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Background: Chronic bronchopulmonary infection due to MRSA in people with cystic fibrosis (pwCF) has been
associated with accelerated decline in lung function, increased hospitalizations and increased mortality.

Material and methods: We studied microbiological and genomic characteristics of MRSA isolates recovered
from pwCF in two Spanish multicentre studies (2013, 2021). Antimicrobial susceptibility was performed. WGS
was carried out to determine population structure [MLST, spa-typing, staphylococcal cassette chromosome
mec (SCCmec)], resistome and virulome. Clinical charts of MRSA-infected and MRSA-non-infected pwCF were
also reviewed.

Results: MRSA infection prevalence decreased between 2013 (29/341, 8.5%) and 2021 (21/326, 6.4%)
(P=0.378). Differences in lung function were observed between infected and non-infected patients (P<
0.005). A higher prevalence of hospital-acquired (HA) clones was found compared with community-acquired
(CA) clones (2013: 67% versus 33%; and 2021: 71% versus 29%). Overall, we noted clustering of isolates based
on year of sampling, type of acquisition and clonal complex (CC). HA-MRSA population was dominated by CC5,
with ST125-MRSA-IVc-t067 the most prevalent lineage (37%). A higher clonal diversity was detected among CA-
MRSA. One Panton-Valentine leucocidin (PVL)-positive strain (ST8-MRSA-1V) and three strains of porcine origin
(two ST398-MRSA-V-t011, one ST398-MRSA-V-t8567) were found. Additionally, acquired resistance genes
(n=24) were detected, including the cfr gene conferring linezolid resistance. A higher gentamicin resistance
was found in 2021 (42%) compared with 2013 (7%) (P=0.046), associated with the aac(6’)-aph(2”) gene.

Conclusions: Despite a decrease in MRSA prevalence, we showed its potential impact on CF severity and progres-
sion. Moreover, we observed great genotypic and phenotypic diversity in MRSA isolates from pwCF as well as an
MDR trait.

Introduction

Chronic lung infections remain one of the main causes of morbid-
ity and mortality in people with cystic fibrosis (pwCF).* Among the
implicated pathogens, MRSA is particularly significant due to its
ability to colonize and cause recurrent and persistent infections.
The role of MRSA in exacerbations and its impact on disease

progression is attributed to its capacity to induce chronic inflam-
mation, loss of lung function and resistance to multiple antimi-
crobials.? A decline in the forced expiratory volume in 1s (FEV,)
is a hallmark of CF progression and is often indicative of worsen-
ing lung function.’

Epidemiological studies in Spain have identified significant
genetic diversity in MRSA isolates from pwCF, with the ST125/
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staphylococcal cassette chromosome mec (SCCmec)IV/t067,
an allelic variant of ST5, being one of the most prevalent
hospital-associated MRSA (HA-MRSA) clones.>> Community-
associated MRSA (CA-MRSA) clones such as ST30 [clonal complex
30 (CC30)] have also been detected in pwCF. Additionally, a di-
verse distribution of SCCmec complexes has been observed, with
types IV and I generally associated with HA-MRSA, and types 1V,
VI, VII and IX more related to CA-MRSA.® Beyond their antibiotic
resistance, MRSA also produces virulence factors like Panton-
Valentine leucocidin (PVL) (such as [ukS-PV and lukF-PV genes)
and staphylococcal enterotoxins (SEs), causing tissue damage.’
Additionally, the tst-1 gene encodes toxic shock syndrome toxin-1
protein (TSST-1), leading to toxic shock syndrome, influenced by
environmental and genetic factors.®?

In this study, we present a detailed microbiological character-
ization of MRSA isolates recovered from pwCF during two multi-
centre studies conducted in 2013 and 2021 in Spain. Our
primary objectives were to determine the prevalence of MRSA
pathogenic colonization (hereinafter infection) in pwCF before
and after the COVID-19 pandemic, to evaluate the antimicrobial
resistance profiles of MRSA isolates and to investigate their gen-
etic diversity in our country.

