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ABSTRACT: Methicillin-resistant Staphylococcus aureus (MRSA) is a multidrug-resistant
bacterium with a global presence in healthcare facilities as well as community settings. The
resistance of MRSA to beta-lactam antibiotics can be attributed to a mobile genetic element
called the staphylococcal cassette chromosome mec (SCCmec), ranging from 23 to 68
kilobase pairs in length. The mec gene complex contained in SCCmec allows MRSA to
survive in the presence of penicillin and other beta-lactam antibiotics. We demonstrate that
optical mapping (OM) is able to identify the bacterium as S. aureus, followed by an
investigation of the presence of kilobase pair range SCCmec elements by examining the
associated OM-generated barcode patterns. By employing OM as an alternative to traditional DNA sequencing, we showcase its
potential for the detection of complex genetic elements such as SCCmec in MRSA. This approach holds promise for enhancing our
understanding of antibiotic resistance mechanisms and facilitating the development of targeted interventions against MRSA
infections.

■ INTRODUCTION
Staphylococcus aureus, a Gram-positive bacterium, typically
resides in the human body as a commensal organism but
retains its capacity for transitioning into an opportunistic
pathogen, provided the necessary conditions are met. S. aureus
is commonly found in the anterior nares or nostrils, with
approximately 20−30% of healthy individuals being persistent
nasal carriers and at least 30% carrying S. aureus intermit-
tently.1−3 Due to its ease of transmission and ability to survive
on many types of surfaces, S. aureus can readily cause infections
upon contact with minor skin wounds, leading to a high
potential for infection.
Of particular concern are infections with S. aureus strains

that have acquired resistance to antibiotics, with considerable
risk for lethal outcomes, especially in healthcare and health-
care-associated settings. A prime example is methicillin-
resistant Staphylococcus aureus (MRSA), a group of S. aureus
strains that exhibit resistance to methicillin, a beta-lactam
antibiotic structurally similar to penicillin, with resistance
capacity extending into a range of beta-lactam antibiotics. In
the worst-case scenarios, MRSA infections progress to
bacteremia and sepsis. In the absence of effective treatment
options, the outcomes are likely fatal.4 The global spread of
MRSA contributes to the broader threat posed by antimicro-
bial superbugs, which are bacterial strains resistant to multiple
antibiotics.5

Although antibiotics are generally effective in treating S.
aureus infections, this bacterium is prone to acquiring
mutations and horizontally transferred mobile genetic elements
(MGEs) that confer antibiotic resistance. The first methicillin-
resistant strains of S. aureus were identified as early as 1961 in a
hospital setting in the United Kingdom, a mere 2 years after

the introduction of methicillin to combat penicillin-resistant S.
aureus.6 One notable MGE is the Staphylococcal Cassette
Chromosome mec (SCCmec), which is located on the
chromosome and can be horizontally shared among
strains.7SCCmec serves as a platform for incorporating
resistance genes and other supporting gene complexes,
including instances of genes that have jumped across species,
such as Vancomycin resistance most likely acquired from
Enterococcus.8

There are at least 13 types of SCCmec, with I−VI being the
most common.9 Many of these cassettes are well described in
the literature in three loosely overlapping categories�
healthcare-associated (HA)(for example, cassettes I−III),
community-associated (CA) (cassette IV), and livestock-
associated SCCmec types.10−16 The SCCmec I−IV are 23−68
kbp in length and, as expected, exhibit overlaps at the mec and
cassette chromosome recombinase (ccr) gene complex regions,
described in detail by Hiramatsu and colleagues (2013).17 The
ccr genes contribute to excision and site-specific integration of
SCCmec into the S. aureus genome. The gene that allows for
drug resistance is mecA, encoding penicillin-binding protein 2a
(PBP2a). PBP2a is a peptidoglycan transpeptidase able to
catalyze cell wall biosynthesis in the presence of penicillin and
other β-lactam antibiotics, thanks to its low affinity for these
compounds.18 The active transcription of mecA is controlled by
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other genes in the mec gene complex, which is sensitive to the
presence of β-lactam antibiotics, which will disrupt the native
PBPs.19

Effectively, this means that there are two gene complexes
represented on each SCCmec along with numerous non-
essential inserts and transposons carrying genes for resistance
to other drugs and heavy metals like mercury and cadmium.19

The numerous inserts, transposons, and repeats can typically
be found in the “junkyard” or J regions, of which there are
three, J1, J2, and J3.20 Generally, the genomic structure of a
SCCmec can be considered in the following way: Right
chromosomal junction, J1 region, mec gene complex, J2 region,
ccr gene complex, J3 region, and the left chromosomal
junction.20 Each of these regions may contain homologues of
the mec and ccr genes, the combination of which will
determine the SCCmec type. Differences and unique elements
in J1 and J3 regions are used to determine SCCmec subtypes.
In Figure S1, a very rough annotation of the genomic regions
of an alignment of the SCCmec Types I−IV can be consulted,
with more advanced annotation available elsewhere.21 The S.
aureus genome is about 2.8 Megabase pairs in size, so the
SCCmec typically constitutes 1−2% of the total genome.
In clinical settings, MRSA is typically identified in a number

of ways: (1) culturing with antibiotics on agar and measuring
the distance between colonies and the antibiotic pill after
overnight culture, (2) running a PCR for the PBP2a gene
together with other identifying genes, or (3) sequencing the
sample. The main limitation of the most routinely used
methods, the culturing and PCR, is that only a few targets can
be multiplexed in practice (typically max 10), while
Fluorocode OM allows for a large-scale screening. The main
limitation for Fluorocode OM is the size of the genomic
elements targeted−as will be duly explained in later sections.

