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Next-Generation Sequencing Confirms Presumed Nosocomial
Transmission of Livestock-Associated Methicillin-Resistant
Staphylococcus aureus in the Netherlands
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Centre for Infectious Disease Control, National Institute for Public Health and the Environment, Bilthoven, the Netherlands

ABSTRACT

Livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) was detected in 2003 and rapidly became the pre-
dominant MRSA clade in the Netherlands. Studies have shown that transmissions are difficult to identify, since this MRSA vari-
ant represents a genetically homogenous clade when current typing techniques are used. Here, next-generation sequencing was
performed on 206 LA-MRSA isolates to assess the capability of LA-MRSA to be transmitted between humans. The usefulness of
single nucleotide variants (SNVs), the composition of the SCCmec region, and the presence of plasmids to identify transmission
of LA-MRSA were assessed. In total, 30 presumed putative nosocomial transmission events and 2 LA-MRSA outbreaks were
studied; in most cases, SNV analysis revealed that the isolates of the index patient and the contact(s) clustered closely together.
In three presumed events, the isolates did not cluster together, indicating that transmission was unlikely. The composition of the
SCCrmnec region corroborated these findings. However, plasmid identification did not support our SNV analysis, since different
plasmids were present in several cases where SNV and SCCmec analysis suggested that transmission was likely. Next-generation
sequencing shows that transmission of LA-MRSA does occur in Dutch health care settings. Transmission was identified based on
SNV analysis combined with epidemiological data and in the context of epidemiologically related and unrelated isolates. Analy-
sis of the SCCmec region provided limited, albeit useful, information to corroborate conclusions on transmissions, but plasmid
identification did not.

IMPORTANCE

In 2003, a variant of methicillin-resistant Staphylococcus aureus (MRSA) isolated from pigs was also found in pig farmers in
France and the Netherlands. Soon thereafter, this livestock-associated MRSA (LA-MRSA) was identified in many other countries.
Transmission of LA-MRSA between humans, particularly in the health care setting, is regarded to occur sporadically. Moreover,
studies that describe LA-MRSA transmission used molecular characterization of isolates with limited discriminatory power,
making the validity of the conclusion that transmission occurred questionable. In our study, we sequenced the complete ge-
nomes of 206 LA-MRSA isolates, obtained from more than 30 presumed LA-MRSA transmission events. Analysis of the data
showed that transmission of LA-MRSA between humans had indeed occurred in more than 90% of these events. We conclude
that transmission of LA-MRSA between humans does occur in Dutch health care settings; therefore, a decision to discontinue
the search and destroy policy for LA-MRSA should be taken with caution.

Methicillin—resistant Staphylococcus aureus (MRSA) is an im-
portant cause of hospital-acquired and community-ac-
quired infections (1). In 2003, an MRSA variant cultured from
pigs and pig farmers emerged in the Netherlands and France (2,
3). This clonal lineage was designated MLST clonal complex 398
(CC398), and a large number of countries reported CC398 cul-
tured from animal specimens, revealing a worldwide prevalence
(4, 5). Besides pigs, CC398 has been found in other livestock ani-
mals, such as veal calves and poultry (6, 7), and was therefore
designated livestock-associated MRSA (LA-MRSA). In the Neth-
erlands, LA-MRSA CC398 isolated from humans has become the
predominant MRSA clade among isolates submitted for typing in
the Dutch MRSA surveillance program since 2007 (5, 8).

Despite the high prevalence of LA-MRSA, its transmissibility
between humans has been a subject of debate. Transmission of
LA-MRSA between animals and from animals to humans has been
described in detail, and transmission occurs frequently (9). For
human-to-human transmission of LA-MRSA, the capability is less
clear, and studies on this subject focused on two topics, namely,
transmission between humans in a livestock setting or within a
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health care setting. Within the livestock setting, transmission of
LA-MRSA between humans has been described in livestock farm-
ers, where transmission among broilers, humans, and their envi-
ronment was found (10). A recent study showed that transmission
of LA-MRSA from the livestock veterinarian to household mem-
bers who reported not having livestock contact occurred in 15 of
the 16 investigated households (11). Surveys on the transmission
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TABLE 1 Overview of plasmid screening among 206 LA-MRSA isolates

