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A B S T R A C T

Broad-range amplification and sequencing of the 16S rRNA gene, directly from clinical samples, is a method that
potentially allows detection of any cultivable or non-cultivable bacteria. However, the method is prone to false
positive results due to PCR contamination. Another concern is the human DNA abundance compared to bacterial
DNA in samples from sterile sites. Those factors may decrease the sensitivity and specificity of the assay and can
complicate the analysis and interpretation of the results. The objective of this prospective study was to try to
avoid the most common pitfalls, mentioned above, and develop a molecular 16S assay with a high clinical
sensitivity and specificity. Fifty-six consecutive tissue samples from patients with suspected deep infections were
extracted by 3 different DNA-extraction methods; two based on a principle of bacterial DNA enrichment, and one
conventional DNA extraction method. We compared three primer pairs, including both conventional and DPO
principle, targeting different variable regions of the 16S rRNA gene. Results from routine tissue culture were
used as reference. Clinical data was recorded from patient charts and analyzed in parallel. Of a total of 56
samples, collected from 39 patients, 70% (39 samples) were assessed as true infections by analysis of clinical
data. Bacterial enrichment extraction increased sensitivity from 54% to 72%. The 2 sets of primer pairs defining
region V1-V3 and V3-V4, showed similar sensitivity, but DPO-primers resulted in better specificity, i.e. less
contaminations. The primer pairs covering V1-V8 show significantly lower sensitivity (p < .001) than V1-V3
and V3-V4. Optimizing extraction protocols and choice of primers can increase the sensitivity and specificity of a
molecular 16S-analysis, rendering a valuable complement to tissue culture.

1. Introduction

Deep infections such as abscesses and bone and joint infections can
be caused by a wide variety of pathogens and are a significant cause of
morbidity and mortality (Mancini et al., 2010; Johansson et al., 2010;
Zimmerli et al., 2004). These infections require fast isolation and
identification of the infecting microbe. Today the gold standard method
to detect bacteria in deep infections is culture-based diagnostics.
However, fairly often, no visible bacterial growth appears in the culture
medium even though there is a strong clinical suspicion of bacterial
infection. There are many different reasons why bacteria do not grow;
some bacterial species are fastidious and slow growing in vitro and

thereby difficult to detect by today's culture techniques, others may die
during transportation to the laboratory or in storage waiting for ana-
lysis. Antibiotic treatment may kill the bacteria or render them too
weak to give rise to visible colonies. In these cases it is desirable to have
a method complementary to the culture diagnostics. By using nucleic
acid-based techniques, even moderately vigorous and dead bacteria can
be detected (Bauer et al., 2006). A frequently used method in parallel
with culture diagnostics is amplification and Sanger sequencing of the
16S rRNA gene. This method potentially allows detection of any culti-
vable or non-cultivable bacteria (Chakravorty et al., 2015; Drancourt
et al., 2004; Bosshard et al., 2003; Bosshard et al., 2004; Woo et al.,
2008).
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The gene coding for 16 rRNA is one of the most conserved of the
bacterial rRNA genes, and is shared by all bacterial species (Woese,
1987). It is approximately 1500 base pairs long and consists of con-
served nucleotide sequences interspersed with 9 variable regions that
are genus- or species specific. The genetic sequences of the variable
regions form the basis of phylogenetic classification of microbes
(Doolittle, 1999). By targeting conserved regions for PCR primers,
flanking variable regions, it is possible to design broad-range PCRs
capable of detecting DNA from any bacterial species. The identification
of bacteria on species- or genus level is completed by sequencing the
amplified PCR product, including variable regions, and comparing it
with known bacterial sequences in microbe databases (Clarridge 3rd,
2004; Jenkins et al., 2012). The properties of the 16S rRNA gene and
the large amount of database information available, makes 16S a sui-
table target for broad-range molecular analysis.