The use of optical mapping (OM) to identify plasmids
carrying resistance genes was explored in a recent study by the
Westerlund lab.22−25 Here, we investigate whether OM can be
used to detect MRSA, distinguish it from MSSA, and identify
the SCCmec types. The advantage of using OM for MRSA
identification over the standard methods listed above is that it
can detect many more targets (e.g., other resistance MGEs, or
even other bacterial strains) and pick up structural variation in
the MGEs and elsewhere in bacterial genomes. The
implementation of OM used here is termed Fluorocode OM.
Fluorocode OM is a high-resolution method relying on
methyltransferase-mediated labeling of DNA, permitting
recognition of the MRSA resistance cassettes, as small as 26
kbp in length. Fluorocode OM was shown to identify
bacteriophage genomes and subsequently individual bacterial
cultures, such as the bacteriophages lambda and T7 as well as
the chromosomes and plasmids of bacteria Escherichia coli and
Vibrio campbelii (formerly Harveyi).26,27 In silico work by our
group has produced interesting results regarding the
identification of closely related strains, as well as the
identification of relatively shorter genomic elements such as
the SCCmec.27 The bacteriophage genomes are between 40
and 70 kbp, while bacterial genomes are typically 1−4
Megabase pairs in length. It is of note that the scale of
genomic elements to consider is different in OM compared to
sequencing where the typical lengths are, for example, reads of
150 base pairs or amplicons of up to 1000 base pairs for PCR.
Typically, OM methods will look at elements that are tens of
kilobase pairs, not unlike third-generation sequencing
approaches, such as the Oxford Nanopore and Pacific
Biosciences SMRT sequencing.
The Fluorocode methodology is described in detail in

Bouwens et al. and D’Huys et al.26,27 The method relies on the
natural functionality of the methyltransferase enzyme M.Taq,

Figure 1. Fluorocode workflow. Above, from left: bacteria carrying different SCCmec cassettes. First, high molecular weight (HMW) DNA
extraction is performed. Then, a one-pot labeling reaction follows, where the M.Taq methyltransferase delivers a fluorophore to its specific
recognition site. The labeling reaction results in covalently bound labels at the M.Taq recognition sites on the double-stranded DNA molecule.
Below, from left: labeled DNA is deposited using the rolling droplet technique, and the linearized DNA is tile-scanned using a widefield
fluorescence microscope. Subsequently, the tile-scans are segmented to select the DNA traces, which are recorded as a signal barcode. An intensity
trace is generated from the barcode and is cross-correlated against an in silico-generated candidate intensity trace from a database entry.
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originally isolated from the thermophilic bacterium Thermus
aquaticus.28 In native environments, this enzyme methylates
DNA, with S-adenosylmethionine (SAM) serving as the
methyl donor. The sites recognized for methylation by
M.Taq are 5′-TCGA-3′, transferring a methyl group to the
sixth nitrogen of the adenosine. In the case of Fluorocode, we
provide a synthetic SAM analog carrying a fluorescent dye
instead of a methyl group.29 The enzyme transfers the dye with
the PEG linker to the sixth position on the adenosine in the 5′-
TCGA-3′ sites, resulting in DNA with covalently bound
fluorophores at the respective sites (Figures 1 and S2). During
the labeling step, the enzyme will capture the cofactor in its
active pocket and slide along the DNA, searching for the
recognition site. Once the enzyme encounters a 5′-TCGA-3′
site, it will flip out the Adenosine from the double helix and
capture it in the appropriate binding pocket.30,31 The proximity
of the cofactor and the labeling target catalyzes the transfer of
the linker with the dye from the cofactor to the 6-position of
the adenosine in a trans-alkylation reaction. Subsequently, the
adenosine is flipped back into the double helix.32 Research by
other groups has shown that off-target labeling by M.Taq is
unlikely due to the sequence-specific docking of the
methyltransferase enzyme.30 Any (unlikely) off-target labels
will impact the significance score threshold, designed to filter
out poorly matched molecules, which are typically charac-
terized by low matching or cross-correlation scores.
The labeled DNA is linearized. Individual DNA strands are

deposited on a microscopy cover slide in a fashion that leaves
them stretched out as straight lines and even overstretches the
DNA molecules to approximately 1.7 times the length
undisturbed.26 Next, these microscopy cover slides are imaged
with a wide-field fluorescence microscope. Large tile-scans are
produced: a single field of view from such a tile-scan with a
magnified single labeled DNA trace in a separate window in
blue is shown in Figure S3.26,33 The DNA is labeled uniformly
across the genome at the 5′-TCGA-3′ sites present in the
sequence, with labeling efficiency well ≥80% and to
completion, as routinely tested via restriction assays.32 The
efficiency is likely even higher, since previous efforts by our
group determined the efficiency of a predecessor method to be
at 70% due to the use of a two-step labeling mechanism.34 The
conclusion was that the labeling efficiency was lowered due to