Prevalence Accession
No. Plasmid (no.) Resistance gene(s) no. Size (kb) Reference
1 pRIVM1295-1 61 ermC CP013617 2.4 This study
2 PRIVM4294 14 CP013625 3.1 This study
3 pRIVM1295-2 13 CP013618 3.0 This study
4 PRIVM4296 13 CP013626 3.0 This study
5 pRIVM1183 9 tetL, dfrK, ermT CP013627 7.3 This study
6 PRIVM4390 7 aadD CP013623 4.6 This study
7 PRIVMO0677 5 CP013622 4.4 This study
8 pRIVM1076 3 CP013624 2.2 This study
9 pRIVM1607 1 CP013620 1.5 This study
10 pRIVM4293 1 tetL, dfrK, aadD CP013628 6.2¢ This study
11 pRIVM4256 1 tetL, dfrK, aadD CP013629 6.7¢ This study
12 pS0385-1 104 tetK AM990993 5.2 26
13 pS0385-2 11 aadD AM990994 4.4 26
14 pS0385-3 2 AM990995 3.2 26
15 pSWS2889 3 spd HG803547 3.9 27
16 pKKS627 2 tetL, dfrK FN390948 6.2 28
17 pKKS825 0 tetL, dfrK, vgaC, aadD NC_013034 14.3 29
18 pKKS966 0 dfrK FN677368 5.0 30
19 pUR2940 0 tetL, dfrK, ermC, ermT NG_041022 20 25
20 pNVHO1 0 qac] AJ512814 2.7 24

@ Plasmid with incomplete sequence.

of LA-MRSA within the health care setting showed that LA-MRSA
was 4 to 6 times less transmissible than other MRSA lineages (12,
13). In addition, nosocomial transmission of LA-MRSA in Dutch
hospitals was reported to be 72% less likely to occur than trans-
mission of non-LA-MRSA (14). On the other hand, outbreaks of
LA-MRSA have been described, and two recent reports showed
that between 21% and 26%, respectively, of the MRSA isolates
cultured from persons without known MRSA risk factors, the so-
called MRSA of unknown origin (MUO), were LA-MRSA (15,
16). These MUOs suggest the spread of LA-MRSA through routes
other than livestock exposure.

One of the difficulties regarding investigations on transmission
routes of LA-MRSA is that this MRSA variant represents a genet-
ically homogenous clade resulting in limited differentiation using
frequently used typing techniques, such as multilocus sequence
typing (MLST), multilocus variable-number tandem-repeat anal-
ysis (MLVA), and Staphylococcus protein A gene (spa) typing (17).
Recently, studies using next-generation sequencing (NGS) and
whole-genome mapping revealed more genotypic diversity
among LA-MRSA and suggested a distinction between livestock-
and human-associated CC398 clades (11, 18-20). However, the
use of NGS for LA-MRSA in these studies focused mainly on the
population structure of LA-MRSA, using isolates from different
geographical sources and origins. Studies where NGS was applied
for transmission studies have thus far been limited to human-
associated non-LA-MRSA clades, such as E-MRSA 15 (21, 22).

In this study, we performed NGS on more than 200 LA-MRSA
isolates obtained from humans submitted for Dutch national
MRSA surveillance. Together with epidemiological data, we used
NGS data to assess the capability of LA-MRSA to be transmitted
between humans in Dutch health care settings.

MATERIALS AND METHODS

Bacterial isolates. Virtually all MRSA isolates (one isolate per person per
year) obtained from humans admitted to health care centers are submit-
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ted for molecular typing to the National Institute of Public Health and the
Environment (RIVM) for Dutch national MRSA surveillance. In addi-
tion, medical microbiologists or infection control practitioners fill out
questionnaires regarding epidemiologic risk factors for MRSA coloniza-
tion or infection, including contact with livestock, for the persons from
whom MRSA was cultured. In this study, LA-MRSA was defined as iso-
lates with MLVA types belonging to MLVA complex 398 (MC398).

To assess the capability of LA-MRSA to cause nosocomial transmis-
sion, we included 12 LA-MRSA isolates from a presumed outbreak in a
Dutch health care facility and 12 isolates from an outbreak in a Dutch
nursing home (23). Furthermore, inspection of the 9,698 questionnaires
obtained from 2008 to 2012 showed that in 1,291 cases, MRSA was iso-
lated because nosocomial transmission was suspected. In 673 of these
presumed transmission events, isolates were sent to the RIVM for typing.
Ofthose, 41 involved LA-MRSA, but in 15 events, the isolates of the index
and secondary cases did not have the same MLV A/spa types. As aresult, 26
presumed LA-MRSA nosocomial transmission events comprising 60 iso-
lates were included in this study. Besides these 26 events, 4 presumed
transmission events, comprising 8 isolates, in Dutch health care settings,
as described by van Rijen et al. (16), were also included, resulting in a total

