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Molecular detection methods, such as quantitative PCR (qQPCR), have found their way into clinical microbiology laboratories for
the detection of an array of pathogens. Most routinely used methods, however, are directed at specific species. Thus, anything
that is not explicitly searched for will be missed. This greatly limits the flexibility and universal application of these techniques.
We investigated the application of a rapid universal bacterial molecular identification method, IS-pro, to routine patient samples
received in a clinical microbiology laboratory. IS-pro is a eubacterial technique based on the detection and categorization of 16S-
23S rRNA gene interspace regions with lengths that are specific for each microbial species. As this is an open technique, clini-
cians do not need to decide in advance what to look for. We compared routine culture to IS-pro using 66 samples sent in
for routine bacterial diagnostic testing. The samples were obtained from patients with infections in normally sterile sites
(without a resident microbiota). The results were identical in 20 (30%) samples, IS-pro detected more bacterial species
than culture in 31 (47%) samples, and five of the 10 culture-negative samples were positive with IS-pro. The case histories
of the five patients from whom these culture-negative/IS-pro-positive samples were obtained suggest that the IS-pro find-
ings are highly clinically relevant. Our findings indicate that an open molecular approach, such as IS-pro, may have a high

added value for clinical practice.

For a long time, clinical bacterial diagnostic testing has been
performed almost exclusively using cultivation-based tech-
niques. Over time, these techniques have been highly optimized
for the efficient cultivation of known clinically relevant species.
Currently, almost all information we have on clinical microbiol-
ogy has been generated by cultivation-based techniques. Like all
techniques, cultivation has its advantages and drawbacks. Its ad-
vantages include the ability to simultaneously detect multiple spe-
cies and the universal nature of the system: while selective medium
may be employed to single out specific species, nonselective me-
dium incubated under different conditions can sustain a very
broad range of bacteria, which obviates having to decide in ad-
vance which specific microbe(s) should be sought. The most no-
table drawbacks of culture for clinical application are the long
time needed for bacteria to grow (1), the inability to culture bac-
teria after patients have received antibiotics, and the inability to
detect bacterial species that are refractory to cultivation.

With the advent of PCR, molecular techniques, and particu-
larly quantitative PCR (qPCR), have been introduced into the
field of bacterial diagnostics as an alternative to culture. While
qPCR overcomes some of the limitations of culture, it introduces
its own limitations. gPCR needs no cultivation, so it is faster than
culture, it can detect bacteria even in samples obtained from pa-
tients receiving antibiotic treatment, and it can be used to detect
cultivation-refractory species. However, qPCR is typically a selec-
tive technique, in that only the species at which it is specifically
directed can be detected. Eubacterial PCRs and qPCRs have been
described, but these methods typically require an additional se-
quencing step to classify PCR products (2). Current diagnostic
schemes based on qPCR therefore often require either the appli-
cation of multiple qPCRs performed simultaneously or sequen-
tially, or an additional sequencing step, which makes these
schemes expensive, slow, or both. Finally, because most qPCRs are
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built upon knowledge gained by cultivation techniques, they are
generally aimed at known cultivable species.

This issue of being aimed at cultivable species, which thus ap-
plies to culture and qPCR, has become highly relevant in recent
years, as it has become clear that our indigenous microbiota con-
sists mostly of bacteria that are refractory to routine cultivation
techniques (3). As many infections are caused by our indigenous
microbiota (4-6), itis very well possible that many pathogens have
been missed using standard bacterial diagnostics (7).

The combination of amplification and Sanger sequencing of
16S RNA with universal bacterial primers is a common solution to
this issue, as this approach allows for the detection of uncultivable
bacterial species. However, this approach is applicable only to
samples containing one or two bacterial species. When multiple
species are present, the different Sanger reads will be superim-
posed and cannot be interpreted (8).

Next-generation sequencing approaches are able to simultane-
ously identify multiple sequences. However, large batch sizes are
necessary to reduce costs, and workflows are typically complex:
while it is has been described to be theoretically possible to process
asample within 24 h (9), a working system has yet to be described.

Moreover, the 16S sequence composition is often not diver-
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gent enough to distinguish between individual bacterial species
(10), which is essential for clinical diagnostics, as only specific
species within a genus may be pathogenic, and the presence and
expression of chromosomal antibiotic resistance genes may vary
largely between species within the same genus (e.g., AmpC, which
is expressed in Citrobacter freundii but not in other Citrobacter
species) (11).