Material and methods

Study isolates and data collection

In two national multicentre studies conducted in 2013 and 2021,
a total of 667 sputum samples (one per patient) were recovered
in different CF units from Spanish hospitals (341 in 2013 and
326in 2021). Overall, samples were collected from 17 centres in
2013 and from 14 centres in 2021. Among these samples,
Staphylococcus aureus was detected in 59.9% of pwCF [206/341
(60%) in 2013 and 194/326 (59.5%) in 2021] (Table S1, available
as Supplementary data at JAC-AMR Online). Among all patients/
samples, 50 isolates were identified as MRSA, 29 in 2013 and 21
in 2021. This subset was selected for antimicrobial susceptibility
testing and genomic characterization. All isolates were recovered
as part of the routine management of the CF patients and were
stored at —80°C for further analysis. Bacterial identification was
performed using MALDI-TOF (Bruker, Germany).

Demographic data from patients with MRSA including age,
gender or cystic fibrosis transmembrane conductance regulator
(CFTR) mutation were recorded. Data regarding presence of pan-
creatic insufficiency, CF-related diabetes, alterations in carbohy-
drate metabolism, and the highest percentage predicted FEV,
value, such as exacerbations, days of hospitalization and anti-
biotic use, were also collected from the year prior to the inclusion
in the study. Nevertheless, we used the criteria established in
the ‘Spanish Consensus on the Prevention and Treatment of
Pseudomonas aeruginosa Bronchial Infections in Cystic Fibrosis
Patients’ document that considers pulmonary exacerbation a
clinical situation characterized by changes in existing respiratory
symptoms and the appearance of new symptoms followed by a
decline in respiratory function.'®

Antimicrobial susceptibility testing

Methicillin resistance was detected using the 30 ug cefoxitin disc
susceptibility. We also determined the antimicrobial susceptibility

of gentamicin, levofloxacin, erythromycin, clindamycin, linezolid
and rifampicin by agar disc diffusion, and results were interpreted
following EUCAST-2024  criteria  (https:/www.eucast.org/).
Inducible resistance to clindamycin was detected by the erythro-
mycin and clindamycin disc approximation test (D-zone test).'*

WGS and bioinformatics analysis

Genomic DNA extraction was carried out using the commercial
QIAamp DNA Mini Kit QIAgen (Hilden, Germany). WGS was per-
formed using the Illumina NovaSeq 6000 platform (Oxford
Genomics Centre, Oxford, UK), with 2x 150 bp paired-end reads.
Sequencing, processing, annotation and bacterial identification
were performed as previously described.’?

The Bactopia tool was employed to determine MLST, spa and
SCCmec type.'® The MRSA strains were defined as HA-MRSA and
CA-MRSA based on their belonging to the clonal complex defined
by MLST, spa, SCCmec and agr operon types detected.'* Minimum
spanning trees based on the MLST were constructed using the
algorithm goeBURST (http:/www.phyloviz.net/). Assembled gen-
omes were analysed for acquired resistance genes, virulence
factors and plasmid replicons using Abricate v.1.0.1 employing
the ARG-ANNOT, Resfinder, VFDB and PlasmidFinder databases
(threshold: 95% identity/90% coverage). Core genomes were
obtained using Snippy (v4.4.3) and S. aureus NCTC 8325
(NC_007795.1) as the reference genome. A core genome
maximume-likelihood phylogenetic tree was constructed and vi-
sualized using 1Qtree2 and Microreact (https:/microreact.org/
showcase), respectively.

The genomes were deposited at DDBJ/ENA/GenBank under
the project number PRINAS85233 (JAUBWX000000000-JAUBYU
000000000).

Statistical analysis

Differences of clinical characteristics, FEV,; and infection were
tested by Fisher’s exact test. A P value of <0.05 was considered
significant at a 95% CI. All tests were performed using R software
(RStudio, Boston, MA; http://www.rstudio.com/) and GraphPad
Prism 8 (San Diego, CA, USA) software.