the inefficient second step of the labeling chemistry. Since
then, we have developed direct labeling cofactors, which
considerably improve on the labeling chemistry efficiency of
the previous iterations of Fluorocode.29 The amount of
enzyme and cofactor used in the wet-lab labeling reaction is
optimized to avoid under-labeling samples. The resulting
readout is a linear string of signals in a genome-specific pattern,
resembling a barcode when imaged with a fluorescence
microscope. Such barcodes constitute a unique shorthand for
the genome in question. The experimentally obtained signal
traces are compared to a database of in silico-generated
traces.26,27 The database is curated to contain a set of reference
species of interest, in this case, the SCCmec elements I−IV.
The “bars” of the barcode are preprocessed: each trace is
locally normalized within a sliding window of 10 kb to avoid
biassing by local changes in label density.26,35 The intensity
traces of the measured labeled DNA traces are then aligned to
each reference trace by means of cross-correlation, and the
maximum alignments are subjected to significance testing, as
described in detail previously.26 The signal or recognition site
density per kilobase pair (kbp) of the genomic sequence is of
relevance for successful identification by Fluorocode, with a
minimum average recognition site density of 1 site per kbp. All
the SCCmec cassettes carry between 2 and 2.5 5′-TCGA-3′
sites per kbp, making them a suitable target for Fluorocode
detection (Table 1).
We have previously demonstrated by means of simulation

that Fluorocode has the theoretical capacity to identify the
exact SCCmec present in an S. aureus sample.27 In this work,
we showcase how Fluorocode performs in relation to real
samples from cultures of S. aureus. Subsequently, we show the
identification of MRSA DNA in complex mixtures of bacteria.
Together, the experimental work shown in this work
constitutes a proof of concept, clearly showing the potential
of this technology, as we work toward fulfilling key
requirements for a move toward clinical utility. Finally, this
proof of concept shows the capacity of Fluorocode OM to
capture genomic elements larger than genes but smaller than
whole plasmids for genomic research.

Table 1. Summary Information about the S. aureus Strains and SCCmec Used in This Worka

strain

length

SCCmec SCCmec type country and year of first record TCGA sltes/kbp (average) refNCBI accession code kbp

T0131 CP002643.1 2913.9 A8037671 III China, 2006 2.4 42
N315 NC_002745 2814.8 D86934 II Japan, 1982 2.4 43
USA300 NC_007793.1 2872.8 A8063172 IV USA, 2000 2.4 44
11819-97 CP003194.1 2846.5 AB063172 IV Denmark, 1997 2.4 45
NCTC10442 NZ_UNCH01000003 2853.1 AB033763 I UK, 1960 2.4 46
ATCC 43300 2946.9 D86934 II USA, 1996 2.4 47
ATCC 12600 2782.7 none UK, 1935 2.4 48
NCTC 8325 NC_007795.1 2821.4 none UK, 1943 2.4 49
SCCmec type
Type I AB033763 39.3 2.3 21
Type II D86934 58.2 2.1 21
Type III AB037671 68.3 2.4 21
Type IV AB063172 26.1 2.5 21
aThe publicly available NCBI accession code (if available), genome length in kilobase pairs (kbp), the SCCmec present by accession code and type,
year, and country of the first record, average number of 5′-TCGA-3′ sites present per kbp, and the reference to the strain information in the final
column to the right.
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■ RESULTS
All the strains were subjected to the same alignment tests using
two separate bioinformatic tools, one specially designed to
detect and identify MRSA resistance elements and another to
reveal the presence of closely related sequence fragments
despite inversions and fragmentation across sets of query
sequences. First, the top hit of the SCCmec Finder (SmF)
package was selected (Figure 2).36 All the strains were then
aligned with their respective SmF top hit cassette using the
Mauve alignment package.37 The SmF and Mauve are
described in detail in the sections discussing the steps to
define the ground truth.

Performance Evaluation: Simulation. An extensive in
silico study was conducted to investigate the theoretical
boundaries of applying Fluorocode OM to the identification of
MRSA. In silico-processed MRSA and MSSA strains were
analyzed against the SCCmec types I−IV as the most
frequently encountered in human populations in both CA
and HA-MRSA strains based on the International Working
Group on the Staphylococcal Cassette Chromosome elements
(IWG-SCC). The simulation pipeline starts by generating
images of labeled, randomly fragmented genomic DNA of the
organisms of choice, in this case, five fully sequenced MRSA
strains and one MSSA strain. The main parameters of interest

Figure 2. (A) The associated SCCmec type is indicated next to the name of the strain. The legend on the right indicates color representation of
SCCmec in the graph. The three panels illustrate (in order from left) the simulations in Widefield and SIM systems, following the results from wet
lab experiments with ATCC samples imaged with a WF system. The stacked bar charts document the abundance of the SCCmec type detected.
The SCCmec was detected in all the cases except 11819-97, where we hypothesize that the SCCmec is truncated to a size below the limit of
detection by Fluorocode OM. To test this hypothesis, we simulated the MSSA strain ATCC 12600 to contain the SCCmec Type IV cut up into
three pieces (6, 8, and 12 kbp) randomly inserted into the genome. As expected, in this case, no SCCmec was detected neither with WF nor SIM,
contributing to a positive conclusion for the truncation hypothesis, as these results coincide with the results of the strain 11819-97. The simulations
with SR-SIM microscopy show that most false-positive matches are eliminated, while with WF alone, there are about 12.5% of false positives for
NCTC 10442 and T0131. While eliminating FPs is preferable, the loss of time using SR-SIM outweighed the gain in TP abundance, as at >85%
abundance of a single SCCmec, we consider the match of good quality. The WF results show that experimentally, Fuorocode OM detects the
absence and presence of SCCmec correctly in both cases for ATCC 12600 and ATCC 43300, respectively. No FPs were observed. (B) The
experimental data sets were tested for ground truth detection as a control. The strain ATCC 12600 was matched to itself at a little less than 75%
and exhibits an average nucleotide identity (ANI) of 99.83% with NCTC 8325, the second most abundant matching species at about 25%. The
status of this match as an FP is not obvious, given the sequence similarity between the two strains. The third strain showing up with about 5%
matches is the S. aureus genome that is provided by the commercial bacterial mixture used for the other experiment. In the meantime, the strain
ATCC 43300 has an ANI of 97.45% with NCTC 8325 and 97.55% with ATCC 12600, which turned out to be sufficiently different to tell the
strains apart with the Fluorocode OM workflow presenting ∼1% of FPs each.
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include molecule length in kilobase pairs, labeling efficiency,
and level of background noise, and, of course, the parameters
of the optical systems. Off-target labeling is not an issue for
M.Taq in our experience, and this is corroborated by recent
investigations showing that this enzyme is especially faithful
due to the amino acid functionality within the active pocket.31