We developed a PCR-based method, IS-pro, which combines
rapid and cultivation-independent detection of bacterial DNA,
irrespective of bacterial species, and, by a careful choice of target
and primers, is capable of identifying all bacteria in a sample.
IS-pro includes the advantages of qPCR over cultivation tech-
niques, like limited sample processing steps, fast results, detection
of bacteria after antibiotic administration, and detection of uncul-
tivable species. IS-pro relies on length and sequence polymor-
phisms of the 16S-23S ribosomal interspace regions. As these re-
gions are present in all bacteria and their polymorphisms are
highly species specific, IS-pro is a universal system that can detect
all bacterial species within a sample. Furthermore, as the tech-
nique has been set up to minimize interspecies PCR competition,
IS-pro can simultaneously detect and identify many species, ren-
dering the technique applicable to single-species detection and
complex microbiota analysis alike (12). In this study, we applied
the IS-pro technique to samples from infections of normally ster-
ile body sites and fluids commonly caused by indigenous micro-
biota, as routinely received in a clinical microbiology laboratory.
We found that IS-pro generally detected not only the species
found by culture but also many additional bacterial species. We
confirmed these findings with a next-generation sequencing ap-
proach and clinical data.

MATERIALS AND METHODS

Design. The study was set up as a comparative study of culture techniques
as used in daily routine in our laboratory compared to IS-pro. Discrepan-
cies between the results of culture and IS-pro were further investigated by
analysis of the samples by next-generation sequencing and the use of
clinical information.

Samples. Samples were collected between October 2012 and May 2013
at the department of medical microbiology of the VU University Medical
Center, Amsterdam, the Netherlands. Sequential samples from normally
sterile body sites and fluids sent for routine bacterial culture were in-
cluded. For this study, we selected samples from abscesses and empyemas.
Approval from an ethics board was not needed for this study.

Sample processing and cultivation. Samples were sent by routine
transport to the microbiological laboratory of the VU University Medical
Center (VUMC) and processed immediately. For routine bacteriological
culture, all samples were processed according to the standard operating
procedures of the VUMC laboratory. This encompassed a Gram stain and
inoculation and incubation at 37°C of the following media: chocolate agar
(bioMérieux, Marcy I’Etoile, France), 2 days of incubation in CO,; sheep
blood agar (bioMérieux), 2 days of aerobic incubation; CAP agar (sheep
blood agar with colistin and aztreonam; Oxoid, Landsmeer, the Nether-
lands), 2 days of aerobic incubation; MacConkey 3 agar (bioMérieux), 2
days of aerobic incubation; brain heart infusion (BHI) broth (Mediaprod-
ucts BV, Groningen, the Netherlands), 2 days of aerobic incubation;
Schaedler agar (Oxoid), 3 days of anaerobic incubation; and Schaedler
agar supplemented with phenyl ethyl alcohol (Oxoid), 3 days of anaerobic
incubation. If the BHI broth did not show growth after 2 days, it was
subcultured on sheep blood agar and Schaedler agar; these were incubated
as described above. Identification of bacterial colonies was done by ma-
trix-assisted laser desorption ionization—time of flight mass spectrometry
(MALDI-TOF MS) (Vitek MS system; bioMérieux).
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DNA isolation. DNA was isolated directly from all specimens, accord-
ing to routine molecular diagnostic protocols. Briefly, 200 pl of sample
(pus or other) was added to 400 pl of buffer AL (Qiagen, Hilden, Ger-
many) and 40 pl of proteinase K in an Eppendorf container. This mixture
was centrifuged for 10 s at 9, 000 X g and then vortexed and incubated at
56°C while shaking at 1,400 rpm for 1 h. An easyMAG automated DNA
isolation machine (bioMérieux) was used for further DNA extraction.

Sample mixtures (each 640 wl) were transported to an 8-well easy-
MAG container and suspended in 2 ml of NucliSENS lysis buffer, as pro-
vided by the manufacturer. After incubation at room temperature for 1 h,
70 pl of magnetic silica beads was added, as provided with the easyMAG
machine. Afterward, the mixture was inserted in the easyMAG machine,
and the “specific A” protocol was chosen, selecting the off-board work-
flow and eluting DNA in 110 pl of NucliSens easyMAG extraction buffer
3, as provided by the manufacturer (bioMérieux). All DNA was stored
at —20°C. For all separate DNA isolation runs, negative controls were
included that were analyzed with IS-pro. The same DNA isolate was used
for IS-pro and PacBio analyses.