Results

Demographic data, pathogenic colonization status,
pulmonary function and modulator therapy

Comparing both studies, a decrease in MRSA prevalence was ob-
served between 2013 (8.5%, 29/341 patients) and 2021 (6.4%,
21/326 patients), although it was not statistically significant (P
=0.378). Additionally, the percentage of patients infected with
MRSA among those infected with S. aureus (MSSA+MRSA) was
14.1% (29/206) and 10.8% (21/194) for the years 2013 and
2021, respectively. Up to 14 (28%) MRSA-infected patients had
the F508del mutation in homozygosis, 20 (40%) in heterozygosis,
and 16 (32%) had other different mutations.

In both years, statistically significant differences were observed
in lung function (FEV;) [%, Q3 (quartil 3)-Q1 (quartil 1)] between
MRSA-infected and MSSA-infected patients in both studies
[62.0% (Q3-Q1: 75-35) versus 72.9% (Q3-Q1: 86-50) (P<0.01)
in 2013; and 65.3% (Q3-Q1: 84-41) versus 76.3% (Q3-Q1: 98-56)

20of9


http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlae160#supplementary-data
http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlae160#supplementary-data
https://www.eucast.org/
http://www.phyloviz.net/
https://microreact.org/showcase
https://microreact.org/showcase
http://www.rstudio.com/

Genomic characterization of MRSA

JAR

(P<0.02) in 2021]. A trend towards a higher number of exacerba-
tions in pwCF infected by MRSA versus MSSA was observed in the
2013 study (75.8% versus 70.0%; P=0.43), which was significant
in the 2021 study (57.0% versus 32.0%; P=0.041). Pathogenic
colonization by P. geruginosa was also more frequent among
patients with a positive culture for MRSA (P<0.001), occurring in
76.0% (38/50) of cases. The colonization status by P. aeruginosa
was chronic in 20 patients (40%) and intermittent in 18 (36%)
with no differences between years.

The clinical characteristics of the patients infected and non-
infected by an MRSA strain are shown in Table 1. The proportion
of HA-MRSA and CA-MRSA isolates detected was 68% (65.0% in
2013 and 71.4% in 2021) and 32.0% (35.0% in 2013 and
28.6% in 2021), respectively. The median age [p75 (75th percen-
til) - p25 (25th percetil)] of patients infected with CA-MRSA strains
was similar to that of those infected with HA-MRSA strains [20
(p75-p25: 28-13) versus 21 (p75-p25: 28-16) years]. Clinical
and demographic characteristics of both patient populations
are shown in Table S2.

In the 2013 study, therapy with CFTR modulators was not re-
corded due to their very limited use at the time. In the 2021
study, nine patients (43%) received a CFTR modulator. The
most commonly used combination was ivacaftor+tezacaftor
(n=6), followed by ivacaftor alone (n=2), and only one patient
received elexacaftor+tezacaftor+ivacaftor. The median FEV;
among these patients was 48%, with four patients having less
than 40% lung function. Only three patients had chronic colon-
ization by P. aeruginosa and MRSA, whereas 66% (n=6) experi-
enced an exacerbation.

Antimicrobial susceptibility

The antimicrobial susceptibility of the isolates is shown in
Figure S1. A total of 96.0% of the isolates were MDR and 4.0%
were XDR. Generally, high resistance rates were observed in qui-
nolones (78.0%) and aminoglycosides (24.0%) in both study
years. Among the isolates resistant to erythromycin, the macro-
lides, lincosamides and streptogramins B (MLSB) constitutive
phenotype was detected in 56.0% of the isolates, and the MLSB
inducible phenotype in 22%. When comparing the two study
years, we observed very similar resistance rates for all tested anti-
microbials except for gentamicin. The percentage of gentamicin-
resistant isolates (42.0%) was higher in 2021 than in 2013 (7.0%)
(P=0.047). It is worth noting that we found three isolates resist-
ant to linezolid using diffusion discs (one in 2013 and two in
2021).

Considering the distinction between HA-MRSA and CA-MRSA
strains, higher resistance rates were found to quinolones in
HA-MRSA strains (85.0%) than in CA-MRSA (62.5%), whereas
CA-MRSA strains showed higher MIC values of macrolides (100%
versus 67.0%) and clindamycin (69.0% versus 56.0%) (Figure 1).