TABLE 2 Single nucleotide variants among the 206 LA-MRSA
isolates”

ncSNV sSNV nsSNV msSNV

Mutation SNV No. % No. % No. % No. %
Transition A<~G 521 31.2 631 35.7 958 328 31 29.8

CT 570 34.2 743 42.0 983 33.7 30 28.8
Transversion A<>T 200 12.0 182 10.3 251 86 18 173

A~C 145 87 96 54 299 102 10 9.6

GoT 174 104 92 52 291 10.0 15 14.4

G<C 59 3.5 24 1.4 138 47 0 0.0
All SNVs 1,669 1,768 2,920 104

“ nc, noncoding; s, silent; ns, nonsilent; ms, missense.

July 2016 Volume 82 Number 14


http://www.ncbi.nlm.nih.gov/nuccore?term=CP013617
http://www.ncbi.nlm.nih.gov/nuccore?term=CP013625
http://www.ncbi.nlm.nih.gov/nuccore?term=CP013618
http://www.ncbi.nlm.nih.gov/nuccore?term=CP013626
http://www.ncbi.nlm.nih.gov/nuccore?term=CP013627
http://www.ncbi.nlm.nih.gov/nuccore?term=CP013623
http://www.ncbi.nlm.nih.gov/nuccore?term=CP013622
http://www.ncbi.nlm.nih.gov/nuccore?term=CP013624
http://www.ncbi.nlm.nih.gov/nuccore?term=CP013620
http://www.ncbi.nlm.nih.gov/nuccore?term=CP013628
http://www.ncbi.nlm.nih.gov/nuccore?term=CP013629
http://www.ncbi.nlm.nih.gov/nuccore?term=AM990993
http://www.ncbi.nlm.nih.gov/nuccore?term=AM990994
http://www.ncbi.nlm.nih.gov/nuccore?term=AM990995
http://www.ncbi.nlm.nih.gov/nuccore?term=HG803547
http://www.ncbi.nlm.nih.gov/nuccore?term=FN390948
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_013034
http://www.ncbi.nlm.nih.gov/nuccore?term=FN677368
http://www.ncbi.nlm.nih.gov/nuccore?term=NG_041022
http://www.ncbi.nlm.nih.gov/nuccore?term=AJ512814
http://aem.asm.org

Nosocomial Transmission of LA-MRSA in the Netherlands

MT398/t011
MT572/t108
MT569/t034
MT567/t899
MT566/t1456

o°

OOEEE

FIG 1 Minimum spanning tree based on SNV analysis of 206 LA-MRSA isolates. The tree was based on 6,461 SNV positions, and clustering was done using a
categorical coefficient. Each isolate in the tree is displayed as a circle. The colors represent the MLVA/spa types, and the lines between the isolates denote the

distance in number of SNVs.

of 30 investigated events. Of the 30 presumptive transmission events, 25
were single transmissions, and the other 5 involved multiple transmis-
sions.

In addition to these presumed LA-MRSA transmission isolates, 114
LA-MRSA isolates comprising the 3 predominant LA-MRSA MLVA/spa
types (MT398/t011, MT572/t108, and MT569/t034) in the Netherlands
obtained between 2003 and 2012 were included for analysis to provide
epidemiological context. All available MT398/t011, MT572/t108, and
MT569/t034 isolates from 2003 (n = 12), 2004 (n = 12), and 2005 (n =
10) and the first 5 isolates (if available) of those 3 types from 2006 until
2012 were used.

All 206 isolates were previously characterized using spa typing, MLVA,
and whole-genome mapping (17, 24, 25).

Next-generation sequencing. All 206 LA-MRSA isolates included in
this study were subjected to NGS. In total, 148 LA-MRSA isolates, origi-
nating from the 3 predominant LA-MRSA MLVA/spa types, the previ-
ously described outbreak (23), the presumed LA-MRSA outbreak, and the
5 presumed nosocomial transmission events (16), were sequenced as part
of the 100K genome project by University of California—Davis on a
HiSeq 2000 (http://100kgenome.vetmed.ucdavis.edu/). The other 58 iso-
lates were commercially sequenced on a HiSeq 2500 sequencer (Base-
Clear, Leiden, Netherlands).