IS-pro. Amplification of intergenic spacer (IS) regions was performed
with the IS-pro assay (IS-Diagnostics, Amsterdam, the Netherlands), ac-
cording to the protocol provided by the manufacturer. IS-pro differenti-
ates bacterial species by the length of the 165-23S rRNA gene IS region,
with taxonomic classification made using phylum-specific fluorescently
labeled PCR primers (12) (Fig. 1). The procedure consists of two separate
standard PCRs: the first PCR mixture contains two different fluorescently
labeled forward primers targeting different bacterial groups and three
reverse primers providing universal coverage for those groups. The first
forward primer is specific for the phyla Firmicutes, Actinobacteria, Fuso-
bacteria, and Verrucomicrobia (FAFV), and the second labeled forward
primer is specific for the phylum Bacteroidetes. A separate PCR with a
labeled forward primer combined with seven reverse primers is speci-
fic for the phylum Proteobacteria. Amplifications were carried out on a
GeneAmp 9700 PCR system (Applied Biosystems, Foster City, CA). After
PCR, 5 pl of PCR product was mixed with 20 pl of formamide and 0.2 pl
of custom size marker (IS-Diagnostics). DNA fragment analysis was per-
formed on an ABI Prism 3500 genetic analyzer (Applied Biosystems).
Data were analyzed with the IS-pro proprietary software suite (IS-Diag-
nostics), and the results are presented as microbial profiles. Automated
species calling of IS-pro peaks was done with the dedicated IS-pro soft-
ware suite (IS-Diagnostics), in which peaks are linked to a database con-
taining IS-profile information of >500 microbial species.

Peaks of <128 relative fluorescence units (RFU) were regarded as
background noise and were discarded from further analysis. The whole
procedure, from DNA isolation to analyzed data, can be done within 5 h.

Next-generation sequencing. All samples were further analyzed by
circular consensus sequencing with a SMRTbell template on the PacBio
RS II machine (Pacific Biosciences, CA, USA). For circular consensus
PacBio sequencing, a forward primer was selected in a conserved region of
the 16S rRNA gene (5'-GGATTAGATACCCBGGTAGTCC-3', Esche-
richia coli reference position ~810). Four reverse primers were selected in
the 23S rRNA gene (5'-CCATCCTTTTCACCTTTCCTTCACAGTAC-
3',5'-CCATCCTTTTCGCCTTTCCTTCACAGTAC-3', 5'-CCATCCTT
TTCGCCTTTCCCTCACGGTAC-3', and 5'-CCATCCTTTTCACCTTT
CCCTCACGGTAC-3"), together providing very broad coverage of
bacterial species. Amplicons consisted of the V6 to V9 regions of the 16S
rRNA gene, the 16S-23S interspace region (IS1), and a part of the 23S
rRNA gene region (Fig. 2). Forward primers were barcoded at the 5’ side
for multiplexing on the PacBio single-molecular real-time (SMRT) cell.
To ensure optimal SMRT cell ligation, padding sequences of 5 nucleotides
were added to the primer sequences at the 5’ side. The PCR mixture for
amplification consisted of 10.325 pl of high-performance liquid chroma-
tography (HPLC) water, 2.5 wl of SuperTaq buffer (Sphaero Q,
Gorinchem, the Netherlands), 0.8 pl of 0.04% bovine serum albumin
(BSA) (Sigma), 0.975 pl of 16S-23S reverse primers (10 wm), 0.2 pl of 0.2
mM deoxynucleoside triphosphate (ANTP) (Invitrogen, Carlsbad, CA,
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FIG 1 Schematic representation of the concept behind the IS-pro procedure. (A) All bacterial species contain at least one IS region in their chromosome.
However, many species contain multiple alleles of the IS region. These regions may vary between different alleles. Depicted here is the schematic situation in E.
faecalis that contains four alleles of the IS region. Two alleles have a length of 275 nt, and the other two have a length of 377 nt. When amplified, a profile specific
for E. faecalis is obtained. (B) IS profiles are highly diverse between different species. The fact that species commonly have multiple alleles with different lengths
dramatically increases the differential potential between species. S. typhimurium, Salmonella enterica serovar Typhimurium; B. longum, Bifidobacterium longum;
B. subtilis, Bacillus subtilis; C. jejuni, Campylobacter jejuni; S. mutans, Streptococcus mutans; L. lactis, Lactococcus lactis; L. sakei, Lactobacillus sakei; P. gingivalis;
Porphyromonas gingivalis; V. parahaemolyticus; Vibrio parahaemolyticus; S. coelicolor; Streptomyces coelicolor; L. monocytogenes, Listeria monocytogenes. (C) By
amplifying IS fragments with phylum-specific fluorescently labeled primers, a next layer of information is added. (D) When an IS profile is made of a sample
containing multiple species from different phyla, peaks with different lengths, height, and color are found. These correspond to species, abundance, and phylum.
A peak profile may be translated to a list of bacterial species by a software algorithm linked to a database of IS profiles of known bacterial species. The whole IS-pro

procedure from unprocessed sample to analyzed data can be performed in 5 h. nc, nucleotides.