Next, we constructed a database of the SCCmec I−IV as well
as 1000 artificially scrambled random DNA sequences, 80 kbp
in length (Materials and Methods: Simulations). A database
containing a sufficiently high amount of random fragments is a
strategy to evaluate the chance of random matching and,
therefore, false positives being scored as significant. To assess
the impact and potential advantage of higher optical resolution
of the microscopy modalities used on the capacity of the
Fluorocode OM readout precision, the simulations are
repeated with the theoretical parameters of two imaging
systems: first, a lower resolution system�diffraction-limited
widefield system�and second, a higher resolution (referred to
as a super-resolution) structured illumination microscopy
system (SR-SIM).
The results for SCCmec types I−IV identification in

simulations of five MRSA and one MSSA strain can be
consulted in the first two charts from the left in Figure 2, panel
A. From these results, we conclude a positive evaluation to
continue with the wet lab experiments, as four MRSA strains
out of five are exactly determined with their respective cassette
present. The detected SCCmec lengths range from 26 to 68
kbp (see Table 1 for SCCmec and MRSA/MSSA strain
information). The MSSA strain serving as the negative control
shows no matches with any of the cassettes. The simulation
results for both SIM and WF can be consulted in panel A in
Figure 2.
One MRSA strain (11819-97) does not exhibit any matches.

Originally, the hypothesis was that optical mapping would
encounter issues when dealing with sequences shorter than any
of the SCCmec, at a threshold below 20 kbp. By extension,
should the cassettes in the genome that is being mapped be
truncated and split up into shorter fragments, Fluorocode OM
would struggle to detect the cassettes altogether. Since the
results of the other simulated MRSA strains indicate that in
general, SCCmec detection and identification go very well, the
most likely scenario would be that the cassette in 11819-97 is
split apart into shorter fragments. This hypothesis has been
tested by aligning the strain assembly available from NCBI and
the expected SCCmec Type IV. It became apparent that indeed
the cassette was truncated to fragments of approximately 10
kbp and less (Mauve readout in Figure S4, Panel A).
To further corroborate this line of reasoning, we generated a

simulated MSSA data set of ATCC 12600 and incorporated a
full Type IV SCCmec as well as an ATCC 12600 data set with
randomly distributed Type IV cassette split in three pieces at
random, with each piece at approximately 8 kbp in size (6, 12,
and 8 kb). We repeated the simulation for both WF and SIM
imaging systems. The results are available along with the rest of
the simulation results for WF and SIM in Figure 2, panel A.
These results indeed agree with our hypothesis, as neither WF
nor SIM were able to detect the SCCmec when it was
truncated, while both detected the full 26 kilobase pair
SCCmec when it was present as an unfragmented genomic
structure.
A priori one may expect that an SR-SIM approach would

yield better results, meaning that the chance of true positive
detection would be higher and false positives would be lower

than the regular WF approach. For the WF simulations, some
type IV cassettes are identified in NCTC 10442, although only
Type I should be found. These false positives do not occur in
the SIM results. A similar improvement is observed for T0131.
Indeed, the majority of the already few false positives perceived
with a WF system were removed upon using SR-SIM; however,
the supposedly truncated strain was detected with neither
method. These results revealed that the additional time
investment for imaging and analysis with an SR-SIM system
is not justified, since ≥85% of the WF matches were true
positives. Therefore, a WF system was selected for the imaging
step of the wet lab workflow.

Performance Evaluation: Wet Lab Experiments. The
wet lab experiments constitute a good test for the preliminary
results obtained with simulations as well as provide an
indication of the viability of the method for the use of
MRSA typing. To test the Fluorocode workflow for the task of
MRSA typing, two ATCC S. aureus strains were investigated�
a methicillin-resistant strain (ATCC 43300) and a methicillin-
susceptible (ATCC 12600) strain. The strains were cultured
under standard conditions and extracted using a commercial
high molecular weight DNA extraction kit. The DNA samples
were labeled, purified, and deposited, as previously de-
scribed.26,27 The imaging and analysis workflows are described
in detail in the Materials and Methods section.
The ATCC strains are well-characterized S. aureus strains,