Bacterial typing and WGS
Genome characteristics

The genome size of our isolates was 2.69-5.51 Mb, with a G+C
content of 33.0% and an average of 2845.32 protein-coding
sequences. Genomic information based on contig size 500 bp is
detailed in Table S3. All isolates were identified as S. aureus.

Population structure

A total of 18 different spa types were obtained. Overall, t067 was
the most frequent (18/50, 36%), followed by t127 (6/50, 12%)
and t002 (5/50, 10%). The most prevalent operon agr types ob-
tained were type II (33/50, 66%) and type III (11/50, 22%),
with type I being the least prevalent (6/50, 12%). MLST showed
alower degree of diversity, revealing the existence of 12 different
STs, with ST125 (14/50, 30%) being predominant, followed by ST5
(8/50, 16%). Regarding the obtained clonal complexes, CC5 was
the most frequent [68% (32/50)] and was distributed across vari-
ous hospitals without predominance in any of them. To a lesser
extent, we also detected CC1 (10%), CC8 (6%), CC30 (6%),
CC398 (6%) and CC72 (4%). The predominant SCCmec type was
IVc (34/50, 70%), followed by type IVa (8/50, 16%) and type V
(4/50, 8%). One strain presented an SCCmec type Ila, and three
others were non-typable (ST30, spa t2131, agr III; ST30-1LV,
spa t2910, agr 1II; and ST1870, spa t018, agr III) (Figure 2).
Among the CA-MRSA strains, three isolates (two in 2013 and
one in 2021) belonged to the porcine clone ST398-MRSA-V, two
of which had the spa type t011 and another one the spa type
t8565 (Figure 3).

The core genome phylogenetic analysis revealed that our
MRSA isolates clustered by acquisition type and MLST results.
Moreover, the isolates were also grouped according to the year
of collection.

Antibiotic resistance genes

The WGS analysis confirmed the presence of genes conferring re-
sistance to aminoglycosides [aac(6’)-aph(2”), aadD, ant(6)-Ia,
ant(9)-Ia, aph(3’)-1Ib, aph(3’)-111], penicillins (blaZ, mecA), chlor-
amphenicol (catB7), trimethoprim/sulfamethoxazole (dfrK), tet-
racyclines [tet(K), tet(L), tet(M)] and macrolides [erm(A), erm(C),
mph(C), msr(A)]. We detected the aph(2”)-aac(6’) gene related
to gentamicin resistance in eight (72%) MRSA isolates, most of
them from the 2021 study (6/8).

We found the cfr gene in three isolates, but resistance to line-
zolid by disc diffusion was detected in only one of them (ST125
CC5 1V, t1340). The other MRSA carrying the cfr gene belonged
to the same clonal complex (CC5) but varied in the ST (5 and
125) and the spa type (t458 and t002). Both isolates also exhib-
ited resistance to aminoglycosides, tetracyclines and macrolides.

Regarding the two XDR isolates, both carried aph(2”)-aac(6’),
mecA, erm(C) and mup(A) genes. Additionally, one of them pre-
sented resistance genes to erythromycin and azithromycin
[mph(C) and msr(A), respectively].

Only 6 of the 21 isolates (28.6%) resistant to tetracycline car-
ried tet(K), tet(L) or/and tet(M) genes. The gene related to resist-
ance to trimethoprim/sulfamethoxazole, dfrK, was found in five
isolates that were susceptible to this antibiotic. However, dfrK
was not detected in the only isolate that was resistant to tri-
methoprim/sulfamethoxazole. The resistome of the remaining
isolates is shown in Figure S2.

Virulome

Overall, the virulence genes detected in our isolates were related
to adherence, biofilm formation, capsular polysaccharide expres-
sion, toxin and cytotoxin production, immune modulation, iron
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Figure 1. Percentage of resistant strains in HA-MRSA and CA-MRSA. CLI,
clindamycin; ERY, erythromycin; GEN, gentamicin; LVX, levofloxacin; LZD,
linezolid; RIF, rifampicin; SXT, trimethoprim/sulfamethoxazole.

scavenging, protease production and type VII/ESS secretion sys-
tem (Table S4, Figure S3).