USA), 0.2 pl of SuperTaq enzyme (5 U/pl; Sphaero Q), 10 pl of DNA, and
1 pl of forward primer (10 pM). The GeneAmp 9700 PCR system (Ap-
plied Biosystems, Foster City, CA) was used for amplification, with 35
cycles of 30 s of melting at 94°C, 45 s of annealing at 60°C, 140 s of
elongation at 72°C, and a final elongation for 11 min at 72°C. Sequencing
was performed on the PacBio RS II instrument. The data collected from
the PacBio RS IT instrument were processed and filtered using the SMRT
Analysis software suite. The continuous long-read (CLR) data were fil-
tered by read length (>50 bp), subread length (>50 bp), and read quality
(Q >0.75). Quality analysis of the filtered FASTQ reads was performed
with CLC Genomics Workbench version 6.0.4. The resulting fragments
were again filtered by length (>1,000 bp and <3,000 bp). Sequences in
which no tag was found were discarded, and the remaining sequences
were oriented in the same direction by using the tag orientation as a
reference. Virtual IS-pro was performed on the resulting sequences with
an in-house-built algorithm. This algorithm identified best-matching IS-
pro primers and their binding sites. Thus, the fluorescent color label and
length of corresponding IS fragments could be predicted. These virtual
IS-pro fragments were used to match to actual IS-pro data. Subsequently,
the first 50 nucleotides were trimmed from all sequences, and the follow-
ing 700 nucleotides were aligned and taxonomically classified with the
Silva Incremental Aligner (SINA) version 1.2.11 (13). The settings for
taxonomical classification were as follows: minimal identity with query
sequence, 0.9; number of neighbors per query sequence, 10; identity for
rejection of sequences, <70%. Comparisons were made against five dif-
ferent databases (Greengenes, RDP, EMBL, Living Tree Project [LTP],
and Silva SSU [SLV]) to identify ambiguous classifications.

All downstream data analyses, visualizations, and comparisons of re-
sulting data from culture, IS-pro, and PacBio analyses were done with the
Spotfire software package (Tibco, Palo Alto, CA, USA).
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RESULTS

Culture versus IS-pro. In total, 66 samples were included from
different bodily locations, falling into nine distinct categories (Ta-
ble 1). Of these samples, 56 were culture positive and 10 were
culture negative. All samples that yielded a positive culture result
were also positive by IS-pro. Of the 10 culture-negative samples,
five were also negative with IS-pro. However, the other five cul-
ture-negative samples were positive with IS-pro (Table 1). For 20
samples, outcomes at the species level were identical between cul-
ture and IS-pro (Table 2). For 31 samples, more species were
found with IS-pro than with culture. For two samples, fewer spe-
cies were found with IS-pro than with culture. Finally, for 13 sam-
ples, comparisons could not be made for all species, because some
species were not identified by culture, either because species did
not have final identifications or, more commonly, because species
identification was deemed to be clinically irrelevant in the context
of the presence of known pathogens that alone might account for
the clinical picture. In 12 of these 13 samples, the dominant spe-
cies that were identified by culture were all confirmed by IS-pro.
Because the results were identical as far as was analyzable, we
displayed these samples as being identical in Table 2. For one
sample in this subset, none of the cultured species were identified,
making a comparison impossible.

In total, 76 species were identified by culture. Seventy-two of
these species (95%) were also found with IS-pro. The four cul-
tured strains that were not found by IS-pro came from two sam-
ples that harbored multiple species. The first sample came from a
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FIG 2 Schematic representation of the PacBio sequencing approach. A bacterial chromosome always contains one or more ribosomal regions (top left, red bars).
These regions each consist of a 16S, 23S, and 5S region and two interspace regions (IS1 and IS2). The identity of the bacterial species can be assessed either by the
sequence of the 16S fragment or by the length of the ISI region (top right). Amplification primers were chosen to cover a large part (~700 nt) of the 16S region,
containing four variable regions (V6 to V9) for sequence-based species identification. Each amplicon thus consists of both the 16S region and the IS1 region,
enabling a comparison of identifications. Forward primers had sequence tags for multiplexing in the PacBio run. Padding sequences were added to prevent
damage to the sequence tags and for optimal SMRTbell ligation (bottom). By performing a virtual IS-pro on full-length sequences, best-matching (labeled)
IS-pro primers and predicted length of resulting IS fragments was determined. The resulting virtual IS fragments were matched to actual IS fragments. In this
fashion, bacterial identifications by 16S sequence analysis could be directly matched to corresponding IS fragments. ID, identification; refpos, E. coli reference

position.