with full genomic sequences available from ATCC. We
evaluated the optical mapping readout against the analysis
for two databases, both the SCCmec database described
previously (Figure 2, panel A) as well as an integrated database
including 3700 bacterial species, with the two ATCC
sequences included as the ground truth (GT) (Figure 2,
panel B). Here, we expected to see that only the GT would be
picked up, with the caveat that very similar S. aureus strains
with high average nucleotide identity (ANI) would also likely
show up. Panel B of Figure 2 shows that even when the ANI is
above 97%, S. aureus strains can reasonably be differentiated,
while at ≥99% ANI, we are reaching the limits of the method
for differentiating between two strains. The MSSA strain
NCTC 8325 constitutes around 26% of the ATCC 12600 data
set, with the ANI between these two strains at 99.83%.
Meanwhile, there are practically no matches with NCTC 8325
from the ATCC 43300 data set, with the ANI between the two
strains at 97.45%.
Just like in the simulation work, the MSSA data set served as

the negative control for the wet lab pipeline processed samples
for SCCmec detection. No SCCmec hits were expected for the
MSSA. The ATCC 43300 MRSA strain carries a full Type II
SCCmec, additionally confirmed by aligning the Type I−IV
SCCmec sequences against the ATCC 43300 genome
sequence. The alignment readout can be consulted in Figure
S4, panel B.
To discuss OM in terms comparable to sequencing, we

examined the genome coverage achieved in the optical
mapping runs. In sequencing, coverage is a metric quantifying
the number of times the same nucleobase is read, or how many
reads on average are matched to every genomic location,
informing of the confidence one may have in the final
sequencing readout. The situation is comparable in Fluorocode
OM, where the signal traces obtained from single imaged DNA
molecules are considered as reads, which are likewise matched
along the whole candidate genome in search of a significant
match at a particular genomic location. Just like with
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sequencing, Fluorocode OM can determine the minimum and
average coverage across the genome−visualization of Fluo-
rocode OM coverage achieved in the wet lab data sets is shown
in Figure S5 (for full sample coverage) and Figure S6 (for the
coverage of the individual genome of a spike-in strain added to
a mixed species sample).
For the simulated data sets, the sampling and as a

consequence the coverage was designed to be even across
the genome, while in the wet lab experiments, such uniform
sampling has to be established empirically. An a priori
advantage of optical mapping compared to 16S rRNA
sequencing and shotgun sequencing is the fact that no
polymerase chain reaction (PCR) amplification is used,
avoiding bias toward certain genomic regions introduced by
both local polymerase enzyme affinity and primer design.38

The evaluation of the coverage of the cultured ATCC strains
corroborated this expectation. The global coverage achieved by
Fluorocode was satisfactory, covering the full genome several
times. However, we do observe local variations or “spikes”. We
hypothesize these to be at least partially an effect of intrinsic
local properties of the double-stranded DNA as well as native
enzymatic activity, where some nucleobase combinations will
be more prone to double-strand breakage.39−41

The SCCmec typically constitutes ∼1−2% of the total
genome size, making it important to achieve sufficient coverage
for Fluorocode to perceive such small elements. The ATCC
43300 case illustrates that Fluorocode is sensitive enough and

does not actually require the coverage of 100x used for the
simulations, as the cassette is already detected at 3−5×
coverage when investigating a pure culture sample.

Performance Evaluation: MRSA-Spiked gDNA Mix-
ture. The next step was to investigate how well Fluorocode is
able to discern an MRSA strain in a mixture of bacterial
genomes. We used commercial genomic DNA (gDNA)
mixtures (ZymoBIOMICS D6322) containing seven different
bacterial strains including a methicillin-susceptible S. aureus
strain. Three mixtures were prepared “spiked” with 10, 0.1, and
0.01% ATCC MRSA strain gDNA (Figure 3, Panel A). MRSA
was detected in all cases, including the 0.01% MRSA-spiked
sample (Figure 3, panel B). The ANI between MSSA present
in the gDNA mixture originally and the ATCC 43300 MRSA
strain is 97.51%. This experiment provided a suitable test case
to check whether Fluorocode OM can detect MRSA in the
presence of other bacteria and, especially, other S. aureus
strains.
No SCCmec were detected in the spiked samples. To

understand why this may be the case, we plotted the coverage
of the individual strain ATCC 43300 from the three mixed
samples, which is shown in Figure S6. In all three cases, the
coverage of the MRSA strain is below a full one time (1×).
While this was apparently enough to detect the strain as such
among other bacterial strains and even a highly similar other S.
aureus strain, the coverage was too low to detect the SCCmec.
The data sets with individual ATCC strains already show that a

Figure 3. (A) Three samples of seven bacterial genomic DNA in equal proportions spiked with 0.01, 0.1, and 10% MRSA (ATCC 43300) DNA,
respectively. All three samples show detection of the MRSA strain separately from S. aureus originally present in the mixture. (B) “zoom in” of the
stacked bar. The exact percentage of the ATCC 43300 detection is 0.42, 0.94, and 14.48% for the 0.01, 0.1, and 10% spike-ins, respectively.
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coverage of at least 3−4× of the SCCmec carrying strain is one
of the requirements for successful SCCmec detection with
Fluorocode OM.
The amount of classified DNA was 449 Mbp for the 0.01%

spike-in, 403 Mbp for the 0.1% spike-in, and only 14 Mbp for
the 10% spike-in, with other workflow parameters being equal.
Figure 3 panel A shows the detected abundances of individual
bacterial species from the mixture and the two S. aureus strains.
Figure 3 panel B shows a close-up of the detected abundances
of the MRSA strain ATCC 43300. The data set of the 10%
spike-in is a whole order of magnitude smaller than the other
two data sets. However, since the spiked amount constitutes a
relatively large proportion of the sample, we were nevertheless
able to achieve sufficient coverage to detect the ATCC 43300
strain. In the meantime, while the data set for the 0.01% spike-
in is a lot bigger, the proportion of the ATCC 43300 is 1000
times less than the 10% spike-in. As a consequence, while we
were able to detect the presence of the strain as such, Figure S6
reveals that the coverage we did achieve of this strain is very
low.

