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Abbreviations and definitions 

ASV   Amplicon Sequence Variant 

DNA   Deoxyribonucleic Acid 

ssDNA  Single stranded DNA 

dsDNA  Double stranded DNA 
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PCR   Polymerase Chain Reaction 

RNA   Ribonucleic Acid 

rpoB   Ribonucleic Acid Polymerase Beta Subunit 
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Abstract 

As made evident from scientific investigations, 16S rRNA targeted next generation 

sequencing (TNGS) enables a more complete characterization of complex bacterial 

microbiotas than what can be obtained by standard culture-based microbiological 

techniques. Such data suggest that TNGS could be of use in the clinical laboratory as 

well, but so far, few studies have explored the adequacy of this method in the 

diagnostics of patients suffering from polymicrobial infections. 

 

The main objective of this thesis was to investigate the use of 16S rRNA TNGS in 

microbiological diagnostics of polymicrobial invasive infections. As part of this 

endavour, we also wanted to evaluate the effect of supplementary rpoB gene TNGS 

on species-level resolution, explore the patterns of background contamination and 

suggest transparent approaches for management of DNA-contamination in post-

sequencing processing and interpretation in a diagnostic setting. 

 

Our results confirm the improved sensitivity of 16S rRNA TNGS as compared to 

traditional diagnostics for polymicrobial invasive infections. We also demonstrate the 

utility of rpoB sequencing, which provides more accurate species identifications for 

several clinically important genera. Upon exploring the unpredictable nature of 

background contamination in TNGS, we suggest and evaluate a method for managing 

the contamination, including rules and cutoffs for post-sequencing processing and 

interpretation to maximize accuracy of the results. The data also provide new insights 

into the pathogenesis of polymicrobial infections.  

 

Our results thus demonstrate that methodological challenges inherent to TNGS can be 

overcome, and that TNGS may be useful for diagnostics of polymicrobial infections 

in individual patients.  
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Sammendrag 

16S rRNA dypsekvensering muliggjør, som vist i flere vitenskapelige arbeider, en 

mer fullstendig karakterisering av komplekse bakterielle mikrobiota enn det som kan 

oppnås ved tradisjonelle, dyrkningsbaserte, mikrobiologiske teknikker. De 

vitenskapelige arbeidene indikerer også at 16S rRNA dypsekvensering kan være 

nyttig i kliniske mikrobiologisk diagnostikk, men så langt har få studier undersøkt 

egnetheten til denne metoden i diagnostikk av pasienter med polymikrobielle 

infeksjoner. 

Hovedmålet med denne oppgaven var å undersøke bruken av 16S rRNA 

dypsekvensering i mikrobiologisk diagnostikk av polymikrobielle, invasive 

infeksjoner. Som en del av dette arbeidet ønsket vi også å evaluere effekten av 

supplerende dypsekvensering av rpoB-genet for å oppnå bedre oppløsning på 

artsnivå, utforske mønstrene ved DNA-kontaminasjon og foreslå transparente 

metoder for håndtering av DNA-kontaminasjon og tolkning av 

dypsekvensseringsdata i en diagnostisk setting. 

Resultatene våre bekrefter den forbedrede sensitiviteten til 16S rRNA 

dypsekvensering sammenlignet med tradisjonell diagnostikk av polymikrobielle 

invasive infeksjoner. Vi demonstrerer også nytten av rpoB-gen dypsekvensering, som 

gir en mer presis artsidentifikasjon innen flere klinisk viktige bakterieslekter. Vi 

utforsker og beskriver den uforutsigbare naturen til DNA-kontaminasjon, og foreslår 

og evaluerer en metode for å håndtere denne kontaminasjonen og dermed bedre 

nøyaktigheten av dypsekvenseringsresultatene. Arbeidet gir også ny innsikt i 

patogenesen til polymikrobielle infeksjoner. 