thoracic abscess post-esophagus surgery and contained Enterococ-
cus faecium and, in lesser abundance, Staphylococcus aureus, Ser-
ratia marcescens, and Achromobacter denitrificans (all in a single
sample). IS-pro detected E. faecium, and, in lesser abundance,
Enterococcus faecalis and Streptococcus anginosus, but not the ad-
ditional three species found by culture. The second sample de-
rived from a subcutaneous infection and contained Aggregatibac-
ter actinomycetemcomitans and, in lesser abundance, Actinomyces
israelii and multiple anaerobic species. With IS-pro, A. actinomy-
cetemcomitans and multiple anaerobic species were found, but
Actinomyces israelii was not found. The presence of these strains
additionally found by culture in these two samples was not con-
firmed by sequencing.

Overall, common pathogens were found in samples in which
they were expected, such as Escherichia coli in abdominal and uro-
genital abscesses and S. aureus in subcutaneous infections. For all
abscess-derived samples, IS-pro found significantly more species
than culture, including bacterial species that are less familiar as
pathogens, such as Akkermansia muciniphila and Alistipes putredi-
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nis, which are well-known gut commensals that are refractory to
standard culture techniques. Species considered to be normal
commensals were generally found in locations close to their nor-
mal niche, such as abdominal abscesses for species commonly
found in the intestines. However, these species were sometimes
also found in less-expected locations, such as an Aggregatibacter
sp. in a subcutaneous infection or Bacteroides fragilis in an osteo-
myelitis sample. A clustered heat map of all IS-pro results is shown
in Fig. 3.

PacBio sequencing. To aid in the interpretation of discrepan-
cies between culture and IS-pro, PacBio sequencing data were
used as a third unrelated comparator technique. Because error
rates are known to be high in PacBio sequence data (14), even
when performing circular consensus sequencing, these data were
interpreted only in the context of culture and IS-pro. In practice,
this meant that PacBio data were used only as a confirmatory
technique: when species were found with IS-pro that were not
found with culture, the presence of those species in the PacBio
data was determined. The basis of this approach lies in the negli-
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TABLE 1 Sample types and outcomes of culture and IS-pro”

TABLE 2 Comparison of identified species between culture and IS-pro

No. of samples by result

Only
culture Culture negative/ Both Both
Sample type Total positive IS-pro positive  negative positive
Intraperitoneal abscess 18 0 1 1 16
Head/neck abscess 11 0 3 1 7
Mamma abscess 4 0 0 0 4
Septic arthritis 2 0 0 0 2
Lymph node 1 0 0 1 0
Osteomyelitis/ 9 0 1 0 8
spondylodiscitis
Perianal abscess 1 0 0 0 1
Pulmonary abscess 1 0 0 0 1
Urogenital abscess 5 0 0 0 5
Wound/subcutaneous 14 0 0 2 12
infection
Total 66 0 5 5 56

“No culture-positive samples were negative by IS-pro. Six culture-negative samples
were positive by IS-pro. In four of these samples, the same species that was identified by
IS-pro was detected with PacBio sequencing. The two remaining culture-negative and
IS-pro-positive samples showed a very low load (<500 RFU).

gible chance that a series of sequencing errors would lead to ex-
actly the same species as was found with an unrelated technique
(IS-pro). We chose to use the PacBio platform, as we wanted to be
certain that species identification by sequence analysis truly
matched the IS-pro data. Therefore, we needed to sequence the
16S and the adjacent IS region (Fig. 3). From these long sequences
(1,500 to 2,000 nucleotides [nt]), we could match sequence iden-
tification by 16S V6 to V9 regions to predicted IS fragments by
virtual IS-pro. These predicted IS-fragments were subsequently
used to match against actual IS-pro data.