Although 16S rRNA gene sequencing is a useful technique, there are
some issues to address. Since the primers are designed to be broad-
range, the PCR will amplify all bacterial DNA present, no matter if it is a
relevant pathogen or a contamination from the sample or the PCR-re-
agents. This makes the method prone to false positive results due to
contamination, pre- or post-sampling. Another concern is the human
DNA present as the dominant DNA in samples from sterile sites such as
tissue and blood. The bacterial DNA may ‘drown’ in the vast amount of
human DNA which decreases the sensitivity of the assay. There may
also be problems with primer cross-reactivity and co-amplification of
human mitochondrial DNA, which also contains variants of the 16S
rRNA gene.

The impact of the human DNA may be reduced by enriching bac-
terial DNA in the extraction process. Such DNA extraction can be per-
formed, in short, by lysing the human cells, without lysing the bacteria,
and degrading the human DNA by enzymatic digestion. These steps are
followed by inactivation of the DNA:ase and finally by lysing the bac-
teria and purifying the microbial DNA. The efficacy of extraction
methods has been evaluated for blood samples in several studies
(Handschur et al., 2009; Horz et al., 2008; Hansen et al., 2009; Loonen
et al., 2013). Another strategy to decrease interactions with human
mitochondrial DNA is to use PCR primers that bind very specifically to
bacterial DNA. Jong-Yoon Chun et al. (Chun et al., 2007) invented a
new oligonucleotide technology called Dual Priming Oligo (DPO) with
the purpose of blocking non-specific priming. This primer DPO design,
targeting sequences of the 16S rRNA gene, has been evaluated by
Kommedal and co-authors who found no primer cross-reactivity with
human DNA (Kommedal et al., 2012).

The objective of this prospective study was to develop a molecular
16S assay with ideal sensitivity and specificity for clinical applications.
Thus we evaluated two commercial DNA extraction kits from Molzym,
Ultra-Deep Microbiome Prep, performed manually and MolYsis™ com-
plete, performed by a DNA extraction robot. These applications, based
on the principle of selective isolation of bacterial DNA, were compared
to a conventional robotized DNA extraction method, DNA tissue from
Qiagen. We also assessed three primer pairs, including both DPO
principle and conventional primers, targeting different regions of the
16S rRNA gene. The diagnostic powers of the molecular assays were
also compared with the routine culture techniques used in the Clinical
Microbiology Laboratory at the University Hospital in Linköping.

2. Materials and methods

2.1. Patient samples

From October to December 2014, we consecutively collected and
analyzed 56 clinical samples (39 patients) which were sent to the
Clinical Microbiology Department in Linkoping, Sweden, for routine
molecular 16S rRNA gene- and culture diagnostics. The samples for 16S
analysis were stored in a fridge until DNA-extractions, which were
performed within 24 h. The samples for culture diagnostics were

incubated in thioglycolate broth at 36 °C while waiting for transport to
the laboratory and at 36 °C incubator at the division of clinical mi-
crobiology with daily observations for visible growth.

2.2. Clinical evaluation

Clinical data was obtained from medical records using earlier pub-
lished methods (Fihman et al., 2007; Rampini et al., 2011). The eva-
luation was performed by a physician, specialist in infectious diseases
who was blinded regarding the results from the 16S PCR. For each
patient, the overall evaluation, “infection” (true positive) or “no in-
fection” (true negative), was based on systematic assessment of clinical
presentation, diagnostic imaging, chemistry parameters, clinical course
(with regard to the effect of antibiotic or other specific treatment) and
the clinical diagnosis. Data on patients including diagnosis, sample
information and results are described in Supplementary table 1. The
samples, which consisted of 35 tissue biopsies and 21 fluids, were di-
vided into three pieces of similar size or volume. Each portion was
subjected to one of the three different DNA extraction methods. Am-
plification and detection of bacterial DNA was performed using three
primer pairs targeting different regions of the 16S rRNA gene. In total
we compared nine different combinations of DNA extraction methods
and PCR-protocols. In parallel with the 16S diagnostics, samples from
all the included patients were diagnosed by culture techniques. Hence,
we could compare the diagnostic power of optimized broad range 16S
rRNA gene PCR and the results from culture diagnostics in the clinic.