Resultatene våre viser at iboende metodiske utfordringer ved 16S rRNA 

dypsekvensering kan overvinnes, og at dypsekvensering kan være nyttig ved 

diagnostikk av polymikrobielle infeksjoner hos den enkelte pasient. 



 

 12 

List of Publications 

I. Dyrhovden R, Nygaard RM, Patel R, Ulvestad E, Kommedal O. “The bacterial 
aetiology of pleural empyema. A descriptive and comparative metagenomic 
study”. Clinical Microbiology and Infection 25.8 (2019): 981-986. 

II. Dyrhovden R, Ovrebo KK, Nordahl MV, Nygaard RM, Ulvestad E, 
Kommedal O. “Bacteria and fungi in acute cholecystitis. A prospective study 
comparing next generation sequencing to culture”. Journal of Infection 80.1 
(2020): 16-23. 

III. Dyrhovden R, Rippin M, Ovrebo KK, Nygaard RM, Ulvestad E, Kommedal 
O. “Managing contamination and diverse bacterial loads in 16S rRNA deep 
sequencing of clinical samples - implications of the law of small numbers”. 
MBio 12.3 (2021): e00598-21. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The published papers are reprinted with permission from Elsevier Ltd and ASM 

Journals. All rights reserved. 



 13 

1 Introduction 

1.1 Background 

Polymicrobial infections represent a particular challenge in culture-based diagnostic 

microbiology (1, 2). First, culture tends to facilitate growth of the subset of microbes 

that thrive on artificial media, thus outcompeting more demanding microbes. Second, 

anaerobic bacteria are difficult to keep alive during sample transportation, and some 

are not cultivable using the standard media and conditions provided in the routine 

laboratory. Third, culture-dependent diagnostics is generally limited by the fact that 

only viable microbes can be detected. The sensitivity of the method is therefore 

dramatically reduced for samples collected after the initiation of therapy. Such 

challenges has encouraged a quest for alternative diagnostic methods. 

 

Universal amplification of the bacterial 16S rRNA gene directly from clinical 

samples followed by Sanger sequencing has been available as a culture-independent 

method in diagnostic bacteriology for more than 20 years. Despite initial high hopes, 

a relatively low sensitivity and a limited potential for resolving polymicrobial 

infections are hampering the usefulness of this approach.  

 

The more recent development of targeted next generation sequencing (TNGS) has 

resolved many of the issues related to universal amplification of the 16S rRNA gene. 

Development of TNGS has been driven by microbiome and microbiota research, 

focusing on characterizations of the microbial flora in healthy individuals (Human 

Microbiome Project, http://www.hmpdacc.org/) as well as on how the gut and airway 

microbiota associate with various human diseases (3).  

 

Several reviews have discussed the implementation of the method in microbiological 

routine diagnostics (4, 5) and there has been a gradual increase in TNGS-studies on 

infectious disease materials (1, 2, 6–10). Neverhteless, there are still surprisingly few 

studies exploring the use of TNGS in diagnostic microbiology (4). 
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The published research on the use of TNGS in clinical microbiology demonstrate the 

methods’s diagnostic benefits as compared to traditional methods. In their study of 

human brain abscesses, Kommedal et al. found that culture and 16S Sanger 

sequencing using group-specific broad range PCR primers identified only 31% and 

61% respectively of the bacteria identified by TNGS (1). The improved identification 

by TNGS also enabled discovery of three candidate key pathogens responsible for the 

establishment of primary polymicrobial brain abscesses. Bryan et al. used the method 

for diagnosing a young patient with an intra-abdominal infection of uncertain 

aetiology in which neither culture nor direct 16S rRNA Sanger sequencing allowed 

detection of the uropathogen Actinotignum schaalii (11) 

 

Several challenges associated with TNGS have implications for the method’s 

diagnostic sensitivity and specificity when used to investigate infectious agents. 

These challenges need to be properly addressed prior to implementing the method in 

diagnostic practice.  