For all but one of the samples that were identical in culture and
IS-pro, the presence of all species was also confirmed by PacBio
data, at least to the family level. A Mycobacterium tuberculosis iso-
late present in a sample from a spondylodiscitis was found by
culture and IS-pro but was not identified by PacBio. For the sam-
ples that were positive in culture and IS-pro, of the total of 129
species found with IS-pro, 94 species (73%) were also found by
PacBio. The two samples in which more species were found by
culture than by IS-pro were discussed in “Culture Versus IS-pro,”
above.

Three of the five samples that were negative by culture and
positive by IS-pro were also positive with PacBio sequencing. The
two IS-pro-positive samples that were not positive with PacBio
showed a very low bacterial load in IS-pro (<500 relative fluores-
cence units [RFU]).

For samples with the most relevant discrepancies (i.e., those
that were discrepant in positivity between culture and IS-pro or
for which fewer species were found in IS-pro than those in cul-
ture), outcomes compared to PacBio results and clinical records
(see below) are given in Table 3.

Clinical cases. As it can be difficult to assess the value of a new
technique against that of a gold standard to which it is potentially
superior, we focused on the five cases that were culture-negative
and IS-pro positive (Table 3). The case reports are discussed
briefly below.

The first case was a child with an infected thoracolumbar os-
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No. of samples identified by test

More in More in
Sample type Total Identical culture IS-pro*
Intraperitoneal abscess 18 10 0
Head/neck abscess 11 5 0 6
Mamma abscess 4 1 0 3
Septic arthritis 2 2 0 0
Lymph node 1 1 0 0
Osteomyelitis/ 9 3 1 5
spondylodiscitis
Perianal abscess 1 0 0 1
Pulmonary abscess 1 0 1 0
Urogenital abscess 5 4 0 1
Wound/subcutaneous 14 7 0 7
infection
Total 66 33 2 31

“ More species were generally found with IS-pro for samples in which more complex
microbiota was expected.

teosynthetic device, which had been placed to correct scoliosis.
The infection was treated with intravenous broad-spectrum anti-
biotics, and the osteosynthetic device was surgically cleaned. A
sample was taken during surgery for microbiological analysis.
This sample was culture negative but showed the presence of B.
fragilis by IS-pro (reproduced by PacBio data). The child was dis-
charged with oral antibiotics (not directed specifically toward B.
fragilis, as IS-pro analysis was not performed in the acute setting).
However, the child did not recover and returned for further sur-
gical cleaning of the osteosynthetic device 2 months later. During
this procedure, two samples were taken for microbiological anal-
ysis. These samples were analyzed by culture only, and both
showed a high load of B. fragilis.

The second case was a 63-year-old female who had undergone
a modified radical neck dissection for an adenoid carcinoma. She
had received perioperative gentamicin and clindamycin. How-
ever, infection parameters rose postoperatively (15.9 X 10e9 leu-
kocytes/liter, C-reactive protein [CRP] level, 119 mg/liter), and a
fluid collection was found in the operated region of the neck. This
collection was aspirated, after which the aspirate was sent in for
microbiological analysis. Culture was negative, but IS-pro
showed the presence of multiple bacterial species, all typical
residents of the pharyngeal mucosa: Streptococcus mitis group,
Streptococcus salivarius group, Haemophilus parainfluenzae, Pseu-
domonas aeruginosa, and a Bacteroidetes species. The presence of
streptococci and Bacteroidetes species was also found by PacBio
sequencing. The patient recovered following aspiration of the
fluid and a course of amoxicillin-clavulanate.

The third case was a patient who had undergone an operation
for a laryngeal carcinoma. Postoperatively, the patient developed
aspiration pneumonia. In a sputum sample, S. aureus, H. parain-
fluenzae, and S. mitis group organisms were found by culture. The
patient was treated with a 7-day course of intravenous flucloxacil-
lin. After an initial good response to the antibiotic therapy, infec-
tion parameters rose again after 5 days during flucloxacillin treat-
ment (20.1 X 10° leukocytes/liter; CRP, 269 mg/liter). A course of
ceftriaxone combined with amoxicillin-clavulanate was subse-
quently initiated, after which the infection parameters decreased
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only slowly. A fluid collection was found in the operated area; this
was punctured and drained. The punctate was sent in for micro-
biological analysis. Culture results were negative, while IS-pro
showed H. parainfluenzae. This IS-pro finding was confirmed by
PacBio analysis. The infection subsided after drainage of the fluid
collection and continuation of the antibiotic therapy.