Core genome single nucleotide variant (SNV) analysis. The com-
plete, annotated genome of LA-MRSA strain RIVM1295 with MT572/
t108 (accession number CP013616), isolated from a Dutch patient was
determined by NGS. Furthermore, complete, annotated chromosomes
from the two other LA-MRSA isolates obtained from Dutch patients rep-
resenting the two other dominant MLVA/spa types, MT398/t011
(RIVM1607, CP013619) and MT569/t034 (RIVM3897, CP013621), were
used for comparison with the reference genome RIVM1295 to exclude
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noncore genome regions in the SNV analysis (see Fig. S1 in the supple-
mental material). In total, 30 regions, mostly comprising genes encoding
transposases (n = 10), a single bacteriophage, small regions flanking the
insertions sites of bacteriophages present in strains RIVM1607 and
RIVM3897 (n = 8), and the 6 rRNA gene regions, were excluded. The
regions that were excluded from the core genome are indicated as anno-
tations in the complete genome sequence (CP013616). The CLC bio
Genomics server/workbench version 7.5 (CLC bio, Aarhus, Denmark)
was used for the identification of SNVs, and SNV data were imported into
Bionumerics version 7.5 for comparative analyses (Applied Maths, Sint-
Martens-Latem, Belgium).

Staphylococcal cassette chromosome mec and plasmid identifica-
tion in LA-MRSA isolates. We assessed the staphylococcal cassette chro-
mosome mec (SCCmec) region and plasmid composition of LA-MRSA
isolates to collect additional information from the accessory genome. The
SCCimnec region of all 206 LA-MRSA isolates was mapped against all
known SCCmiec references (www.sccmec.org) available in the NCBI da-
tabase in October 2015, and SCCmec types were assigned if a complete
match was found. Divergent variants were named after the most similar
SCCmec type followed by an extension to indicate their distinctive char-
acteristics.

To study the diversity of plasmids among Dutch LA-MRSA isolates,
we used the sequences of three plasmids (accession numbers AM990993,
AM990994, and AM990995) found in ST398 reference strain S0385 (ac-
cession number AM990992) and sequences obtained from the NCBI da-
tabase of six plasmids isolated from ST398 strains and sequenced by other
researchers (Table 1) (27-33). Furthermore, sequences from three plas-
mids, pRIVM1295-1 (CP013617), pRIVM1295-2 (CP013618), and
PRIVM1607 (CP013620), identified in our in-house LA-MRSA reference
strains were also used. During screening of the 206 LA-MRSA isolates
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FIG 2 Distribution of the SCCmec types among 206 LA-MRSA isolates. The tree was based on 6,461 SNV positions, and clustering was done using a categorical
coefficient. Each isolate in the tree is displayed as a circle. The colors represent the different SCCmec types. LA-MRSA isolates for which no NGS reads for the
SCCmec region were present are indicated as white circles. The blue halo contains all isolates with MLVA/spa type MT398/t011, and the red halo contains all

MT572/t108 isolates.

against the plasmids, NGS reads of 53 LA-MRSA isolates mapped against
only parts of the plasmids pS0385-2, pS0385-3, and pKKS627. De novo
assembly and a blast of the rep genes against the NCBI database revealed
the complete sequence of 5 novel plasmids and 3 novel incomplete plas-
mids in the collection, resulting in 20 plasmids used for screening.

Accession number(s). The novel plasmid sequences were submitted
to the NCBI database and are available under accession numbers
CP013622 to CP013629.

RESULTS

SNV analysis. In total, 6,461 single nucleotide variants (SNVs)
were identified among the 206 isolates in the collection and used
for comparison (Table 2; see also Fig. S1 in the supplemental ma-
terial). Most SNVs were found in coding regions of the chromo-
some and comprised nonsilent (n = 2,920), silent (n = 1,768),
and missense mutations (n = 104), while 1,669 SNVs were iden-
tified in the noncoding regions. The majority of SNVs represented
transitions (n = 4,467; 69%), whereas 1,994 SNVs were transver-
sions.

The minimum spanning tree based on SNV analysis showed
that the 206 isolates used in this study mainly clustered into two
groups. One group contained virtually all MT398/t011 isolates
and two isolates with MT566/t1456 (Fig. 1). The average SNV
distance between members of the MT398/t011 group was 31
SNVs, with a range of 3 to 115 SNVs between two isolates in this
group. The other group contained all MT572/t108 isolates that
clustered closely together, with an average distance of 39 SNVs
and a range of 6 to 85 SNVs between two MT572/t108 isolates.
There was a distance of 265 SNVs between the closest members of
the MT572/t108 and MT398/t011 isolates. The MT569/t034 iso-
lates were genetically more diverse and did not cluster in a group.
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The range of SN'Vs between two MT569/t034 isolates was 3 to 398
SNVs.

