycin  
(Bio-Rad, USA). Susceptibility criteria were 
based on the Russian clinical guidelines on 
antimicrobial susceptibility testing*, prepared 
following EUCAST (European Committee on 
Antimicrobial Susceptibility Testing) standards. 
For each patient, data on admission dates, 
diagnosis, and antibiotics administered for PJI 
treatment were recorded.  

DNA extraction
For DNA extraction, 50 ml of pure S. aureus 
cultures were centrifuged at 4000 g for 10 mi-
nutes. The pellets were resuspended in 180 μl  
of 0.15 M NaCl, followed by the addition of  
200 μg of lysozyme (AppliChem, Germany) and 
50 μg of RNase (SERVA, USA) and incubated 
at room temperature for 10 minutes. A 600 μl 
of lysis buffer (300 mM NaAc; pH = 5.4; 40% 
guanidine thiocyanate; 0.05% urea; 5% Triton 
X-100; 0.1% sodium dodecyl sulfate) was 
then added, mixed, and incubated at 65°C for 
10 minutes. The lysate was transferred into 
spin columns for DNA and RNA Extraction 
(BioPharmExpert, Russia), centrifuged at 
13.000 g for 5 minutes, and the DNA was 
precipitated on the column using 50% 
isopropanol with 10 mM Tris-HCl (pH = 8.0) and 
washed with 80% ethanol. The DNA was eluted 
by adding 100 μl of 10 mM Tris-HCl (pH = 8.0) 
to the center of the membrane, incubating at 
65°C for 10 minutes, and centrifuging at 8000 g  
for 2 minutes. DNA purity and concentration 
were assessed spectrophotometrically using 
A260/A280 ratios and A260 values. The 
extracted DNA was stored at -20°C. 

Whole-genome sequencing
For WGS, 100 ng of DNA was fragmented via 
ultrasound, and sequencing libraries were 
prepared according to a previously described 
protocol [14]. Fragment ends were repaired using 
5 U of T4 polynucleotide kinase (SibEnzyme, 
Russia) and 1 U of T4 DNA polymerase 
(SibEnzyme, Russia) in 1 × ligation buffer  
(30 mM Tris-HCl; pH = 7.8; 100 mM MgCl2;  
10 mM dithiothreitol; 1 mM ATP). Deoxy-
adenosine residues were then added to the 

fragments using 1 U of Klenow exo-enzyme 
(Thermo Scientific, USA), followed by NEB  
adapter ligation with 1 U of T4 DNA ligase 
(SibEnzyme, Russia). Sequencing was performed 
on a MiniSeq platform (Illumina) using the 
MiniSeq High-Output reagent kit (300 cycles,  
2 × 150 bp) (Illumina) according to the manufac-
turer’s instructions.

NGS data analysis
Adapter sequences were removed from 
demultiplexed reads using Trimmomatic v0.32 
[15] with the following parameters: “leading” – 
20, “trailing” – 20, “minimum length” – 30. The 
remaining reads were assembled into contigs de 
novo using SPAdes v3.9.0 with default settings 
[16]. Files in the scaffolds.fasta format were 
used for further analysis. Antibiotic resistance 
genes and mutations were identified using 
ResFinder [17], while species identity was 
confirmed using KmerFinder [18]. Multilocus 
sequence typing (MLST) was conducted using 
the MLST tool [19]. In addition to ResFinder, 
β-lactam resistance was assessed by detecting 
mutations in gdpP and pbp4 genes, which may 
be associated with cephalosporin resistance 
[20]. Phylogenetic analysis was performed 
using core genome alignment across all isolates 
with Snippy (https://github.com/tseemann/
snippy) and FastTree 2 [21], using S. aureus 
subsp. aureus NCTC 8325 (GenBank assembly 
NC_007795.1) as the reference genome. A total of 
23.315 polymorphic core genome positions were  
included in the phylogenetic analysis. The num-
ber of mutations between genomes of isolates 
was estimated from this list. The phylogenetic 
tree was visualized using MEGA v10.2.4 [22].  
Gene annotation in contigs was performed 
using RAST [23]. Spa typing was conducted 
using spaTyper (https://github.com/HCGB-
IGTP/spaTyper) with the Ridom SpaServer 
database (http://spaserver.ridom.de/). SCCmec  
typing was performed using SCCmecFinder-1.2 
[24].