The [ukS-PV and lukF-PV virulence factors, encoding the PVL
toxin, were detected in one isolate (ST8, CC8, 1Va, t008, gpl),
which also carried other virulence genes such as selg and selk,
precursors of staphylococcal enterotoxins. Regarding the tst-1
gene, it was detected in four CA-MRSA isolates from the 2013
study, with different STs (72, 1870, 125, 30) and belonging to
CC30, except for one grouped into CC8.

Discussion

Among the bacteria that cause lung infections in pwCF, MRSA has
increasingly been detected, affecting up to 25% of individuals
with this disease. Additionally, MRSA is resistant to multiple anti-
biotics, and bronchopulmonary infections caused by this bacter-
ium often become chronic.® According to recent European
reports, the overall prevalence of MRSA pathogenic colonization
is decreasing.*® Coincidentally, we found a downward trend of
MRSA prevalence between 2013 (8.5%) and 2021 (6.4%), al-
though this was higher than that in a previous study performed
also in our institution in 2008 (4.4%).'® Furthermore, the ob-
served higher number of exacerbations among MRSA-infected
patients compared with MSSA underscores the potential impact
of MRSA infection on disease severity and progression. Overall,
the demographic data revealed a balanced gender distribution
among the patients included in the study.

In the study, the community or hospital origin of the strains was
determined based on the CC to which they belonged, defined by
MLST, spa type and agr operon, as previously described.”!’” The
SCCmec type was not useful for this distinction, as types I and I,
traditionally associated with hospital strains, have been largely re-
placed by type 1V, which was initially described in community
strains.!” Considering all these factors, the proportion of
HA-MRSA and CA-MRSA isolates obtained was 68% (35/50) and
32% (15/50), respectively. In both years, the predominant hospital
clone found was the ST125-SCCmec-1V-t067, belonging to CCS.
This clone is also the most common in the nosocomial context

of our country, accounting for more than 50% of hospital-acquired
colonizations, with rare presence in other European countries.>”*8
In contrast, the most prevalent SCCmec found in HA-MRSA strains
was IVc (94%) in both 2013 and 2021, contradicting published
studies in which IVa (2%) was identified as the most prevalent
in the Spanish hospital setting.*'® In the context of CF, an explan-
ation could be that type IVc carries a Tn4001 transposon for resist-
ance to aminoglycosides, antibiotics commonly administered to
pwCF, and hence may have a selective advantage.*®

Consistent with previous studies, we found higher clonal diver-
sity in CA-MRSA strains than in HA-MRSA strains.*?1~%3 In Spain,
the incidence of CA-MRSA is low, usually associated with sporadic
cases and outbreaks; the most frequently described clone in
Spain is ST8-SCCmec-1Vc, which aligns with our study findings.
Additionally, we detected three strains belonging to a lineage
of MRSA of porcine origin (ST398-SCCmec-V spa t011 and another
to spa t8565) that is rarely described in pwCF2472¢ The CA-MRSA
strains often carry virulence factors like [ukF-PV and [ukS-PV,
which encode the PVL toxin, potentially contributing to more se-
vere infections and rapid spread.” In our study, these genes were
observed only in a community isolate, ST8-CC8-1Va-t008, consist-
ent with previous reports in hospitalized patients.?®"*¢ Although
MDR is not typically associated with CA-MRSA, it is increasingly re-
ported among PVL-positive MRSA populations.’® Our PVL-MRSA
isolates showed resistance to gentamicin, levofloxacin and eryth-
romycin. In the case of our patients with CA-MRSA, they had
slightly lower lung function than patients with hospital clones
but, in contrast, they had a lower frequency of exacerbations
and hospitalization episodes. The worse prognosis of patients
with HA-MRSA may be due to their slightly older age and more
advanced stage of the disease.