SCCmec analysis. In total, 4 different SCCmec types could be
assigned in 202 of the 206 LA-MRSA isolates. Within the 4
SCCmec types, 16 different SCCmec variants with distinct compo-
sitions were identified (see Fig. S2 in the supplemental material).
Most isolates (n = 99) carried SCCmec type V (5C2&5C). (The
structural type is indicated by a Roman numeral, with a lowercase
letter indicating the subtype, and the ccr complex and the mec
complex are indicated by an Arabic numeral and an uppercase
letter, respectively. Where there is an extra ccr element, this is
indicated by “&” and an Arabic numeral designating the ccr type.)
A variant of type V (5C2&5C), from which a 5.2-kb fragment
comprising 2 transposase-encoding genes and the fetK gene were
deleted, was found in 15 isolates. Six other variants of type V
(5C2&5C), with deletions that ranged from 3 kb to 22 kb, were
present in 11 isolates. The second most frequently identified
SCCmec type was type IV (2A) and was carried by 59 isolates.
However, all isolates had a 1-kb deletion in the distal part of the
SCCmec region compared to the SCCmec reference. Five isolates
carried variants of SCCmec type IV (2A), with deletions of 1.2 kb
(n =3) or 2.2 kb (n = 2). A third SCCmec type, present in 7
isolates, did not match any known reference and was designated
SCCmec type RIVM3897. A single isolate carried the complete
cassette, while the remaining six isolates had a 1-kb deletion. The
fourth SCCmec type was V (5C2&5). Two isolates carried a variant
with 1.2-kb and 1.6-kb deletions, and four isolates carried 1-kb,
1.2-kb, and 1.6-kb deletions. The NGS data of four isolates con-
tained no reads representing the SCCmec region. Consequently,
no SCCmec type could be assigned to the four remaining isolates.
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start

FIG 3 SNV analysis of two LA-MRSA outbreaks displaying clustering indicative for transmission. The tree was based on 6,461 SNV positions, and clustering was
done using a categorical coefficient. Each node in this minimum spanning tree represents a single LA-MRSA isolate. Nodes with identical colors represent isolates
from the same LA-MRSA outbreak. On the right side, the SNV positions relative to the sequence of the isolate of the index patients of each of the outbreaks are

given. Each colored ring represents a single isolate belonging to the outbreak.

Plotting of the four SCCmec types in a minimum spanning tree
based on SNVs revealed that type V (5C2&5C) was present in all
MT572/t108 isolates, while in isolates yielding MT398/t011, a
clear distinction was observed between type V (5C2&5C) and type
IV (2A) isolates (Fig. 2). These two SCCmec subgroups did not
differ in the average number of SNVs (34 versus 30) or SNV range
(1to 115 versus 2 to 72).

Plasmid screening. Based on screening for the presence of 20
plasmids, we identified 16 different plasmids among the 206 LA-
MRSA isolates. The predominant plasmids were pS0385-1 (n =
104), pRIVM1295-1 (n = 61), and pRIVM4294 (n = 14), while
plasmids pNVHO1, pKKS825, pKKS966, and pUR2940 were not
present (Table 2). The 16 plasmids identified in isolates carried a
variety of resistance genes, but fetL (tetracycline), dfrK (trim-
ethoprim), and aadD (kanamycin and neomycin) were predomi-
nant.

Plotting of the two predominant plasmids pS0385-1 and
pRIVM1295-1 in the minimum spanning tree based on the SNV
analysis showed that there was no clear relationship between SNV
branches and the presence of plasmid pRIVM1295-1 (see Fig. SSA
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in the supplemental material). In contrast, plasmid pS0385-1 was
only present in isolates carrying SCCmec type V (5C2&5C) (see
Fig. S5B). Analysis showed that, in the reference sequence of
SCCmec type (KF593809), the 5.2-kb plasmid sequence of
pS0385-1 was an integral part of the SCCmec region and was
flanked by two transposons. This suggested that the 5.2-kb region
might have been misclassified as plasmid pS0385-1. This was cor-
roborated by comparison of the whole-genome map of strain
S0385 and its in silico counterpart based on the whole-genome
sequence (AM990992) (see Fig. S5C). The in silico map of S0385
lacked a 5-kb segment that was present in the real map of S0385.
Strain RIVM5890, for which no NGS reads mapping with the 5-kb
segment were found, also lacked this segment in the whole-
genome map.