Statistical analysis
Median and quartile calculations were performed 
using the standard Python math package. 
Bootstrap support values for phylogenetic 
analysis were obtained from FastTree 2.

* Russian clinical guidelines on antimicrobial susceptibility testing. Version 2004-02. Smolensk: IACMAC, NSMU; 2024. 192 p.
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results

Patient sample and isolate 
characteristics
A total of 13 patients with PJI following hip 
arthroplasty were included in the study. Among 
them, eight patients had a single isolate 
collected, three had two isolates, and two had 
three isolates. A higher number of isolates from 
the same patient was associated with recurrent 
infections, leading to re-admission. The median 
time from primary arthroplasty to admission due 
to PJI was 5 months (ranging from 1 week to 10 
years) (Table 1).

In 5 out of 11 primary admission cases for  
which antibiotic data were available, dual 
antibiotic therapy was administered. In three 
cases, a single antibiotic was used, and in another 
three, three antibiotics were used. For three of 
four recurrent infections, at least three antibiotics 
were prescribed. The most frequently used 
antibiotic was the first-generation cephalosporin 
cefazolin (11 out of 15 admissions, including 
recurrent cases), followed by the glycopeptide 
vancomycin (6 cases) (Table 2).

The primary objective of the examination of the 
obtained S. aureus isolates was to determine the 
cause of recurrence and the source of re-infection: 
whether it resulted from reactivation of the same 
bacterial strain after prior antibiotic therapy or from 
a new strain. However, to enable the identification 
of related isolates, the study also included isolates 

from patients having a single (primary) admission 
due to PJI who were successfully treated within 
one admission without recurrence over a follow-up 
period of at least two years.

Antibiotic resistance of isolates

The nucleotide sequence of all genomes, except 
one (isolate 264), was determined with sufficient 
accuracy (N50 value > 70.000 bp). Therefore, all 
read genomes were included in the subsequent 
analysis. Due to insufficient sequencing data, all 
types of analysis were conducted for isolate 264 
except for de novo gene annotation. To assess 
the prevalence of antibiotic resistance genes 
in the studied sample and their phenotypic 
expression, all genomes were analyzed using 
the ResFinder program. Most isolates (17 out 
of 20) were predicted to be β-lactam-resistant 
due to the presence of the blaZ or mecA genes  
(Table 3). All mec-containing isolates (226, 
318, 359, and 412) contained the mecA gene 
and belonged to the SCCmec IVc (2B) type. 
In five cases, the resistance predicted by the 
presence of the blaZ gene corresponded with 
the phenotypic data, whereas in one case, the 
isolate was found to be susceptible. The opposite 
discrepancy was also observed: some isolates 
exhibited phenotypic β-lactam resistance 
despite the absence of corresponding resistance 
genes. This could be attributed to either errors 
in phenotypic testing or the presence of uniden-
tified resistance mechanisms. 

Table 1
Characteristics of the patients included in the study 

Parameter Values

Age, Me [Q1-Q3] 45 [39-58]

Male (n, %) 8 (62)

Time from surgery to 
diagnosis

<30 days 
91-365 days
>365 days

4
6
2

Basic treatment strategy
DAIR
Two-stage treatment
Girdlestone procedure

2
6

7 with prosthesis replacement (4 cases) or without (3) 

DAIR (Debridement, Antibiotics, and Implant Retention) — a surgical procedure for PJI that includes debridement of the infection site, 
antibiotic therapy, and prosthesis retention. 
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In addition to ResFinder, which predicts 
β-lactam resistance based on the presence 
of blaZ or mecA genes, manual searches for 
mutations in the gdpP and pbp4 genes were 
conducted. Resistance to certain cephalosporins 
has previously been shown to develop via 
mechanisms independent of blaZ and mecA 
genes [25, 26]. Two mutations previously 
described in resistant strains were identified in 
the studied sample: c.-298C>T (in the promoter) 
and p.Asp98Glu in the pbp4 gene of isolate 
217, which was phenotypically susceptible 
to cefoxitin. This is likely due to the fact that 
for the above-mentioned mecA-independent 
mechanisms, only data on the presence of 
these mutations in resistant strains have been 
presented in the literature, but no experimental 
studies have confirmed that these mutations 
directly cause resistance. An exception is a 36 bp 

duplication and a 90 bp deletion in the pbp4 
promoter region, which have been linked to 
increased gene expression, leading to structural 
changes in the bacterial cell wall peptidoglycan 
and subsequent resistance [26, 27].