2.3. Tissue culture diagnostics

Tissue samples were cultivated in thioglycolate broth at 36 °C, ac-
cording to Kamme-Lindberg (Kamme and Lindberg, 1981). Broths were
checked daily, for up to ten days, for visual evidence of turbidity in-
dicating bacterial growth. Turbid broths were inoculated on blood agar
plates (Colombia agar base, a peptone agar broth supplemented with
5% horse blood) for 2 days under anaerobic conditions and 1 day on
chocolate blood agar plates (blood agar plates with lysed blood cells)
under aerobic conditions day 36 °C. Species identification was per-
formed using Matrix-assisted laser desorption/ionization-Time of flight
MALDI-TOF. Broths where no turbidity was observed after 10 days were
also inoculated on agar plates as stated above, and considered as cul-
ture-negative if no colonies occurred on the agar plates.

2.4. DNA extraction

From the samples collected, pieces, about 2–5 mm in diameter, or
portions of 1–2 mL fluid, were used for each of the different extraction
methods. The fluid samples were centrifuged (20,400 xg for 10 min)
and concentrated to 200 μL for DNA extraction. Three different DNA
extraction methods were compared and evaluated. All three methods
were performed according to the manufacturer's instructions. Two as-
says, Ultra-Deep Microbiome Prep and MolYsis™ complete (Molzym
GmbH & Co. KG, Bremen, Germany) were based on the principle of
bacterial DNA enrichment. Ultra-Deep Microbiome Prep (DP) was
performed manually while the MolYsis™ complete (SE) was robotized
using the instrument SelectNA™. The third DNA extraction method we
evaluated was the one used in the routine analysis of 16S in our clinical
laboratory; DNA tissue, using EZ1 robot (EZ) (Qiagen).

2.5. PCR amplification of 16S rRNA gene

Using DNA from the three DNA-extraction methods: Ultra-Deep
Microbiome Prep (DP) kit (Molzym), MolYsis™ Complete (SE) kit
(Molzym), and DNA tissue (EZ) (Qiagen), broad-range, end point PCR
amplifications of the 16S rRNA gene were performed using the three
different primer pairs shown in Table 1. The primers, covering different
regions of the 16S gene were named after the variable regions they

D. Sune, et al. Journal of Microbiological Methods 170 (2020) 105854

2



cover. The V1-V3 primers, which cover position 8 to 528, are Dual
Priming Oligos (DPO:s) which are designed to be bacterial specific and
not bind to human DNA (Chun et al., 2007; Kommedal et al., 2012). The
V3-V4 primers target an area from base pair 331 to 797 (Kommedal
et al., 2008; Deutch et al., 2006) and V1-V8 cover most of the gene at
position 8–1403, and were originally used in our clinic for identifica-
tion of outgrown colonies (Dempsey et al., 2007). The addressed posi-
tions refers to E coli 16S rRNA sequence (Brosius et al., 1978).

2.6. PCR conditions

The PCR-reactions were performed in 25 μL reaction volumes on a
2720 Thermal cycler (Applied Biosystems). The PCR mixture consisted
of 10 μL Master Mix 16S Basic (Molzym), 0,2 μM of each primer, 12 μL
DNA-free water (Molzym), and 2 μL extracted DNA. The PCR thermal
profile included an initial 60 s denaturation step at 95 °C followed by
45 cycles of 15 s at 95 °C, annealing; 15 s at 62 °C (for primers V1-V3
and V3, V4) and 40 s at 58 °C (for primers V1-V8), extension; 25 s (for
primers V1-V3 and V3, V4) and 60 s (for primers V1-V8) at 72 °C, and
after the 45 cycles, finally 5 min (for primers V1-V3 and V3, V4) and
10 min (for primers V1-V8) at 72 °C.