 

A major challenge – related to the method’s high sensitivity – is the risk of bacterial 

DNA contamination during analysis, which reduces the method’s diagnostic 

specificity and may lead to false positive results (12). This is particularly relevant for 

clinical samples with low microbial concentrations, where contaminating sequences 

may constitute most of the sequencing reads in the unfiltered sequencing results (13–

15).  

 

Another challenge – related to the method’s capacity for resolution – is to obtain 

unambiguous species-level identification of detected microbes. Whereas 

identification to the genus or family level is often considered sufficient in microbiota 

research, species-level identification is normally required in clinical settings. 

Unfortunately, the 16S rRNA gene, by far the most dominant marker gene used for 

bacterial identification in TNGS, displays a too low inter-species variability to 

distinguish between several important infectious pathogens (16).  
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A third challenge - related to the method’s clinical specificity (17) - is how to 

determine whether the detected sequence is causally related to the patient’s current 

disease process. In accordance with Koch’s postulates, identification of a microbe at 

the site of infection is not sufficient evidence to determine whether or not the microbe 

is associated with initiation or progression of the disease. The challenge related to 

clinical specificity has been highlighted by the use of sequencing technologies to 

explore the human microbiome, which demonstrates that body areas, including 

surfaces previously thought to be sterile such as the lower respiratory tract (18), can 

be the natural habitat for a large number of different microbes (19). Without 

knowledge of the normal microbial flora – or microbiota – at the site of infection, it is 

impossible to determine whether an identified microbe is causally related to the 

infection or not. 

 

Finally, challenges associated with higher analysis costs, extensive workflows which 

often take many days to complete, and the need for specialized bioinformatics 

knowledge to process and interpret the sequencing results, may hamper the 

introduction og TNGS in clinical microbiology laboratories (5).  

 

To conclude, there is a need for more studies exploring the use of TNGS for the 

diagnostics of polymicrobial infections. This need is emphasized by promising results 

from published studies, by potential benefits gained by better diagnostics of 

polymicrobial infections, and by methodological challenges inherent to traditional 

diagnostic practice. In this thesis, we have explored some of the above topics by 

performing TNGS on systematically collected samples from three different types of 

invasive polymicrobial infections: pleural empyema, acute cholecystitis and acute 

cholangitis. We focused on the performance of TNGS compared to traditional 

microbiological diagnostics, and on how to approach the two major challenges – 

precise species level identification and DNA contamination.  
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1.2 Polymicrobial infections 

A polymicrobial infection is an infection caused by two or more microorganisms, 

sometimes displaying combinations of viruses, bacteria, fungi and parasites (20). 

Recent research has demonstrated that the frequency of polymicrobial infections is 

far higher than previously recognized, and that different species play different roles 

during the establishment and maintenance of polymicrobial infections (21, 22). 

Kommedal et al. suggested that certain bacteria are key pathogens for the 

establishment and development of polymicrobial brain abscesses (1), but wheter this 

result is representative for other types of polymicrobial invasive infections has so far 

not been ascertained.  

1.3 Sequencing 

Sequencing techniques identify bacteria by their DNA (23). These techniques are 

broadly categorized as either low-throughput sequencing (e.g. Sanger sequencing and 

pyrosequencing), high-throughput sequencing (e.g. next/second generation 

sequencing (NGS) or third-generation sequencing (long read sequencing). In theory, 

the techniques should represent a more sensitive alternative to culture for 

identification of fastidious, anaerobic, and non-viable bacteria.  