Another discrepancy was observed in 
three isolates (217, 226, and 412) that were 
phenotypically susceptible to amikacin according 
to the disk diffusion method but carried the 
aac(6’)-aph(2’’) gene, which confers resistance to 
gentamicin and tobramycin. These discrepancies 
indicate that WGS-based assessment of S. aureus 
antibiotic resistance cannot yet fully replace 
phenotypic testing due to gaps in understanding 
all possible resistance mechanisms. For all 
isolates resistant to ciprofloxacin (226, 318, 359, 
and 412), two mutations were detected in the 
gyrA (p.Ser84Leu) and grlA (also known as parC, 
p.Ser80Phe) genes.

Table 2
Characteristics of S. aureus isolates indicating the time from primary arthroplasty  

to admission due to PJI and isolation of the corresponding isolate, and a list  
of antibiotics received by patients in the hospital, as well as the number of paired  

NGS reads by which genomes were sequenced

A patient´s 
number

An 
isolate´s 
number

Time from primary arthroplasty to admission  
due to PJI

Antibiotic therapy
Number of paired 

NGS reads

1 153 2 years VCM; CPF 1658796

2 406 4 weeks VCM; CFX 1355447

2 1063 4 years MRP; CFX; CPF 3043924

5 379 10 months N/D 2289340

5 212 1 year VCM; CFZ 487278

5 264 17 months VCM; CFZ; CTM; RFP 88448

6 359 4 months N/D 385875

6 318 5 months N/D 759876

6 412 7 months N/D 1690858

7 310 1 year AM; VCM; CFZ 887505

8 419 4 months AM; CFZ 5248835

9 3716 1 week CTM; CFZ; EPM 2264877

10 326 4 weeks CFZ 1326171

10 348 1 month CFZ 648313

11 226 3 weeks VCM 564691

13 399 6 weeks VCM; CFZ; CPF 1794654

13 3692 5 years CTM; CFZ; CPF 2233867

14 217 11 months AM; CFZ 2128946

17 3825 5 months CFZ 322697

18 3808 10 years N/D 3155607

AM — amikacin; VCM — vancomycin; CTM — co-trimoxazole; MRP — meropenem; RFP — rifampicin; CFZ — cefazoline;  
CFX — ceftriaxone; CPF — ciprofloxacin; EPM — ertapenem; N/D – no data on which antibiotics were used in therapy.
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Phylogenetic analysis of genomes of 
isolates
To determine the genetic relationships among 
the PJI-associated isolates, a phylogenetic 
analysis was performed using core genome 
reconstruction. This approach includes most 
of the genome while excluding isolate-specific 
regions, simplifying the analysis. Additionally, 
MLST was conducted for each isolate. Identical 
MLST types indicate close genetic relationships 
between isolates and allow comparisons with 
strains described in the literature.

According to phylogenetic analysis, all 
isolates clustered into six distinct branches, 
which aligned with MLST results (Figure 1). The 
predominant MLST type was ST97 (9 out of 20 
isolates), belonging to clonal complex 97 (CC97), 

frequently identified in livestock animals [28, 29, 
30]. A separate branch included three isolates 
of MLST ST30, previously linked to foodborne 
infections [31].

Of particular interest were isolates from 
patients with recurrent PJI, marked in Figure 1 
with identical colors. In four out of five patients, 
recurrent PJI appeared to be caused by the same 
strain (isolates highlighted in purple, red, blue, 
and orange), suggesting clinical recurrence. 
In one case (patient No 13), PJI was caused by 
a strain phylogenetically related to another 
patient’s strain, who was admitted around the 
same time (green). This suggests that during 
the initial admission in December 2013, patient 
No 13 may have acquired the strain from 
patient No 8. This strain was circulating in the 