2.7. Controls

From DNA-extraction and further in the PCR reaction, positive and
negative controls were used. As positive control we used the S epi-
dermidis strain ATCC 14990 and as negative control ultra-pure water
was used.

The PCR-products were analyzed by Capillary Electrophoresis; HDA
GT-12TM System (eGene inc.). The PCR-positive samples were sent to
Eurofins (Germany) for clean-up/purification and Sanger-sequencing.
The sequence-based identification of bacteria was completed by using
the LeBibi database https://umr5558-bibiserv.univ-lyon1.fr/lebibi/
lebibi.cgi (Flandrois et al., 2015), The Ribosomal Database Project
(RDP) https://rdp.cme.msu.edu/ and Microbial nucleotide BLAST
https://blast.ncbi.nlm.nih.gov/Blast.

2.8. Data analysis

All samples were taken separately from different sites and treated
independently, although there were some samples that originated from
the same patient. The diagnostic power of the different molecular as-
says and culture technique were evaluated by comparison of the sen-
sitivity and specificity of each assay, in relation to true infection ac-
cording to the clinical assessment from patient charts. When comparing
the outcome from the different methods, Chi2 tests were used for sta-
tistical analysis.

3. Results

Among the 56 patient samples analyzed, 39 (70%) were collected
from patients diagnosed with a clinical infection at the sampling site,
according to the clinical parameters described under the method sec-
tion, and among these, 24 (62%) were culture positive. When com-
paring the three different DNA extracting methods we obtained the
following results from the samples grouped as true infection: with DNA
tissue kit from Qiagen (EZ); 54% were positive, and, while using the
DNA extraction assays based on the principle of bacterial selective
isolation; Ultra-Deep Microbiome Prep (DP), 72% resulted in an iden-
tifiable bacterium. The robotized version of the bacterial enrichment
DNA extraction (SE) resulted in 75% positive samples. However, due to
lack of material, eight samples were not extracted by the robot, re-
sulting in less statistical power in the SE group (Table 2).

When the different primer pairs were evaluated independently of
DNA extraction method, the primers covering variable region 3 and 4
(V3-V4) yielded 74% and the (V1-V3) primers 72% identifiable bacteria
DNA sequences, among samples from true infection. When amplifying
almost the entire 16S rRNA gene (V1-V8), only 36% were positive
(Table 3 which is significantly lower sensitivity (p < .001) than pri-
mers V1-V3 and V3-V4.

Clinical sensitivity and specificity were calculated for molecular
diagnostics using the three DNA extraction methods in combination
with the different primer pairs covering different variable regions of the
16S rRNA gene (Fig. 1).

Among the samples from patients with a clinical infection, 24 were
culture positive and 30 PCR positive in one or more of the molecular
assays. The overall correlation between culture and PCR, i.e. samples
positive in both culture and PCR or both culture negative and PCR
negative was 75%. However, in five of the samples from patients with
clinical infection, both culture and PCR failed in detecting any pa-
thogen, in some cases, possibly due to prior antibiotic treatment. In 10
of the samples, one or more of the PCR assays detected bacteria where
the culture did not. Among the culture positive samples only four
samples were PCR negative.

The bacterial findings on a genus and/or species level, from patients
with clinical infections by using different assays are shown in Table 4.
The results of the molecular analysis of the 16S rRNA gene are divided
into groups by DNA-extraction method. The dominating species de-
tected in all assays were S. aureus and S. epidermidis. In six samples

Table 1
The primer pairs used in the study spanning variable region 3 and 4 (V3-V4), variable region 1, 2 and 3 (V1-V3) and variable region 1–8 (V1-V8).

V1-V3a 5′-AGAgTTTgATCMTGGCTCA-I-I-I-I-I-AACGCT-3′ 5′-CGCGGCTGCTGGCA-I-I-I-A-I-TTRGC-3′
V3-V4 5′-CGGCCCAGACTCCTACGGGAGGCAGCA-3′ 5′-GCGTGGACTACCAGGGTATCTAATCC-3′
V1-V8 5′- AGAGTTTGATCMTGGCTCAG −3′ 5′- GGGCGGWGTGTACAAGGC-3′

a I = Deoxyinosine; Lower case indicates a locked nucleic acid, LNA.