NGS of 2 LA-MRSA outbreaks. Isolates originating from 2
different outbreaks were subjected to NGS analysis. The first set of
12 isolates belonged to a previously reported outbreak in a Dutch
nursing home (23). SNV analysis of the isolates showed a maxi-
mum of 23 SNVs between the isolate from the index patient and
other outbreak isolates (Fig. 3). The SCCmec region of these iso-
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TABLE 3 NGS of the 25 presumed single LA-MRSA transmission events

Event MLVA/spa No. of SNVs SCCmec Shared plasmid(s) Differentiating plasmid(s)
Al MT398/t011 2 IV (2A)A1kb pRIVM1295-1, pRIVM4390
K MT398/t011 2 IV (2A)A1kb PRIVM4390
P MT569/t034 3 V (5C2&5C) PRIVMO0677, pRIVM4296
T MT398/t011 4 V (5C2&5C) pS0385-2
A4 MT572/t108 6 V (5C2&5C) pS0385-2
A5 MT572/t108 8 V (5C2&5C) PRIVM1076
Z MT398/t011 8 IV (2A)A1kb pRIVM1183
N MT398/t011 9 V (5C2&5C)
w MT398/t011 9 V (5C2&5C) pS0385-2
] MT398/t011 11 V (5C2&5C) pRIVM1295-1, pRIVM1295-2, pKKS627
H MT398/t011 12 V (5C2&5C)
X MT398/t011 12 IV (2A)A1kb pRIVM1295-17, pRIVM4390“
B MT398/t011 16 V (5C2&5C) pRIVM1295-2
E MT398/t011 17 IV (2A)A1kb, no SCCrmiec pRIVM1295-1
F MT398/t011 17 IV (2A)A1kb
A6 MT398/t011 19 IV (2A)A1kb
M MT398/t011 25 IV (2A)A1kb pRIVM1183
Q MT398/t011 26 IV (2A)Alkb PRIVM4294
A MT398/t011 31 V (5C2&5C)
A2 MT398/t011 32 IV (2A)A1kb, no SCCmec pRIVM1295-1¢, pRIVM1076“
R MT567/t899 37 IV (2A)A1kb & A2kb
U MT398/t011 40 V (5C2&5C)
S MT566/t1456 45 IV (2A)Alkb
G MT398/t011 51 IV (2A)A1kb pRIVM1295-17
A3 MT398/t011 105 V (5C2&5C), IV pRIVM4256“
(2A)A1kb

“ Plasmid present in the isolate of the index case only.

lates was type V (5C2&5C), with a 5.2-kb deletion that included
the tetK gene. This SCCmec variant was only found among these
12 LA-MRSA isolates and in 3 other nonrelated isolates. None of
the 20 plasmids were present in the isolates of this outbreak.

The second LA-MRSA outbreak, also comprising 12 isolates,
occurred in a Dutch hospital. The number of SNVs between the
outbreak isolates and the first isolate from the index patient
ranged from 17 to 25 SNVs. The second isolate of the index pa-
tient, taken from the toe, differed in 59 SNVs from the first isolate
of the index patient, which originated from a throat/nose/
perineum sample. All isolates carried SCCmiec type IV (2A). All
isolates carried plasmid pRIVM1295-1 except for the second iso-
late of the index patient. The second isolate of the index patient
carried another plasmid, designated pRIVM4390, that was also
found in one of the other outbreak isolates but was lacking from
the other isolates. Although a subset of SNVs was present in mul-
tiple isolates in both outbreaks, the transmission route could not
be inferred from the distribution of accumulated SNVs.

NGS of the 30 presumed LA-MRSA transmission events. In
the 25 presumed single transmission events, a difference ranging
from 2 to 105 SNVs between the isolates of a pair belonging to a
transmission was found (Table 3; Fig. 4). In 22 of the 25 cases, the
pairs of isolates carried the same SCCmec type. The exceptions
were two isolates of two presumed transmissions that carried no
SCCmiec, while in a single event (A3), different SCCmec types were
carried by the isolates, namely, types V (5C2&5) and IV (2A) A1kb.
In 11 of these 25 transmissions, the pairs of isolates also carried the
same plasmids. None of the 20 plasmids were present in both
isolates of 8 other pairs, while different plasmids were found in the
isolates of the remaining 6 pairs. In 5 of the 6 pairs, the plasmids
present in the isolate of the index patient were absent in the isolate
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of the contact. In the other pair, the isolate of the contact carried
plasmid pRIVM1295-2, which was absent in the isolate of the
index patient.