Isolate BPC CFXT VCM GMC ERM CPF CLP TOB AM

153 R/? S/S S/S S/S S/S S/S S/? S/S S/S

212 R/R S/S S/S S/S S/S S/S S/? S/S S/S

217 R/? S/S S/S R/R S/S S/S S/? R/R R/S

226 R/? R/R S/S R/R R/R R/R R/? R/R R/S

264 R/R S/S S/S S/S S/S S/S S/? S/S S/S

310 R/? S/S S/S S/S S/S S/S S/? S/S S/S

318 R/? R/R S/S S/S S/S R/R R/? S/S S/S

326 R/? S/S S/S S/S S/S S/S S/? S/S S/S

348 R/? S/S S/S S/S S/S S/S S/? S/S S/S

359 R/? R/R S/S S/S S/S R/R R/? S/S S/S

379 R/? S/S S/S S/S S/S S/S S/? S/S S/S

399 S/? S/S S/S S/S S/S S/S S/? S/S S/S

406 R/R S/S S/S S/S S/S S/S S/? S/S S/S

412 R/? R/R S/S R/R S/S R/R R/? R/R R/S

419 R/S S/S S/S S/S S/S S/S S/? S/S S/S

1063 S/R S/S S/S S/S S/S S/S S/? S/S S/S

3692 R/R S/S S/S S/S S/? S/S S/? S/S S/S

3716 R/R S/S S/S S/S S/S S/S S/S S/S S/S

3808 S/? S/? S/? S/? S/? S/? S/? S/? S/?

3825 R/R S/S S/S S/S S/S S/S S/S S/S S/S

Table 3
List of antimicrobial agents, to which the studied isolates were resistant or sensitive 

according to the results of the disk diffusion method, Vitek AST-GP67 susceptibility cards  
or genome analysis

For each isolate and antibiotic group, data from the genome analysis are listed first, with phenotypic testing data (R – resistant, 
S – sensitive, ? – the isolate was not tested) indicated across the slash. βL — β-lactam, CFXT — cefoxitin, VCM — vancomycin, GMC — 
gentamycine, ERM — erythromycin, CPF — ciprofloxacin, CLP — chloramphenicol, TOB — tobramycin, AM — amikacin. The color indicates 
results that matched by genome analysis and phenotypic testing (green and blue), those that did not match (yellow and orange), and 
results where resistance was shown only by bioinformatic methods without the disc diffusion test (purple). Resistance to doxycycline, 
trimethoprim, sulfometaxazole and fosfomycin was determined by in silico methods only: all isolates were sensitive to the listed antibiotics.
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hospital at that time (isolate 419) and was later 
isolated from patient No 13 (isolate 3962) upon 
admission in February 2014. The same strain 
(isolate 3692) caused a recurrent PJI five years 
later, leading to re-admission. Due to the severity 
of the recurrent infection, the hip prosthesis was 

removed (Girdlestone procedure), as the patient 
had already undergone 12 different surgeries for 
unrelated medical reasons.

For the remaining four patients (No 5, 13, 6, 
and 9) with recurrent infection caused by the 
same strain, two cases resulted in prosthesis 

Figure 1. Results of phylogenetic analysis of genomes of the isolates performed using core genome 
reconstruction. Isolate numbers are indicated with the date of hospital admission (month and year) and 
patient numbers. Multidrug-resistant isolates are marked with an asterisk. The distances between nodes 
reflect genetic differences between the samples. Colors represent patients with recurrent infections: isolates 
from the same patient are shown in the same color, with the number in parentheses indicating the MLST. 
Numbers at the nodes of the tree indicate bootstrap support levels. Isolates 3718 and 3809 were used 
only in the phylogenetic analysis, as they were obtained from patients with infections caused by different 
microorganisms
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removal due to treatment failure (Figure 2). 
For patient No 5 (isolates 379, 212, and 264), 
the primary infection was likely acquired 
nosocomially during admission in August 2012, 
as the isolate (153) was identical to that of 
another patient (patient No 1) admitted for PJI 
in July 2012. Two months after initial infection 
resolution, the same strain (isolate 212) 
reactivated, causing clinical recurrence. After 
antibiotic therapy, another recurrence (isolate 
264) occurred six months later. The treatment 
of PJI resulted ineffective, ultimately leading 
to prosthesis removal. Additionally, patients 
No 2 (isolate 406) and No 13 (isolate 399) 
were likely infected by patient No 5, as their 
isolates differed by only 39 and 7 mutations, 
respectively.