Table 2
Comparison between the different DNA extraction methods; DNA tissue (EZ), Ultra-Deep Microbiome prep (DP) and Molysis complete (SE), shown as number (and
percent) positive samples (with one or more of the PCR primers) among patients with a clinical infection.

DNA extraction DNA tissue (EZ1) Ultra-Deep Microbiome Prep (DP) Molysis Complete (SE)

Instrument EZ1 (Qiagen) Manually performed SelectNA (Molzym)
Positive results 21 (54%) 28 (72%) 24 (75%)

Table 3
Comparison between the different primer pairs.

Primer pair V1-V3 V3-V4 V1-V8

Positive results 28 (72%) 29 (74%) 14 (36%)

The positive results among patients with a clinical infection (with one or more
of the DNA extraction assays) are shown as number (and percent).
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Streptococcus sp. was found in one or more of the PCR assays while no
bacteria at all were detected by culture techniques. Three samples from
a patient, who, according to culture results, was double infected by P.
vulgaris and E. faecalis, yielded slightly different results in the molecular
assays. The molecular analysis of DNA from samples extracted by
conventional DNA extraction resulted in Proteus sp. or P. vulgaris in all
three samples, but PCR and DNA sequencing from the bacterial en-
richment DNA extraction displayed either E. faecalis or P. vulgaris. None
of the assays, except for culture, detected both bacteria in the same
sample. The five culture and PCR-negative samples from patients with
clinical infection are excluded from Table 4. The bacterial DNA de-
tected in samples assessed as contaminations from non-infected patients
are shown in Table 5. The contaminating bacteria were environmental
bacteria that only rarely or never have been described to case infection
(shlegelella, methylobacterium, delphtia, and flavobacterium) and infec-
tion-causing bacteria (micrococcus, streptococcus, staphylococcus) but
from patients unlikely to have an infection. In all, but one patient, the
bacterial DNA was found only in one of the 9 possible combinations (3
extractions and 3 pcr-protocols). More detailed information on patient
diagnosis, sample material, location and antibiotic treatment are given
in supplementary data.

4. Discussion

The 16S rRNA gene exists in all bacteria, often in multiple copies
(Kang et al., 2010), which may improve the sensitivity of molecular
detection of 16S, a quality that is desirable in this kind of analysis as the
infecting microbes sometimes are present in very small amounts in the
sample (Kellogg et al., 2000; Phillips and Bradley, 1990; Wain et al.,
1998). On the other hand, an assay with high sensitivity and broad
range primers is prone to the risk of false positive results due to PCR
contamination, which is a known problem in molecular 16S assays
(Corless et al., 2000; Muhl et al., 2010). During the past 30 years, dif-
ferent strategies including UV-radiation, ultrafiltration, restriction en-
donuclease- or DNase digestion, have been applied with varying results
when trying to decontaminate PCR-reagents. It turned out that most
common decontamination methods are not efficient enough to decon-
taminate short DNA fragments at low concentration (Ou et al., 1991;
Pandit et al., 2005; Glushkov et al., 2009; Klaschik et al., 2002; Silkie
et al., 2008; Champlot et al., 2010). In addition to the problem with
unclean reagents, there is always a risk of cross-contamination during
sampling, DNA extraction, and the pre-PCR handling of samples and
reagents. Also, as in almost all PCR assays, there is a risk of carry-over
contamination (Hartley and Rashtchian, 1993). Consequently it is of
great importance to follow good laboratory practice, preferably by
working in a laminar air flow (LAF) bench when handling PCR reagents