1.3.1 Sanger-sequencing 
Broad-range amplification of the bacterial 16S rRNA gene directly from clinical 

samples followed by Sanger amplicon sequencing, is widely adopted in diagnostic 

laboratories. Although mostly displaying a higher diagnostic sensitivity than culture, 

the technique has major limitations when it comes to diagnosing polymicrobial 

infections (24, 25). First, polymicrobial infections produce mixed Sanger 

chromatograms that may be impossible to interpret (24, 25). Second, the magnitude 

of signals from bacteria present in lower concentrations can be completely 

outcompeted by the signals from more dominant species, rendering them 

undetectable in the chromatograms. To reduce the effects of such factors, Kommedal 

et al. suggested to replace the single universal 16S rRNA PCR with a set of group-
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specific broad-range PCRs, thus increasing the potential number of bacterial species 

to be identified in polybacterial samples from three to nine (25). Even though this 

modification represented a clear improvement of sensitivity, it remained insufficient 

for complex infections with a broad diversity of microbal species. The senstivity was 

also insufficient for detection of bacteria present at the lowest concentrations within 

each group. 

1.3.2 Targeted next generation sequencing 
The introduction of the pyrosequencing platform 454 Life Sciences (Branford, CT, 

USA) in 2005, initiated a revolution in DNA sequencing (23, 26). In the following 

years, several new sequencing platforms were developed and launched (e.g. Illumina 

and IonTorrent) (27). These techniques are capable of sequencing millions of small 

DNA fragments in parallel and are thus referred to as massive parallel sequencing or 

“next generation sequencing” (NGS).  

A main NGS-application, targeted next generation sequencing (TNGS), uses PCR to 

amplify specific DNA sequences that are subsequently sequenced (5). Targeted next 

generation sequencing has revolutionized human microbiota research and is, together 

with whole genome shotgun sequencing, by now the major platform for research in 

descriptive microbiology (Human Microbiome Project, http://www.hmpdacc.org/). 

In the present investigations we have used the Illumina MiSeq system, one of the 

major platforms for TNGS. The system utilizes paired-end sequencing and delivers 

sequences with a read length up to 2x300 base pairs (bp), thus enabling complete 

sequencing of amplicons up to around 500 basepairs. The process involves three 

sequential steps – libarary preparation, sequencing and data analysis. 

1.3.2.1 Library preparation  
Libarary preparation consists of two sequential PCRs (28). First, the targeted DNA-

sequence is amplified by PCR (amplicon PCR). The primers used for this 

amplification have a dual function. In addition to being directed at the target DNA-

sequence, the 5’end of the primers have an adapter sequence that is complementary to 

primers used for the subsequent PCR. Consequently, all amplicons have the same 
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adapter sequences at their ends. The next step is the index-PCR, where the amplified 

products from each sample are marked with uniqe sequences (indexes). This makes it 

possible to mix amplicons from multiple samples into a single library pool and still be 

able to separate the results from the individual samples during the data analyzes. The 

primers used for the index-PCR are directed towards the adapter-sequences, enabling 

indexing of all the amplified DNA from the amplicon-PCR. A dual indexing strategy 

is used, meaning that a uniqe combination of two different indexes (one at the 5’end 

and one at the 3’end) is added to each sample. The dual indexing strategy reduces the 

risk of index hopping/swithing, a phenomenon where reads are assigned to the wrong 

sample during sequencing, which is more likely to occur if only a single index is 

added to the DNA fragments. Finally, the 5’end of the primers used for the index-

PCR contain adapters complementary to the oligonucleotides attached to the flow 

cell. 

1.3.2.2 Illumina MiSeq Sequencing 
Next, the dsDNA fragments from the library pool are denatured into ssDNA 

templates and loaded into a flow cell where the sequencing takes place. The ends of 

the ssDNA templates bind to complementary oligonucleotides attached to the inside 

surface of the flow cell where all ssDNA are multiplied by an isothermal DNA-

polymerase in a process named bridge amplification. Each attached ssDNA is thereby 

transformed into a cluster of identical DNA-templates attached throughout the flow 

cell. The Illumina MiSeq system uses a sequencing by synthesis technology. The 

sequencing primers are targeted at the 3’end of the adapters. The sequences are then 

re-amplified with nucleotides (A, C, G, T) that are labeled with a distinct fluorophore 

in addition to a chemically inactivated 3’OH group. During sequencing, a single base 

is incorporated into the growing DNA chain per cycle. For each cycle the 

incorporated fluorophore is read before the fluorescent group is cleaved off and the 

3’end is reactivated. 