In4 ofthe 5 cases (C, D, I, L,and Y), the isolates associated with
the same multiple presumed nosocomial transmission event clus-
tered closely together (Table 4; Fig. 4). The exception was event I,
where 126 SNVs between the isolate of the index and the isolate of
one of the two contacts were found. The isolate of the other con-
tact differed only in 4 SNVs from the isolate of the index patient.
In 4 of the 5 events, the same SCCrmec type was carried by all
isolates. In the remaining event (I, n = 3 isolates), SCCmiec type IV
(2A) was present in 2 isolates that differed in only 4 SNVs, but the
other isolate differing in 126 SNVs carried an SCCmec type V
(5C2&5C). An identical plasmid composition was found in the
isolates of event Y, where pRIVM1295-1 was carried by all isolates.
Different plasmid compositions between the isolates were seen in
events C, D, and I, while no plasmids were found in isolates from
event L. In event C, the isolate of the index patient carried
pRIVM1295-1, and this plasmid was also present in one of the
contacts, but the isolate of this person also acquired plasmid
pRIVM1295-2. In event D, the isolates of the index patient and
one of the contacts carried plasmid pRIVM1295-1, while no plas-
mids were present in the isolate of the other contact. In the re-
maining event (I), plasmid pRIVM1295-2 was found in the iso-
lates that differed in 4 SNVs. The plasmid pRIVM1295-2 was
absent from the isolate of the contact that differed in 126 SNVs,
but this isolate carried plasmid pRIVM1295-1 instead.

In the NGS data of two presumed single transmission events,
no reads for the SCCrmec were found in one of the isolates in each
of two events (A2 and E). However, the number of SNVs between
the isolates belonging to the same pair was low, amounting to 32
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FIG 4 Minimum spanning tree displaying clustering indicative for transmission of LA-MRSA between index patients and contacts in Dutch health care settings.
The tree was based on 6,461 SNV positions, and clustering was done using a categorical coefficient. Each node in this minimum spanning tree represents a single
LA-MRSA isolate. Nodes with identical colors represent isolates from the same presumed transmission event. Circles with thicker lines represent isolates where
transmission seems unlikely. The number of SNVs between isolates of the same presumed transmission is indicated adjacent to the line connecting the nodes in
the minimum spanning tree.

TABLE 4 NGS of the multiple presumed nosocomial LA-MRSA
transmission events

Event No. of
group Event  MLVA/spa  SNVs  SCCmec Plasmid(s)
Y Index MT398/t011 IV (2A)A1kb pRIVM1295-1
Event 1 MT398/t011 5 IV (2A)A1kb pRIVM1295-1
Event2 MT398/t011 8 IV (2A)A1kb PRIVM1295-1
Event3 MT398/t011 5 IV (2A)A1kb pRIVM1295-1
Event4 MT398/t011 7 IV (2A)A1kb pRIVM1295-1
Event5 MT398/t011 3 IV (2A)A1kb PRIVM1295-1
C Index MT398/t011 IV (2A)A1kb pRIVM1295-1
Event1 MT398/t011 8 IV (2A)A1kb No plasmids
Event2 MT398/t011 13 IV (2A)A1kb PRIVM1295-1,
pRIVM1295-2
D Index MT572/t108 V (5C2&5C) pRIVM1295-1
Event1 MT572/t108 9 V (5C2&5C) No plasmids
Event2 MT572/t108 20 V (5C2&5C) pRIVM1295-1
L Index  MT569/t034 IV (2A)A1kb & No plasmids
Al.2kb
Event1 MT569/t034 27 IV (2A)A1kb & No plasmids
Al.2kb
Event2 MT569/t034 23 IV (2A)A1kb & No plasmids
Al.2kb
1 Index MT398/t011 IV (2A)A1kb pRIVM1295-2
Event1 MT398/t011 126 V (5C2&5C) PRIVM1295-1
Event2 MT398/t011 4 IV (2A)A1kb pRIVM1295-2
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and 17 SNVs, respectively. In addition, whole-genome mapping,
previously performed on a different DNA sample of the isolates,
showed indistinguishable fragments in the SCCmec region, indi-
cating that the SCCmec was previously present in both isolates.
Repeated PCR analysis of the DNA preparations used for NGS
revealed that this batch of DNA of the two aberrant isolates did not
contain a mec gene, corroborating the NGS analysis.

DISCUSSION

In this study, we used NGS data of 206 LA-MRSA isolates obtained
from humans and found that nosocomial transmission of LA-
MRSA in Dutch health care facilities does occur. Transmissions
were inferred from SNV data, and conclusions were supported by
data on the composition of the SCCmec region. However, varia-
tion in the SCCmec region is too limited to use only this region as
a genetic marker in transmission studies. This is also true for the
use of data on the presence and composition of plasmids. In ad-
dition, plasmids appear to be lost and acquired quite rapidly after
LA-MRSA is transmitted from one patient to the other, making
plasmid presence a poor marker to assess whether transmission
has occurred.