and samples, and to have a correct work-flow with separate localities
for pre- and post-PCR work. Our study has been conducted strictly ac-
cording to these criteria. We compare conventional DNA extraction
with DNA extracting reagents claiming to be DNA-free due to a pur-
ification technology that removes all traces of DNA. When we used the
primers amplifying the ~500 base pair PCR-products targeting the re-
gion V1-V3 or V3-V4 we detected species that most likely are con-
taminations. Surprisingly we detected slightly more contaminations
among the samples extracted with the DNA-free reagents. While using
the primers amplifying the ~1400 bp long product, no identifiable
contaminating bacteria appeared, but then the sensitivity was low.
When choosing primer pairs for clinical sequence analysis of the 16S
rRNA gene there are several aspects to consider. In addition to give
careful attention to the quality and composition of the primers and
length of the DNA-amplicons, affecting sensitivity and specificity, the
choice of variable regions is of great importance for the bacterial
identification; since the different variable regions can be used to dis-
criminate between different bacterial species. However, no single re-
gion can be used to differentiate among all known bacteria. Chakra-
vorty and co-workers showed that the hypervariable regions V2
(nucleotides 137–242), V3 (nucleotides 433–497) and V6 (nucleotides
986–1043) contain maximum nucleotide heterogeneity and the max-
imum discriminatory power for the 110 bacterial species analyzed in
their study; these were selected based on prevalence in human infec-
tions (Chakravorty et al., 2007). For the discrimination between S.
aureus and coagulase negative Staphylococci (CNS) they suggest vari-
able region V1 (nucleotides 69–99) to be the best target (Chakravorty
et al., 2007). Evaluations, in order to select the 16S primers with best
overall coverage and phylum spectrum for NGS applications, suggesting
primers covering the variable regions V3 and V4 as best candidates
(Klindworth et al., 2013; Takahashi et al., 2014). In the present study,
primers covering variable region V1-V8 were used as a reference
method [25]. They cover a big part of the 16S rRNA gene and should
therefore contribute to a high discrimination, although the sensitivity is
low. To increase the sensitivity of the assay, while maintaining high
specificity, we chose primers covering variable regions V1-V3 and V3-
V4, which appear to cover the major part of the most variable regions in
the 16S rRNA gene (Chakravorty et al., 2007; Klindworth et al., 2013;
Takahashi et al., 2014).

The dominant species detected in all assays, including culture, were
S. aureus and S. epidermidis which are in concordance with the fact that
Staphylococci account for most soft tissue and bone and joint infections
according to the Swedish Orthopedic Association and Swedish
Infectious Disease Association. Among our 8 patients assessed as ‘in-
fection’ with culture negative samples, all had received antibiotics prior
to biopsy. In six of these samples Streptococcal species were found by
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molecular diagnostics. These results suggest the benefit of using mole-
cular techniques in the case of detecting Streptococcal and maybe
other, species in clinical samples which fail to grow because of prior
treatment with antibiotics. A similar observation was made by Harris
and Hartley who detected Streptococcus pneumoniae by 16S rDNA PCR
when not detecting these bacteria by culture techniques (Harris and
Hartley, 2003).

Sampling infected tissues often means collecting more human- than
bacterial DNA. The ratio between human and bacterial DNA can cause
problems with the detection and diagnosis of pathogens. Since

mitochondria arose as a bacterial endosymbiont within some ancestral
type of eukaryotic cell there are occurrences of homologous sequence
motifs in mitochondrial- and prokaryotic 16S rRNA genes (Yang et al.,
1985; Dickerson, 1980; Woese and Fox, 1977; Rivera and Lake, 2004;
Gray et al., 1999) that may cause problems with primer cross-reactivity
with human mitochondrial DNA during PCR amplification. This may
lead to decreased sensitivity of the assay and also to the presence of
several unspecific PCR-products which in turn, after DNA sequencing,
causes mixed chromatograms. Hence, it is desirable to remove as much
of the human DNA as possible without losing bacterial DNA. In the

Table 4
The bacteria in genus- and species levels from patients with a clinical infection.