1.3.2.3 Post-sequence processing and data analysis 
The post-sequencing bioinformatics processing consists of several steps with the goal 

of providing the most accurate taxonomic assignment possible for all sequencing 
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reads representing true biological signals. First, sample-separated raw sequencing 

files, most often in fastq format, are generated by demultiplexing of the MiSeq raw 

data based on the sample barcodes. Then three main steps follow (29): 1) Quality 

filtering and pre-processing of the sequencing raw data. 2) Either clustering of 

sequencing reads into operational taxonomic units (OTUs) or identification of exact 

amplicon sequencing variants (ASVs) after removal of error-containing sequences by 

denoising algorithms. 3) Taxonomic assignment of the OTUs/ASVs.  

1.3.2.3.1 Quality filtering and pre-processing  
This step includes demultiplexing of raw sequencing data, trimming of adapter 

sequences and eventual low-quality bases toward the sequence 3-end, filtering of 

short and low-quality reads and merging of paired end overlapping reads into a 

single, higher quality consensus read (29). Multiple software-systems which achieve 

different parts of these tasks are available (30–33). We used Adapterremoval (34), a 

software capable of performing all of the above-mentioned tasks.  

1.3.2.3.2 OTU and ASV   
The qualityfiltered and merged fastq-files contain a huge amount of sequencing reads 

representing the microbial taxa in the sample. The next step is therefore to group the 

sequences into clusters with the ideal intention that all sequences within a cluster is 

representative of a single species/the same species. Two main methods are used for 

this purpose; either clustering of the reads into de novo operational taxonomic units 

(de novo OTUs) based on a percent sequence similarity threshold, or the removal of 

erroneous sequences generated during PCR and sequencing followed by the 

identification of exact sequence variants (or ASVs) where only identical sequences 

are clustered together. 

A third method for clustering is to map all the reads against a reference sequence 

database (closed-reference OTUs). In this approach any read representing a species 

that is lacking in the reference database is removed, and the sensitivity of the method 

is therefore limited by the content of the reference database. 

In de novo OTU clustering, sequences within a specified sequence similarity are 

grouped together. Annotation is done by selection of a single sequence as a 

representative for all sequences in the cluster. Ideally this sequence should represent 
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the most common sequence type in the cluster. The most used sequencing similarity 

threshold for 16S rRNA sequencing within microbiota research is 97%. This 

threshold is based on the observation by Stackebrandt et al. that a 70% reassociation 

value by DNA-DNA hybridization, at that time the gold standard for species 

definition, corresponded to a 16S rRNA similarity of 97% or higher (35). Later it has 

been shown that a similarity threshold of 97% is too low and often leads to the 

inclusion of multiple species into the same OTU, and that a more conservative 

threshold of 99% is needed for OTUs to approximate the species concept (36, 37). 

A challenge with the use of de novo OTU clustering is that in general, due to PCR 

and sequencing errors, the number of estimated OTUs will be higher than the real 

number of species (29). Sequences with an error rate above the chosen sequence 

similarity threshold will always introduce spurious OTUs (38). The primary sources 

of error are the error rate of the PCR polymerase, the formation of chimera during 

PCR amplification and, finally, errors introduced during sequencing, e.g. difficulties 

in accurate sequencing of stretches of DNA with the same base (homopolymers) (39). 

Approaches to handle these spurious OTUs include the application of various 

denoising algorithms and chimera removal tools following the de novo OTU 

clustering (38–40). Examples of denoising algorithms is the simple removal of low 

frequency OTUs or more advanced algorithms identifying sequencing reads as errors 

if they appear in low frequency together with a high frequency (dominant) highly 

similar OTU (38–40). 