Our study showed diverse and complex resistance profiles
among our MRSA isolates, with 96% of them being MDR.
Resistance rates were very similar in both studies, showing high
resistance to levofloxacin (78%) and erythromycin (78%). This
aligns with several studies on MRSA antimicrobial susceptibility,
which have also revealed high rates of resistance to erythromy-
cin, clindamycin, levofloxacin and ciprofloxacin.? In 2021, the
aminoglycoside that showed the highest resistance rate was
gentamicin, probably due to the presence of the aph2-aacé
gene (72%). The administration of inhaled tobramycin for the
treatment of patients colonized by P. aeruginosa can also gener-
ate isolates resistant to it over time.

The presence of genes conferring resistance to different anti-
biotic families underscores the multifaceted nature of antibiotic
resistance in the studied MRSA strains. In fact, the linezolid-
resistant isolate in which we found the cfr gene (ST125 CC5
IVc, t1340) additionally harboured other resistance genes:
blaz, dfrK, erm(C), mecA and tet(L). Despite being susceptible
to erythromycin, this strain demonstrated resistance to clinda-
mycin, with additional resistance to chloramphenicol and linezo-
lid (PhLOPSa phenotype).® The existence of MRSA isolates
carrying the cfr gene within the same clonal complex (CC5) but
exhibiting variations in STs and spa typing raises questions about
the dynamics of resistance gene dissemination within this clonal
complex.

Interestingly, all isolates that carried a resistance gene related
to trimethoprim (dfrK) were susceptible to trimethoprim/sulfa-
methoxazole combination. Conversely, only one isolate from
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Figure 2. Core genome maximum-likelihood phylogenetic tree of all MRSA isolates and S. aureus reference genome (NC_007795.1) analysed by WGS.

the 2021 survey was resistant to trimethoprim/sulfamethoxa-
zole, but no other known resistance-related genes were de-
tected. Furthermore, regarding tetracyclines, we found a low
correlation between the presence of the tetK, tetM and tetL genes
and a resistant phenotype (29%).

Few studies have analysed the clinical impact of community
clones in pwCF, limiting our understanding of their implications
and prevalence. The small sample size and geographical limita-
tions of our study reduce the generalizability of our findings.
We also consider the absence of the analysis of data for FEV,

60f9



Genomic characterization of MRSA

CCMLST
5

o - ]

N

e
I

()

spa Type

@
@ 0

n27
@
@ o

002
@
@

138
@
[
[ Y
O o

LUl
@ =55
[ FIH

@ 20

@ o

Figure 3. Minimum spanning trees constructed using the algorithm goeBURST (http://www.phyloviz.net/) and annotated by: (a) clonal complex multi-
locus sequence type (CCMLST); (b) sequence type (ST); (c) staphylococcal cassette chromosome mec (SCCmec); and (d) spa type.

over time as a limitation, along with the lack of information re-
garding the duration of colonization by various bacterial isolates.
These factors introduce uncertainties that may affect the interpret-
ation of our findings. On the other hand, only one patient received
the triple therapy (elexacaftor +tezacaftor +ivacaftor), so we could
not estimate the effect of this treatment on lung function and its im-
pact on the evolution of MRSA infection. It should be noted that this
treatment was approved in Spain at the end of 2021, and patients
receive this treatment generally on compassionate grounds.

In conclusion, our study revealed a reduction in the prevalence
of MRSA bronchopulmonary infection among pwCF in Spain be-
tween 2013 and 2021, although this decrease was not statistic-
ally significant. Despite this trend, MRSA infection continues to
pose a significant risk to lung function and exacerbations in
pwCF. The high genetic and phenotypic diversity observed in
MRSA isolates highlights the complex epidemiology of this patho-
gen in CF. HA-MRSA strains, particularly those of the ST125 lin-
eage, remain predominant and exhibited resistance to multiple
antibiotics. In contrast, CA-MRSA strains showed greater genetic
diversity and carried different virulence factors. Our findings
underscore the need for continued surveillance to control MRSA
infection in pwCF, addressing both the persistent challenges

posed by hospital-associated strains and the emerging threat
from community-associated lineages.
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