Culture Conventional DNA extraction Bacterial enrichment DNA extraction 
ESPDZE

P. acnes P. acnes P. acnes S. aureus 
suerua.Ssuerua.Ssuerua.Ssuerua.S

P. acnes - - - 
S. epidermidis ---
- - Streptococcus sp Sample missing 
P. acnes ---
S. aureus S. aureus S. aureus S.aureus 

/Str.intermedius        
- suidemretni.rtSsuidemretni.rtSmuiretcabosuF
P. vulgaris/E. faecalis P. vulgaris P. vulgaris/E. faecalis E. faecalis 
P. vulgaris/E. faecalis P. vulgaris P. vulgaris/E. faecalis E faecalis 
P. vulgaris/E. faecalis Proteus sp E. faecalis E. faecalis 
- - eaitcalaga.rtSeaitcalaga.rtS
S. epidermidis - - - 
 - Str.pneumoniae/pseudopneumoniae Str.pneumoniae/pseudopneumoniae Str. Pneumoniae 
- - - Staphylococcus sp 

sidimredipe.Ssidimredipe.Ssidimredipe.Ssidimredipe.S
S. epidermidis Staphylococcus sp sidimredipe.Ssidimredipe.S
- S. epidermidis S. epidermidis S. epidermidis 
- Prevotella/Porphyromonas --
S. aureus S. aureus S. aureus S. aureus 
S. aureus - - S. aureus 
S. aureus S. aureus S. aureus S. aureus 
S. aureus S. aureus S. aureus S. aureus 
S. aureus - S. aureus S. aureus 
S. aureus - S. aureus S. aureus 
S. aureus - S. aureus S. aureus 
S. aureus S. aureus S. aureus S. aureus 
S. aureus S. aureus S. aureus S. aureus 
S. aureus P. acnes S. aureus S. aureus 
- Streptococcus sp Streptococcus sp Streptococcus sp
- Str. agalactiae Str. agalactiae Sample missing

sidimredipe.Ssidimredipe.Ssidimredipe.S Sample missing
S. epidermidis S. epidermidis S. epidermidis Sample missing 
- S. epidermidis Sample missing 

Bacteria detected by culture technics and/or molecular analysis of the 16S rRNA gene by one or more of the PCR assays. The results are divided into 3 groups
depending on extraction method; EZ (DNA tissue, using EZ1 robot), DP (Ultra-Deep Microbiome Prep) and SE (MolYsis™ complete using the instrument SelectNA™).
Samples originated from different patients are separated by lines.
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present study we compared regular DNA-extraction method with bac-
terial DNA-enrichment extraction technology, and made some inter-
esting observations that might be a result of species selection caused by
DNA-extraction method; three samples from a patient who, according
to culture results was double-infected by P. vulgaris and E. faecalis, re-
sulted in either E. faecalis or P. vulgaris in the molecular assays. When
using the EZ DNA-extraction (conventional DNA-extraction), only Pro-
teus species were detected (Proteus sp. or P. vulgaris in 9 out of 9 sam-
ples), independent of the PCR-protocol used. When the bacterial DNA-
enrichment extraction was used, no Proteus sp. were detected, but E.
faecalis was detected by all PCR protocols, except for 2 (out of 18)
samples using V1-V3 primers (Table 3). These results may suggest that
the bacterial enrichment extraction methods evaluated in the present
study could favor microbial DNA from gram positive bacteria, which do
have a more sturdy cell wall and thus better resist the chaotropic buffer
used to lyse human cells in the Molzym DNA-extraction chemistry.
Indeed, when Loonen et al. treated spiked whole blood with MolYsis
lysing step and thereafter plated it, they noted a considerable lower
detection rate for Gram negative- (Pseudomonas aeruginosa) compared
to Gram positive bacteria (Staphylococcus aureus), measured as CFU
(Loonen et al., 2013).