The ASV method differs from the de novo OTU clustering method in two major 

aspects. First, the construction of ASVs includes a de novo process where error 

sequences are removed from the data. This is done by the application of a denoising 

algorithm that is based on the expectation that biological true sequences are more 

likely to be repeatedly observed than error sequences (41). Second, following the 

denoising, the remaining reads are grouped based on 100% homology so that one 

group represents a single amplicon sequence variant (ASV). All ASVs may then be 

matched against a reference database, and ASVs that matches with the same species 

can be grouped together. 
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1.3.2.3.3 Taxonomic assignment of OTUs/ASVs  
The final step in processing of sequencing data is to assign the OTUs/ASVs to 

taxonomic units. Taxonomic assignement is done by comparing the OTUs/ASVs to a 

reference database containing sequences of known and preferably well-described 

species. The keys to achive as the most accurate taxonomic assignment possible are I) 

an accurate and effective method for comparison of the query to the reference 

database, II) a high quality reference database and III) knowledge of the inherent 

limitations of the 16S rRNA when it comes to providing species level resolution 

among some closely related bacteria: 

I) The sequencing-alignment-based method – in which derived sequences are 

compared directly to sequences in a database, is considered the gold 

standard method for sequencing comparison. The most common tool used 

for the sequencing-alignment-based method are different variants of the 

Basic Local Alignment Search Tool (BLAST) (42). This tool enables the 

search for similarity matches to a query sequence. The main disadvantage 

of BLAST-based approaches is that they require a lot of computing power, 

especially when working with large amounts of data. As a response, other 

taxonomy classifier softwares have been developed based on alignment-

free algotritms (29). The most common are k-mer based algoritms which 

compare the frequency of k-mers between the query and the database 

sequences such as naïve Bayesian RDP classifier (43) and SPINGO (44). 

Because k-mer based algoritms rely on a proxy measurement of the 

sequence similarity between the query and the database sequence, it is 

inherently less accurate than the gold standard BLAST sequencing-

alignment-based method (45). Gao and colleagues illustrate this in the 

publication of their sequencing alignment-based Bayesian based Lowest 

Common Ancestor algoritm (BLCA), which they found to significantly 

outperform k-mer based methods in accuracy of species-level classification 

(45). However, the higher accuracy achieved by the BLCA comes with the 

cost of a long computation time. The most used tools for taxonomic 

assignment in microbiome research are therefore softwares combining 
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alignment-free and alignment-based algoritms. An example of the latter is 

VSEARCH (46) which compares sequences in two phases; first by an 

initial filtering based on k-mers, followed by optimal global alignment of 

the query with the most promising candidates. The QIIME2 project has 

developed the q2-feature-classifier (47) that allows the researcher to choose 

between a novel machine-learning k-mer based taxonomy classifier and 

two alignment-based classifiers based on BLAST+, an improved version of 

the BLAST software (48) and VSEARCH (46). In their publication 

Bokulich et al. find that all three classifiers implemented in the q2-feature-

classifier meet or exceed the species-level accuracy of other commonly 

used methods (47). 

 

II) Choosing a a high quality database is crucial for correct taxonomic 

assignment of sequences. Reference databases can be divided into those 

that are curated and those that are not. Curated databases have undergone 

some sort of quality filtering, thus ensuring the correctness and quality of 

the reference sequences and their annotation. The largest uncurated 

sequencing database is Genbank (National Center for Biotechnology 

Information, NCBI), which is an annotated collection of all publicly 

available DNA sequences uploaded to either Genbank, DNA DataBank of 

Japan (DDBJ) or the European Nucleotide Archive (ENA). Genbank is 

unreliable – it contains thousands of identical sequences for some 

organisms, many references are misannotated, the annotation style is 

inconsistent (49), many of the sequences contain errors or represent 

chimeras (50) and a huge proportion of the uploaded 16S rRNA genes are 

from uncultured organisms (49). Several more curated databases have been 

developed for 16S rRNA gene microbiota analyses. The most popular 

include Greengenes (49), SILVA (51) and the Ribosomal Database Project 

(RDP) (52). Although these curated databases provide more reliable 

taxonomic classifications of sequences than the uncurated alternatives, they 

are still associateed with a significant level of uncertainty. First, the 
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databases are rarely updated and therefore will not include newly 