Patient No 6 (isolates 318, 359, and 412) 
underwent two courses of antibiotic therapy. 
Four months after the first episode of PJI (isolate 
359), reactivation of the same strain (isolate 318) 
occurred, with genomic differences amounting 
to four mutations between bacterial genomes. 
Clinically, this manifested as a recurrence of 
PJI. The prosthesis was immediately removed 
(Girdlestone procedure), followed by a course of 
antibiotic therapy. After a surgical pause and re-
implantation with subsequent antibiotic therapy, 
another recurrence of the infectious process 

developed, caused by the same strain (isolate 
412). The small number of mutations confirmed 
the identity of the strains. As a result, another 
course of antibiotic therapy was administered, 
leading to infection resolution. A new resistance 
to aminoglycosides emerged only in isolate 412 
(resistance to gentamicin and tobramycin due 
to the aac(6’)-aph(2’’) gene). A phylogenetic 
relationship was identified between S. aureus 
isolates from patient No 6 and patient No 11, 
from whom isolate 226 was obtained. This isolate 
contained the same newly acquired antibiotic 
resistance genes as isolate 412, suggesting that 
all these isolates likely had a nosocomial origin.

In two other patients (No 2 and No 10) with 
recurrent infection, recovery was achieved after 
the second course of antibiotic therapy. The 
initial infection in patient No 2 (isolate 406) also 
appeared to have a nosocomial origin due to its 
close phylogenetic relationship with isolate 264 
from patient No 5 (only 39 mutations between 
genomes). After the first phase of therapy with 
ceftriaxone (1.0 g twice daily) and vancomycin 
(1.0 g twice daily IV), reactivation of the infec-
tion occurred only after 4 years and 10 months 
(isolate 1063). However, given the time elapsed 
since operation, this case can be considered 
an independent hematogenous translocation 
infection. A combination therapy regimen 

Figure 2. Genetic relatedness of the isolates, indicating the approximate date of primary arthroplasty for the 
corresponding patient (triangle) and hospital admission due to PJI (green circles). The dashed line represents 
the timeline for each patient. Orange and blue lines indicate phylogenetic relatedness of two isolates with 
fewer than and more than 100 genomic differences, respectively. Above each such line, the number of single 
nucleotide substitutions, insertions, and deletions distinguishing the two genomes is indicated. A minus sign 
in a circle denotes prosthesis removal, and the number represents the isolate number
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consisting of ceftriaxone (1.0 g twice daily), 
vancomycin (1.0 g twice daily IV), meropenem  
(1.0 g three times daily), ceftaroline fosamil 
(600 mg twice daily), and ciprofloxacin (400 mg  
twice daily) during admission, followed by 
trimethoprim-sulfamethoxazole (960 mg twice 
daily for 3 weeks) and ciprofloxacin (500 mg 
twice daily for 3 weeks) in the outpatient phase, 
resulted in infection resolution while preserving 
the prosthesis. Notably, isolate 1063, compared to 
isolate 406, had lost the blaZ gene while retaining 
β-lactam resistance and becoming susceptible to 

cefoxitin. This suggests that over such a prolon-
ged period, bacterial selection favored strains 
lacking this gene. For patient No 10, both episodes 
of PJI, caused by the same strain, were treated 
with cefazolin. Infection resolution was achieved 
after the second course of antibiotic therapy, 
most likely due to a more radical debridement, 
including necrotic tissue removal and friction 
pair replacement via the double-DAIR procedure. 
The relationships between surgical interventions, 
phylogenetic relatedness of isolates, and treatment 
outcomes are presented in Table 4.