SCCmec Finder: Defining the Ground Truth. To ensure
external validation of the Fluorocode readout, we matched our
results to those obtained with a bioinformatic tool specifically
designed to detect and type SCCmec types present in

sequenced S. aureus genomes, the SCCmec Finder (SmF).36

Here, a template coverage of at least 50% is suggested to yield
a reliable SCCmec type prediction. All the strains used in both
the Fluorocode simulation and wet lab data acquisition were
processed with the SmF tool, and the SCCmec with the highest
k-mer template coverage was chosen for further reference in
optical mapping as the ground truth (full readout shown in
Figure 4). It is noteworthy that the MSSA strains also showed
some template coverage, but well below the reliability
threshold. This highlights the ambiguity issues that can arise
in SCCmec detection and identification, despite the use of
advanced, sequencing-based tools.

Mauve Alignment: Determining the Genomic Ar-
rangement of the Ground Truth. Mauve is a genome
alignment package. The Mauve aligner is tailored to genomes
that have a close evolutionary relationship while carrying
strain-defining differences such as inversions, horizontal
transfers, and other structural rearrangements. Mauve is
particularly effective at identifying collinear clusters of matches
or matches with the same chromosomal coordinates, where the
exact order of genomic elements such as genes is repeated.
Mauve is designed to detect the presence of such regions
across two or more sequences and does so with higher
precision than the more widely used alignment algorithms,

Figure 4. Readout summary from the SCCmecFinder pipeline. All the strains investigated in this work are presented on the y axis, with MRSA or
MSSA status indicated in the brackets. The k-mer template coverage in percentage is one of the metrics of SmF for determining a SCCmec-type
presence. The lowest reliable threshold for template coverage proposed by the Larsen group is 50%, and all the MRSA strains investigated in this
work exhibit well above 75% of k-mer template coverage.
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such as the Basic Local Alignment Tool (BLAST). BLAST is
useful for checking when there is a full SCCmec present, while
Mauve is more useful when the cassettes carry minor structural
changes. In this case, Mauve proved to be a visually more
accessible tool in the cases of inversions of full or truncated
cassettes, permitting a close examination in order to evaluate
the Fluorocode OM findings.
Every strain subjected to Fluorocode OM workflow was

aligned with the ground truth SCCmec as defined by the SmF
using the Mauve package, both for simulations and wet lab
work pipelines. Figure S4, panel A shows that the type IV
SCCmec detected by the SmF in the MRSA strain 11819-97 is
truncated according to the Mauve alignment. This result
corroborates our hypothesis that Fluorocode was unable to
detect this cassette in the simulated data set because the 26
kbp cassette is present in a truncated form. In the meantime,
the Mauve alignment of the MRSA strain ATCC 43300 shows
a full type II SCCmec present in the strain genome; the
alignment is shown in panel B of Figure S4.

■ DISCUSSION
To effectively validate the Fluorocode workflow for the
detection of kbp range unique fragments, we set out to
benchmark the MRSA and MSSA strains of interest to two
separate bioinformatic pipelines, SmF and Mauve.36,37 With
SmF, the exact SCCmec was determined. As described earlier,
the SCCmec’s share several gene complexes and functional
regions, resulting in homologous regions across all the cassettes
investigated. To validate the optical mapping result, it was
important to determine the exact SCCmec type that we may
expect to perceive. We have illustrated that OM can
successfully detect that the strains are MRSA and correctly
determine the SCCmec cassettes in simulation, with one
exception, strain 11819-97. Investigation of the sequence
assembly using the Mauve alignment yields the conclusion that
the fragmentation of the cassette renders the fragments too
short for reliable identification by Fluorocode. Using increased
optical resolution (SIM) improved the specificity of detection
for the other strains by reducing the false positive detection,
while the type IV cassette in 11819-97 remains undetected.
This case is indicative of the limit of detection of unique kbp
elements by the Fluorocode method, where fluorescence traces
of sequences below 20 kbp do not contain sufficient genomic
information to be assigned to their genomic origin with
confidence.
With positively convincing simulation results, we prepared

data sets with the two known strains: ATCC 43300 and ATCC
12600 as positive and negative MRSA controls, respectively.
From the Fluorocode analysis readout (Figure 2), we observed
that both the MSSA and MRSA were correctly determined.
Moreover, the exact cassette present was determined, and no
false positives were observed. An important consideration is
that the coverage achieved for the ATCC MSSA and MRSA
genomes was found to be less evenly spread than suggested by
the in silico-generated data sets (Figure S5). Nevertheless,
while there are several regions that exhibit especially high
coverage for both data sets (“peaks”) in Figure S5, one may
observe that both genomes have optical maps matched to the
full length of the genome several times over, ensuring complete
coverage. This fulfills the requirement for the detection of a
relatively smaller genomic element, such as an SCCmec. While
the simulations represent a proof of concept for the ability of
Fluorocode to identify MRSA, they also represent an ideal case