discovered species or taxonomic updates. Second, the error rates of the 

databases are still quite high. For example, Edgar (53) found an annotation 

error rate of approximately 10% in the RDP database and approximately 

17% in the Greengenes and SILVA databases. Others have found that use 

of multiple curated databases lead to conflicting results, escpecially among 

less common genera (54, 55).  

 

III) As elaborated in chapter 1.4.1, the inherent limitations of the 16S rRNA 

gene implies that a species level identification cannot be made for some 

bacterial families and genera based on the 16S rRNA gene alone. 

Avoidance of misclassified OTUs/ASVs thus require that taxonomic 

assignments of sequences are based on well-founded critariae for 16S 

rRNA sequence interpretation that includes not only specific cutoffs for 

homology with a high-quality reference sequence but also a cutoff for 

minimum sequence difference to alternative species (37, 45). If a 

taxonomic classifier software only reports the best match, independent of 

distance to the next alternative species, the user should have knowledge of 

which groups of species that cannot be reliably distinguished based on the 

16S rRNA gene. If for example taxonomic assignment of a 16S rRNA 

sequence gives 100% match whith Streptococcus mitis, this should be 

altered to Streptococcus mitis/oralis group since the 16S rRNA gene 

cannot be used to distinguish species within this group. 

1.3.2.3.4 DNA contamination 
A crucial step in the post-sequence processing and data analyzes is to identify and 

filter contaminating DNA (12, 13, 56). Contaminating DNA can be defined as 

sequence reads from microbes that were not originally part of the sample. The source 

of contamination can be divided into background contamination and cross-

contamination (13). Background contamination inludes DNA introduced during the 

sequencing processing, from sources like extracion reagents, plastic consumables and 

laboratory enviroment (13). Cross-contamination includes all transfer of DNA and 
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barcodes from neighboriging wells or tubes during PCR and sequencing processing 

as well as contamination occuring on the sequencing instrument either from barcode 

sequencing error, contamination from residual amplicons from past sequencing runs 

or index switching (13). Background contamination and cross-contamination are most 

prominent in low-biomass samples (12–15). Background contamination originating 

from extraction reagents appears to be the main source of DNA contamination and is 

therefore the type of contamination having the most significant impact on the 

sequencing results (12, 15).  

There are multiple reports of how failure to properly identify and filter contaminating 

DNA may lead to misidentification of microbes or distinct microbial communities, 

which in turn can lead to the formation of new theories about the aetiology and 

pathogenesis of various diseases based on false grounds (13, 57). There is however 

no gold standard method for the management of contamination in deep sequencing 

studies. Whereas some researchers simply remove all sequences also found in the 

negative controls (2, 6, 11, 58), others utilize more advanced algoritms including 

pattern recognition (14, 59). The latter often include an extensive use of negative and 

positive controls. In microbiome research, the decontam tool is currently the most 

promising pattern recognition based method for filtering contamination (59). 

However, even decontam displays a rather poor specificity when used on samples 

with very low biomass (15) and like other pattern recognition methods they are 

dependent upon large batches of samples in order to identify significant patterns. 

These challenges makes transfer of the method from microbiome research to 

diagnostic settings challenging. In diagnostic laboratories, the focus on time to results 

and cost implies there may not always be room for sequencing large batches of 

samples and controls. Further, the focus is always on the individual patient and a high 

sensitivity and specificity is required to avoid false negative and false positive results. 