The fourth case was a patient with a colonic carcinoma who
underwent a left-sided hemicolectomy. The operation was com-
plicated by leakage of the intestinal anastomosis, followed by
septicemia, for which admission to the intensive care unit was
necessary. There, the patient was treated with a broad-spectrum
antibiotic regimen consisting of metronidazole, ceftazidime, and
fluconazole. While the infection subsided under this regimen, the
patient underwent another abdominal operation to correct a fas-
cial dehiscence. Perioperatively, a remnant of a paracolic abscess
was found. The contents were aspirated and sent in for microbio-
logical analysis; culture was negative. IS-pro showed a low signal
of an unidentified Firmicutes species, and the PacBio result was
negative. The patient recovered slowly and was discharged 2
months later.

The fifth case was a patient who developed a persisting delir-
ium after recurrent episodes of otitis media. On magnetic reso-
nance imaging (MRI), a soft-tissue mass was seen close to the
jugular foramen. A punctate was taken from this lesion and sent in
for cytological and microbiological examination. By cytology, an
infectious process was suspected; however, microbiological cul-
ture was negative. IS-pro showed the low-level presence of a Bac-
teroidetes species and an Enterobacter species (not found by
PacBio). While IS-pro results were not available at the time of the
decision, the cytology results combined with elevated infection
parameters (13.6 leukocytes; CRP, 113) prompted the attending
physician to initiate a course of penicillin based on a suspicion of
Actinomyces infection. However, the patient did not respond to
this treatment. Subsequently, a course of voriconazole was given
for a suspected fungal infection and a course of ceftazidime, be-
cause P. aeruginosa was found in culture of a sputum sample. The
patient did not respond to any of these treatments and died 7
weeks after initial admission. It should be noted here that both
Enterobacter species and Bacteroides species are generally insensi-
tive to penicillin and ceftazidime.

DISCUSSION

In this study, we demonstrate the application of IS-pro, an open
molecular approach that can be performed rapidly on clinical
samples, and we compared it to culture. IS-pro was able to repro-
duce the results of culture and additionally found many species
that were not detected by culture, possibly reflecting the actual in
vivo microbial situation more accurately. Not only did IS-pro de-
tect additional bacteria in culture-positive samples, but bacteria
were also found in culture-negative samples. These additional IS-
pro findings were largely (73% of strains found by IS-pro) con-
firmed by an independent sequencing approach, and the case re-
cords further underline that they may be highly relevant for
clinical diagnosis and appropriate treatment.

We are not the first to find that molecular techniques can de-
tect bacteria that have not been detected by culture (2) and that
these additional species are not necessarily uncultivable species
(15). However, studies performed to date did not include a third
(and unrelated) comparator technique to further evaluate dis-
crepancies. Moreover, while various approaches have been ex-
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plored to detect microorganisms by an open molecular approach,
no suitable means of doing this in a clinical setting has been dem-
onstrated to date: amplification and detection of 16S fragments do
not give species identification (16), Sanger sequencing is restricted
to one or maximally two species being present in a sample, and
next-generation sequencing approaches, even though the first sys-
tem was described 25 years ago (17), still have not led to applica-
tions that may be performed in a clinical routine setting in a mi-
crobiological laboratory.

As IS-pro is straightforward to implement and fast to execute
(<5 h from sample to result), we demonstrate here a fully molec-
ular approach, which performs better than culture, has a turn-
around time of less than a day, and is performed directly on clin-
ical specimens without the need for sequencing. We confirmed the
accuracy of this approach with an independent sequencing ap-
proach.

An issue with this study was that all peaks cannot yet be iden-
tified to the species level by IS-pro, nor could all sequences be
identified to species or genus level with PacBio sequencing. Com-
parisons were therefore sometimes necessarily made on higher
taxonomic levels, which may have led to incorrect matching of
species. When IS-pro peaks could not be identified to the species
level, they were classified to the phylum level. Therefore, the re-
sults of unknown species could be given as a molecular Gram
stain, which could still guide antibiotic choice, as discussed previ-
ously by Kobayashi et al. (18). We designed this study to demon-
strate the possibilities and results of a broad-range bacterial PCR
with direct species identification to clinical practice on a wide
range of clinical specimens. We decided not to include samples
from locations that harbor resident microbiota, such as sputum or
feces. While it is of course technically feasible to perform IS-pro
on these sample types, our goal was to perform a head-on com-
parison between IS-pro and culture. This would not have been
feasible for samples that contain many species that are difficult to
detect by routine culture. Moreover, a comparison of sequence-
based techniques to highly selective culture approaches as are ap-
plied routinely in fecal diagnostics is a wholly different issue alto-
gether, and it falls outside the scope of this study.