in terms of genome coverage and data set size. The ATCC
strain data sets illustrate that, while experimental results are
much more varied despite all the preparatory steps being equal,
Fluorocode is resilient against an uneven and relatively low
coverage and data set size and will detect the SCCmec
regardless.
The experimental readouts of the spiked gDNA mixtures

illustrate the capacity of Fluorocode to detect and resolve
highly similar strains, as determined by ANI scores, despite
relatively low coverage and low relative abundance of the strain
of interest. Since no cassettes were detected in these samples,
coverage was examined, revealing that none of the spiked
samples achieved full coverage across the ATCC 43300
genome. The task was further complicated by the mixture
containing another S. aureus strain altogether. Regardless,
Fluorocode can detect the MRSA strain amidst all of the other
present bacterial genomes, with a 100% recall for every species
present. These samples show that in cases where a genome of
interest may be present in a low proportion, the sample size
requirement is higher. When the genomes of interest are
abundantly present, the genome size may be lower, as
illustrated by the reproducibility of composition detection
across the three spiked data sets. The 10% spike-in shows
altered relative abundances, as it accommodates an eighth
component of the mixture, close in relative abundance to the
other bacterial species.
Fluorocode OM can also be considered for researching

structural variations of genomic regions across related
genomes. The main limiting factor that surfaced in the present
work is that once genomic fragments become too short, it
becomes difficult for the Fluorocode analysis algorithm to
match the experimental trace with any library trace. Therefore,
the detection of structural variation in the shorter genomic
elements such as the shorter SCCmec will be difficult. There
are several potential solutions here, including increased optical
resolution, such as using SIM. However, SIM alone will not be
enough, as we have already demonstrated in the present work.
An additional strategy to improve the detection capacity of
Fluorocode is introducing multicolor labeling, where the same
number of recognition sites would be read out in at least two
color channels, allowing for the improvement of resolution
through the sample preparation instead of altering the imaging
systems. In the same vein, multitarget labeling is another
strategy that may be used to improve the resolution, where an
enzyme with a different recognition site and spectrally
separated fluorophore would be used. Together, these methods
would allow us to tackle the length limitation Fluorocode OM
encounters, as concluded from the in silico and experimental
data shown in this work. An in-depth analysis of structural
variation is indeed possible with Fluorocode OM. To this end,
we intend to develop methods to construct a de novo map from
experimental “Fluorocoded” molecules. Comparing the de novo
map to a reference map will then allow us to identify the
structural variants.

■ CONCLUSIONS
This work constitutes a proof of concept for the use of
Fluorocode OM for detection of genomic elements, SCCmec
of MRSA in particular, an idea that was previously examined by
our group in silico.27 With previous findings by other optical
mapping methods showing the detection of plasmids at 66 kbp,
we have shown that OM as applied by Fluorocode is capable of
detecting elements as short as 26 kbp.22 Additionally, we have
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shown that Fluorocode OM is able to pick up a MRSA strain
along with various other bacteria and even another S. aureus
strain from a complex mixture, thereby further emphasizing the
value of this approach for simultaneous screening of a sample
for a wide variety of targets besides the MRSA-resistant
element.
These results are encouraging for further investigation into

the potential of Fluorocode OM for pathogen detection and
identification. The next steps include validation in a clinical
setting with patient isolates. This goes together with the goal of
optimizing cultivation-free workflows for pathogen detection,
sourcing the DNA from skin swabs, for example. In this work,
we have already shown that as little as 100 ng of DNA is
sufficient for sample identification for both individual cultures
and mixed samples.

■ MATERIALS AND METHODS
Samples, Culturing, and DNA Extraction: S. aureus.

All S. aureus cultures were stored in glycerol at −80 °C. Before
extraction, the strains were cultured on a Luria−Bertani (LB)
agar plate overnight at +37 °C and subsequently cultured
overnight in a liquid LB medium overnight at +37 °C in a
shaking incubator. DNA of all strains was extracted with the
Circulomics CBB Nanobind kit (now Nanobind HT CBB kit
from PacBio), using Lysostaphin (Sigma-Aldrich), according
to the manufacturer’s instructions. The MRSA strain was
extracted in the same way, except prior to starting the kit, the
MRSA culture was vortexed and subsequently centrifuged with
100% ethanol (99.8%+ for analysis, Acros Organics).

Spiked Genomic DNA Mixtures. The gDNA mixture
(ZymoBIOMICS, D6322) was spiked with 10, 0.1, and 0.01%
ATCC 43300 DNA based on stock DNA concentration. 100
ng (Qubit) of each D6322/MRSA sample was labeled.

YOYO1 Labeling. Before the OM workflow, the DNA
quality was assessed using Oxazole Yellow Homodimer
(YOYO1) labeling. 100−300 ng of the extracted DNA was
pipetted with a cut pipet tip in a solution with 10 μM YOYO1
dye (produced in-house), and 2-ethanesulfonic acid (MES
hydrate, Thermo Fisher dissolved in Milli-Q water to the final
concentration 5.6 Mol with pH) was added in proportion 1:10
to the final experimental volume. Milli-Q water was added as
needed to achieve the full sample volume (typically 10−20
μL). The DNA was linearized using the rolling droplet
deposition method, followed by widefield imaging.23