Table 4
Relationships between the types of surgery and therapy performed, phylogenetic  

relatedness of isolates, and treatment outcomes

P
at

ie
n

t

1st operation / 
number of isolate Rec. 2nd operation / 

number of isolate Rec. 3rd operation / 
number of isolate Rec. 4th operation Outcome

1 Spacer 
implantation / 153

Yes Girdlestone 
procedure / 153 

Yes Chronic 
osteomyelitisт

2 Girdlestone 
procedure / 406

Yes Debridement / 
1063

No Revision THA Recovery

5 Spacer 
implantation / 379

Yes Spacer re-
implantation / 212

Yes Girdlestone 
procedure / 264

Yes Chronic 
osteomyelitisт

6 Spacer 
implantation / 359

Yes Girdlestone 
procedure / 318 

Yes Debridement/ 412 No Revision 
arthroplasty

Recovery

7 DAIR / 310 Yes Spacer 
implantation / 310

Yes Girdlestone 
procedure / 310

No Relative recovery

8 Spacer 
implantation / 419

Yes Spacer re-
implantation / 419

No Revision THA Recovery

9 DAIR / 3716 Yes Spacer 
implantation / 

3716

Yes Girdlestone 
procedure / 3716

No Relative recovery

10 DAIR / 326 Yes DAIR / 348 No Recovery

11 DAIR / 226 No Recovery

13 Spacer 
implantation / 399

Yes Spacer re-
implantation / 399

Yes Girdlestone 
procedure  / 3692

Relative recovery

14 One-stage 
prosthesis 

replacement / 217

No Recovery

17 Spacer 
implantation / 

3825

No Revision 
arthroplasty

Recovery

18 One-stage 
prosthesis 

replacement / 3808

No Recovery

Phylogenetically related isolates are highlighted in the same color. DAIR (Debridement, Antibiotics and Implant 
Retention) — a surgical procedure for PJI with prosthesis retention; Girdlestone procedure — prosthesis removal without 
spacer implantation; debridement – option for a secondary surgical wound care; chronic osteomyelitis — PJI recurrence; 
relative recovery — PJI resolution without further revision THA, the supporting limb is shortened; recovery — 12 months 
after revision hip arthroplasty recurrence is not observed; rec. — recurrence.
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Gene composition in genomes of isolates 
from recurrent infections
During antibiotic therapy, all isolates from 
patients with recurrent PJI were subjected to 
prolonged exposure to antibiotics. Therefore, 
changes in the genomes of isolates from one 
patient were analyzed. In two patients with 
significantly different remission periods (4 years 
and 10 months for patient No 10 and less than 
a week for patient No 2), the gene composition 
remained unchanged, despite the presence of 39 
and 35 single nucleotide mutations, respectively, 
differentiating the genomes of the isolates.

For patient No 6, who recovered after  
treatment, the opposite trend was observed. 
The number of single nucleotide mutations 
was 4 and 1, whereas the number of new genes 
between isolates 359-318 and 318-412 was 2 
and 78, respectively. Among these 78 genes, 
those encoding capsule polysaccharide synthe-
sis enzymes, adhesins, phage proteins, and 
aminoglycoside-N(6’)-acetyltransferase (which 
confers resistance to aminoglycosides) were 
identified. Additionally, one of the new genes 
in isolate 318 (encoding a surface-anchoring 
protein) was also found in isolate 412, confirming 
their phylogenetic relationship. However, the 
source of the new genes in isolate 412 remains 
an open question for further study, as most of 
them, according to BLAST NCBI analysis, are 
present in the genomes of other S. aureus strains, 
suggesting horizontal gene transfer from other 
bacteria of the same species that must have been 
in contact with the infecting isolate.

Isolate 212 from patient No 5 contained 
seven additional genes absent in the genome of 
isolate 379, including genes encoding mannitol-
1-phosphate 5-dehydrogenase, D-mannitol 
permease of the phosphotransferase system, 
fibronectin-binding protein, and nickase. 
In the same patient, the genome of isolate 
264 was sequenced at a depth sufficient for 
phylogenetic analysis but insufficient for de 
novo gene annotation. The acquisition of new 
genes increasing bacterial pathogenicity likely 
contributed to the recurrent course of PJI, 
ultimately leading to chronic osteomyelitis. 

discussion
Using whole-genome sequencing, we analyzed 13 
cases of PJI caused by different S. aureus strains, 
five of which involved recurrent PJI (relapse). 
These recurrent infections were the main topic 
of the study, as their investigation improves 
our understanding of how bacteria adapt to 
new conditions after treatment [32]. Among all 
antibiotics, cefazolin was the most frequently 
used (in 73% of admissions), often in combination 
with other antibiotics. Literature describes the 
cases of the so-called inoculum effect, where 
the minimum inhibitory concentration increases 
fourfold or more at high pathogen concentrations 
in the presence of the β-lactamase gene (blaZ), 
which hydrolyzes cefazolin molecules with low 
efficiency [33, 34]. The blaZ gene was detected 
in most isolates (85%), consistent with the high 
prevalence of S. aureus resistance to penicillins. 