In total, 32 LA-MRSA presumed transmission events compris-
ing 25 single events, 5 multiple events, and 2 outbreaks, each com-
prising 12 patients, were studied. In the majority of the putative
transmission events, the isolates of the index patient and the con-

Applied and Environmental Microbiology aem.asm.org 4087


http://aem.asm.org

Bosch et al.

tact(s) clustered closely together in an SNV-based minimum
spanning tree with 2 to 45 SNVs between the isolates. In only 4
presumed transmission events did the number of SNVs between
isolates of the index and the contact exceed 50. In 3 of those events,
the isolates did not cluster together, indicating that transmission
was unlikely. In the remaining event, 1 of 2 isolates, obtained from
different anatomical locations of the presumed index of an out-
break, differed by 59 SNVs from its closest related outbreak iso-
late. However, it obviously belonged to the outbreak, suggesting
that an LA-MRSA strain colonizing or infecting different sites
within the same person may evolve independently over time. Re-
cent reports that applied whole-genome sequencing on multiple
colonies from the same person also identified a cloud of diversity
among the isolates (21, 34, 35). These studies were carried out on
ST22 and ST239 MRSA isolates, but similar findings might be
expected from LA-MRSA.

This study showed that the number of SNVs alone is not suffi-
cient to assess whether transmission has occurred. Combining
NGS data and epidemiological data is essential to determine trans-
mission, and the use of SNV data of epidemiologically unrelated
isolates as context proved extremely helpful. Furthermore, analy-
sis of NGS data other than SNVs may be used to provide addi-
tional information to assess transmission events. Although varia-
tion of the SCCmec region turned out to be limited in LA-MRSA,
it provided supportive evidence for several transmission events.
For example, all isolates from a previously reported LA-MRSA
outbreak had a distinctive 5.2-kb deletion in the SCCrmec region
that supported the conclusion that transmission was indeed likely.
Conversely, differences in SCCmec types provided further proof
that transmission did not occur in other cases. Unexpectedly, two
isolates belonging to two different transmission events and previ-
ously identified as LA-MRSA carried no SCCmec cassette. The
most likely explanation for this observation is that the isolates
consisted of heterogenetic populations comprising both SCCmec-
positive and -negative variants and that the SCCmec-positive vari-
ants were lost during subculturing to prepare DNA for NGS.

The plasmid composition was identical in isolates of some of
the transmissions. However, no plasmids were found in other
events, and in several cases, differences in plasmid composition
were observed, although SNV and SCCrnec analysis indicated that
transmission was likely. Stanczak-Mrozek et al. recently showed
that MRSA variants that have acquired or lost mobile genetic ele-
ments were common in nasally colonized populations (36). Fur-
thermore, a study using CC398 isolates showed that horizontal
gene transfer, including plasmids, occurred at a very high fre-
quency in vivo (26). Since only a single colony was used for the
initial culture from the clinical material and for various subcul-
tures, different variants of the same strain, with or without plas-
mids, may have been sequenced, resulting in the observed differ-
ences.

Our study has a number of limitations. First, all sequenced
isolates belonged to the LA-MRSA (MC398) clade. This limits a
comparison of NGS data between LA-MRSA and other MRSA
variants and hampers studies on the transmission rates of the dif-
ferent MRSA clades in Dutch health care facilities. Second, the
presumed nosocomial transmission events were selected based on
the epidemiological data provided by the medical microbiology
laboratories and affiliated infection prevention practitioners. We
do not know whether all transmission events were correctly iden-
tified, and this could lead to either under- or over-representation
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of the number of presumed nosocomial transmissions. Finally,
our NGS data were only screened for plasmids that were associ-
ated with livestock. Other plasmids were not taken into account,
and this could have provided more information. Furthermore, the
use of data from other mobile genetic elements, such as bacterio-
phages, was not included in this study (36). In conclusion, our
study strongly suggests that transmission of LA-MRSA in Dutch
health care settings does occur. NGS could confirm previously
reported transmission events and indicated that transmission was
unlikely in three presumed transmissions. We conclude that in-
vestigations regarding transmissions of LA-MRSA should be sup-
ported by epidemiological data and be investigated using the con-
text of epidemiologically related and unrelated isolates. Analysis
of the SCCmec region provided useful information to support
SNV analysis, but plasmid identification did not.
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