Optical Mapping. The extracted HMW DNA was labeled
as described previously in a one-pot reaction with the enzyme
and synthetic fluorescent cofactor and subsequent purification
of excess dye.26,27 As little as 100 ng of HMW DNA was
incubated with 40-fold excess to recognition sites of the
methyltransferase enzyme (VIB, Ghent) at 60 °C for 60 min,
followed by enzymatic quenching of the methyltransferase
activity by incubation with Proteinase K (NEB) for 1 h at 50
°C. The mixture was purified from excess dye in a 2% agarose
plug, as described previously, followed by dialysis on Millipore
membranes in two 45 min steps (0.1 μm, MF-Millipore
membrane, Merck).26

Imaging. The linearized labeled DNA samples were imaged
by tile-scanning on an Axio Imager Z2 (Zeiss)�a widefield
epi-fluorescence setup with the following parameters:
Hamamatsu Orca Flash (ORCA-Flash 4.0 V3) camera with
the camera pixel size at 6.5 μm and a 63x oil immersion
objective with 1.4 NA. A 100 mW 561 nm excitation laser
(Toptica iChrome MLE) was used for methyltransferase-

labeled samples with an integration time of 500 ms per field of
view. A 480 nm excitation was used for imaging the YOYO1-
labeled samples.

Analysis. The acquired tile-scans are processed in the
following manner. First, the tile-scans are segmented, where
the signal traces or optical maps are selected and filtered for
length; traces below 26−30 kbp are discarded. The
experimentally acquired optical maps or experimental traces
are converted to intensity traces to be compared against a
database of candidate traces, which are prepared in the
following way. The database was constructed by selecting
reference sequences from NCBI RefSeq and GenBank with
complete assemblies. The bacterial genomes were filtered for
the two following parameters: (1) the specimens were
originally isolated from the human gut; (2) the genomes
contain the recognition site 5′-TCGA-3′ at least once every
kilobase pair. The filtered database contained a total of 3765
reference sequences. This database was used to analyze the
pure ATCC MRSA and MSSA data sets. To analyze the gDNA
mixed sample, a database was prepared, containing the
sequences of the bacteria present in the original gDNA
mixture as obtained from the manufacturer (obtained in
FASTA format from ZymoBIOMICS), the sequence of the
ATCC 43300 (obtained in FASTA format from ATCC), as
well as 1000 randomized genomes of the size 4 Mbp with the
recognition site density at 3.5 sites/kbp.
For analysis of the SCCmec presence, a special database was

prepared including SCCmec I−VI and 1000 randomly
generated 80 kbp fragments, with recognition site density at
3 sites/kbp to mimic a typical recognition site density of
bacterial genomes. Each database entry is processed to
generate an in silico-labeled genome based on the optical
parameters of the system, with which the experimental traces
were obtained. Each experimental trace is cross-correlated to
each candidate trace and a cross-correlation maximum is
obtained. Finally, a significance score is computed, based on
which a decision for acceptance or rejection of the alignment is
made. Only unambiguous matches are accepted.

Simulations. Five MRSA strains and one MSSA strain
were selected for simulations to both repeat the previous
simulation (N315 and T0131) as well as simulate different
SCCmec types and genomic arrangements, namely, NCTC
10442, 11819-97, USA 300, and NCTC 8325 as the MSSA
control strain. Once the exact cassette type was identified using
SmF, the Mauve alignment package was used to pinpoint the
SCCmec genomic arrangement in the strain genome. The data
sets were simulated at 10,000 traces of 40 kbp for WF and 20
kbp for SIM simulations, achieving about 300 Mbp per strain,
with the theoretical coverage of the S. aureus genome that is
typically around 2.7−8 Mbp, approaching a 100x. The strains
were evenly sampled to achieve a reliably high minimal
coverage at all genomic locations. Nucleotide sequences are
converted into optical maps. First, all 5′-TCGA-3′ labeling
sites within the genome are precisely located. Next, the sites
are randomly selected for labels with a labeling efficiency
ranging between 75 and 95% per simulated trace. There is no
single set point for efficiency; as per our experience, a minimal
efficiency of 75% is required to achieve matching of the optical
map to the database entry. The higher limit of efficiency at
95% is assumed based on two factors: the restriction assays,
where we estimate the enzyme amount required for full
protection (and in principle, this means a 100% efficiency) as
well as our observations with the highest cross-correlation
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scores for true positive matches, which come close to 100%
label coincidence between the experimental map and the in
silico-generated map of the ground truth genome. Next, the
simulated labeled traces are converted into optical maps by
convolution with the point-spread function (PSF) of the
microscope. The PSF was approximated using a Gaussian
distribution with a full width at half-maximum (fwhm) of 2.38
pixels. The fwhm can, in turn, be derived from the numerical
aperture (NA) of the objective (1.4), the virtual pixel size of
the microscope (103 nm), and the emission wavelength (590
nm) of the fluorophore used for our labeling. The simulation
of SIM fragments was performed with a pixel size that is half
the value that is available on our optical system and the same
fwhm to approximate a two-fold increase in resolution.
To simulate random genome traces, 1000 optical maps 80

kilobase pairs in length were generated. The signal patterns
were constructed by placing labels uniformly throughout the
fragment so that their total density would be equal to 3 labels/
kbp, a value typical for a bacterial genome. These were then
converted into SIM and WF optical maps, respectively.

Bacterial Strains and SCCmec Types. The various strains
and SCCmec investigated are shown in Table 1. The ATCC
strains 43300 and 12600 were commercially obtained, and the
sequence files were equally obtained from ATCC upon the
purchase of the strains. Consequently, the sequence files are
unavailable from a public repository and have no NCBI
accession code.
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