We identified several discrepancies between 
phenotypic antibiotic resistance and the 
presence or absence of genetic determinants. 
Three isolates resistant to gentamicin and 
tobramycin but carrying the aac(6’)-aph(2’’) gene 
remained susceptible to amikacin, a phenomenon 
frequently described in the literature [35]. 
Therefore, antibiotic resistance determination 
should be approached with caution when relying 
solely on molecular genetic testing, such as 
whole-genome sequencing or PCR. 

Among the 20 collected S. aureus isolates, 
clonal complex 97 (CC97) strains were the most 
prevalent. Many bacteria of this complex are 
frequently found in livestock animals [28, 29, 
30], and some have been shown to transfer from 
animals to humans [36, 37, 38]. The possibility that 
these strains became widespread as nosocomial 
pathogens after zoonotic transmission cannot 
be ruled out, especially since half of the patients 
who underwent operation for hip osteoarthritis 
were from rural areas. 

A potential nosocomial transmission chain of 
the CC97 strain between multiple patients from 
2011 to 2019 was identified. However, confirming 
this requires a significantly larger number 
of isolates. Therefore, the study was focused 
on recurrent infections in the same patients.  
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WGS data revealed that in four out of five cases, 
the infection was caused by phylogenetically 
related isolates, with genomic changes 
confirming their relatedness. The acquisition 
of new aminoglycoside resistance genes was 
observed in only one of six cases, likely due to 
the use of multiple antimicrobial agents, which 
reduced the probability of simultaneous uptake 
of multiple resistance genes. 

Thus, whole-genome sequencing demonstra-
ted the phylogenetic relatedness of isolates 
obtained over long-time intervals from PJI 
patients, including those with recurrent 
infections. The findings on genomic changes in 
S. aureus strains in both primary and recurrent 
nosocomial infections suggest that detailed 
molecular genetic testing can aid in selecting 
therapeutic strategies based on bacterial genomic 
adaptations to antibiotic therapy.

Beyond the tactics of antibiotic therapy, 
these results may also influence surgical 
management strategies. If bacteria causing PJI 
contain antibiotic resistance genes acquired via 
horizontal transfer, a more radical treatment 
approach should be considered. When antibiotic 
resistance develops, requiring increased 
antibiotic doses that inevitably induce new 
mutations, continuing a two-stage treatment 
course with repeated spacer implantation not 
only loses its effectiveness but also risks the 
emergence of multidrug-resistant bacteria. In 
such cases, retaining an infected prosthesis is 
not advisable. Instead, it should be removed 
(Girdlestone procedure), the infected site 
should be thoroughly debrided, and spacer 
implantation should be avoided. Omitting 
spacer re-implantation reduces the cumulative 
doses of local and systemic antibiotics, 
thereby lowering the mutation pressure on 
PJI pathogens. Removing the prosthesis with 
subsequent surgical pause (lasting 6-12 months) 
shortens the duration of antibiotic therapy, 
decreases the risk of new mutations and, conse- 
quently, the development of antibiotic resistance, 
and enhances treatment efficacy. Revision 
arthroplasty after a surgical pause appears to be 
a more promising approach in such cases.

conclusionS
Whole-genome sequencing data allow for 
the identification of phylogenetically related 
isolates, with genomic changes confirming their 

relatedness. The detection of related isolates in 
previously treated periprosthetic joint infection 
and its recurrence suggests re-infection by 
persistent isolates rather than exogenous 
contamination during revision arthroplasty, 
ruling out surgical site infection as an 
epidemiological event. Conversely, the presence 
of related isolates in two or more patients 
indicates direct nosocomial transmission. Under 
high-dose antibiotic therapy, both in primary 
nosocomial periprosthetic joint infection and in 
recurrent cases, genomic changes accumulate 
in S. aureus strains. Detailed molecular genetic 
testing, identifying mutations and newly acquired 
virulence and resistance genes, can help to justify 
a radical treatment strategy for periprosthetic 
joint infection that is prosthesis removal.
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