Besides the DNA extraction methods from Molzym, based on the
eukaryotic cell lysis principle, using chaotropic buffer, there are other
commercial bacterial DNA selective assays available. Polaris pathogen
enrichment, which uses a selective lysis buffer based on a mild de-
tergent, to degrade human blood cells, and enrichment of bacterial cells
is done by centrifugation (Loonen et al., 2013). This may work well for
blood cells, but may not be efficient enough for lysing tissue samples.
Another assay, Looxter® Universal kit, based on Pureprove™ technology
(SIRS-Lab GmbH, Jena, Germany), uses the principle based on the
differences in methylation pattern of CpG between pro- and eukaryotic
DNA. Horz and co-workers (Horz et al., 2010) compared DNA pre-
paration strategies of MolYsis™ and Pureprove® in clinical oral samples
and found that both methods were able to remove at least 90% of the
human DNA, but unfortunately, in most samples, loss of bacterial DNA
was a problem. In line with our results, they noted a loss of Gram ne-
gative- (Porphyromonas gingivalis) compared to Gram positive (Strepto-
coccus mutans) bacteria when using MolYsis™ bacterial enrichment DNA
extraction kit (Horz et al., 2008; Horz et al., 2010). Another method for
host- and pathogen DNA separation utilizes Hoechst dye and ultra-
centrifugation in a CsCl gradient; however, this will only isolate DNA
with a significantly different GC content from the host and might only
be useful for isolation of a limited number of pathogen species, for
example, the parasite Plasmodium, consisting of a genome that contains
less than 20% GC bases (Dame and McCutchan, 1987). Moreover, Smith

et al. (Smith et al., 2012) reported development of an in house whole-
genome pathogen capture technique which is similar to SureSelect®
(Agilent) that is a widely used enrichment capture method for NGS
applications. The principle of this method is selective isolation of DNA
using oligonucleotide probes designed specifically against the pathogen
under investigation. This technique could be used either to collect and
sequence the probe bound DNA, or the hybridization eluate. The main
disadvantage of this assay is that the hybridization step is quite ex-
pensive and time consuming.

Enrichment of the bacterial DNA and well-designed PCR-primers are
strategies to improve both sensitivity and specificity. The increasing
number of bacterial DNA enrichment assays on the market will hope-
fully help to refine the 16S rRNA gene sequencing as a diagnostic tool
for infections. Publications investigating bacterial DNA enrichment in
the clinic include both spiked blood samples and patient samples from
different body sites (Handschur et al., 2009; Horz et al., 2008; Hansen
et al., 2009; Loonen et al., 2013; Muhl et al., 2010; Horz et al., 2010;
Thoendel et al., 2016; Stavnsbjerg et al., 2017; Wellinghausen et al.,
2009; Borde et al., 2015; Feehery et al., 2013). However, most of the
studies only report the results of DNA sequence analysis, without taking
into account the clinical evaluation. In the clinical practice, it is im-
possible, using the microbiological report only, to decide whether the
detected bacteria are the major pathogens causing the infection, or if it
is a contamination from the patient's normal flora or from the en-
vironment. An evaluation based on both the laboratory results and the
patient's medical records is always necessary for the diagnosis.

5. Conclusions

In the present study, three different bacterial DNA isolation methods
and three different PCR protocols were compared. The results from the
molecular assays and culture techniques where evaluated for clinical
sensitivity and -specificity. We show an increased number of bacterial
infections identified by molecular diagnostics using bacterial enrich-
ment DNA extraction compared to conventional DNA-extraction, and,
not surprisingly, when using primers amplifying around 500 base pairs
of the 16S rRNA gene, an increased sensitivity was observed compared
to the amplification of 1400 bp stretch of the16S rRNA gene. Our results
show that an optimized 16S rRNA gene PCR and sequencing improves
the diagnosis of bacterial infection from clinical specimens when used
alongside routine culture techniques. Although molecular techniques
do not replace culture, it can be a valuable complement, particularly in
fluids from abscesses and in cases of antibiotic use before sampling.
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