Furthermore, in this study, we did not examine all human sam-
ple types; important omissions were blood and cerebrospinal fluid
(CSF), both of which are sample types that typically harbor low
bacterial loads. We did not perform analyses on blood, as it has
been shown that the sensitivity of molecular assays for detecting
pathogens in blood is largely dependent on the volume of blood
from which DNA is isolated and requires specialized DNA extrac-
tion methods (19). CSF was not included in this study, as CSF
sample volumes are often low and are used in total for culture. In
the period of sample collection of this study, no samples with
enough excess CSF were collected. However, another sample type
that typically harbors a low bacterial load is joint aspirate. The two
joint aspirates that were included in this study showed full con-
currence between culture and IS-pro results (both positive and the
same species was identified). The choice to omit certain sample
types, however, also precluded an accurate estimation of analytical
performance characteristics by sample type.

Furthermore, this study highlights one of the most important
issues of an open molecular approach in routine diagnostics: the
interpretation of species that have not been found by culture. To
assess whether these additional species are truly present in the site
of pathology in the patient and have a clinical implication, the

jcm.asm.org 941


http://jcm.asm.org

Budding et al.

possibility of contamination of samples should first be ruled out.
The contamination of the DNA isolation reagents or PCR mixture
was ruled out by the negative controls, which were taken along
with each DNA isolation run throughout the whole process, and
were all negative. Contamination of the samples themselves was
more difficult to rule out. However, a number of ways to make
contamination very unlikely are demonstrated in the case reports:
in the first case, an initial finding of B. fragilis was confirmed in a
completely independent follow-up sample taken from the same
patient 2 months later, making contamination very unlikely. In
the second case report, laboratory contamination was unlikely, as
all bacteria found were common residents of the pharyngeal mu-
cosa. The abscess from which the punctate was taken was situated
adjacent to the pharynx, making pharyngeal mucosal residents the
most likely causative agents. In the fifth case report, the clinical
relevance of the species found was most likely because the patient
did not respond to antibiotics to which the species found by IS-
pro were intrinsically resistant. The third case report makes the
species found likely to be clinically relevant by a combination of
the factors at play in the first and fifth case report: in the first
sample, H. parainfluenzae, S. aureus, and S. mitis were found,
while an unrelated second sample confirmed the presence of H.
parainfluenzae after a course of flucloxacillin, to which it is gener-
ally resistant, while the other two species are generally sensitive to
flucloxacillin. The culture media used for the two samples were
identical.

Of course, the contamination of samples from the patient’s
own microbiota is more difficult to assess. However, this issue has
always been a known factor in culture-based microbiology, most
notably a factor that clinical microbiologists have successfully
learned to deal with. Here, extensive experience with bacterial
cultures in a clinical situation has led to an understanding and
correct interpretation of results. It is to be expected that this will
also happen for open-molecular techniques as microbiologists
gain more experience with this approach in the clinical routine.

Many studies have now confirmed that routine culture tech-
niques cannot detect many species that are common in endoge-
nous complex microbial niches, such as the gut, oral cavity, or
urogenital tract (20-22). It is also well established that bacteria
deriving from endogenous microbiota are common causative
agents of infections in normally sterile body sites (5, 6, 15, 23). In
addition, this study and previous studies show that cultivable or-
ganisms can also be missed by routine culture (2, 15).

The importance of a fast open molecular approach for clinical
practice thus seems evident. Examples of clinical situations in
which such an approach may be of added value include situations
in which a rapid diagnosis is required (e.g., septic arthritis), in
hard-to-diagnose clinical syndromes (e.g., fever of unknown ori-
gin), when patients have already received antibiotics prior to sam-
pling, for samples with a high false-negative rate in culture (e.g.,
joint aspirates [24]), and for diseases caused by fastidious or un-
cultivable organisms (e.g., strict anaerobes). In addition, an open
molecular technique can detect unknown novel pathogens and
has great potential for the promising field of complex microbiota-
based diagnostics.

We conclude that an open molecular approach that can be
performed in a clinical routine setting, such as IS-pro, may have a
high added value for clinical practice. IS-pro outperforms culture
in terms of speed and detection of bacteria, and it has the advan-
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tage over current PCR-based approaches in that it is not limited to
a predefined set of bacteria that has to be decided on in advance.

Of course, microbiologists will need to gain experience with
such a novel approach to optimally interpret results for clinical
decision-making, but it is very likely that this will happen, just as it
has been done for culture-based microbiology.
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