1.3.2.3.5 RipSeq 
The RipSeq NGS software (Pathogenomix, Santa Cruz, CA), the bioinformatic tool 

used for most of the post-sequencing processing in the three studies of this thesis, has 

been developed specifically for use in diagnostic microbiology and possesses some 

features that are advantageous in a diagnostic setting. 
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1.3.2.3.5.1 Clustering 
The RipSeq NGS Software is OTU-based. The de novo clustering of OTUs is done 

by loading merged FASTQ files into the RipSeq NGS Preprocessor, a software 

installed on the local computer. The preprocessor provides several options for quality 

filtering of the FASTQ files before clustering. These include  

1. checking and trimming for primers and eventually trimming of ends 

with no 3’end primer,  

2. setting a lower sequence-length threshold for sequences to be included 

in the clustering,  

3. setting a lower threshold for number of sequencing copies in a cluster to 

be included in the final results  

4. setting a homology threshold for clustering.  

1.3.2.3.5.2 Taxonomic assignment 
The most prevalent sequence type from each of the de novo clustered OTUs is 

uploaded from the RipSeq NGS preprocessor to the RipSeq NGS web software for 

taxonomic assignment. The taxonomic assignment is done by a sequence alignment-

based method using a BLAST variant against a curated or semi-curated database 

according to the user’s preferences. The RipSeq Pathogenomix Prime 16S database 

that is recommended by the manufacturer for 16S analysis is a curated database 

which includes about 2500 manually curated references, all references from GenBank 

16S RefSeq database, all type-strain references from GenBank, extracted 16S rRNA 

references from all GenBank complete genome references and all references in the 

Human Oral Microbiome database. The inclusion of the HOMD database also 

provides a biologically sound taxonomy for known but hitherto undescribed bacterial 

members of the human microbiota.  

The vast majority of human pathogens have been included in the above mentioned 

databases either by type strains or by full genomes. In most circumstances the 

Pathogenmix Prime 16S database will therefore be broad enough to caracterize even 

the most complex clinical samples. If there are no matches to a species using RipSeq 

Pathogenomix Prime 16S database, queries against other reference databases 
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containing environmental sequences from uncultured bacteria should be performed. 

In the RipSeq web software the alignment results are listed hierarchically according 

to their sequence similarity with the query and every reference sequence and 

alignment can be analyzed and checked manually if needed. The software also flags 

the quality of each species assignment based on researcher-defined thresholds for % 

homology with best reference and % distance to the next alternative species.  

1.3.2.3.5.3 Chimera check 
The RipSeq web software includes the option to perform a chimera check following 

the annotation of the OTUs. The chimera check is based on the assumption that all 

chimeric OTUs are constructed of two or more species that are also identified from 

non-chimeric OTUs in the same sample. After an initial round of idenfication, all 

OTUs with a score below the genus level will be checked to see if they represent a 

construct of two or more OTUs that has been identified to the species level in the 

same sample. If this is the case, they will be flagged as potential chimeras and the 

program will also report the species that are involved in each one of the identified 

chimeras. 

1.3.2.3.5.4 Management of contamination  
The RipSeq web software includes an option to mark files as sample or negative 

control and to submit CT values of samples. This can be used for later marking of or 

automatic filtering of OTUs found in the negative controls or marking of or automatic 

filtering of OTUs below a CT-value based threshold (1).  

1.4 Selection of marker genes for identification of bacteria  

An ideal marker gene should enable the identification of all present microbes to the 

species level. Several characteristics are needed for such a marker gene (60); i) it 

must be found in all species within the kingdom; ii) it should function as a molecular 

chronometer useful for measuring phylogenetic relationships (61). Changes in the 

gene sequence must occur randomly in a clocklike manner and at a mutation rate high 

enough to provide discrimination to the species level for all species within the 

kingdom. At the same time the mutation rate must be slow enough to secure well 
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defined populations within a species over time (61); iii) the amplicon must be large 

enough, or contain enough functional domains, to provide adequate amounts of 

information and not be vulnerable to non-random changes in the sequence (61); iv) it 

must contain DNA-regions that are highly conserved and found in all species in the 

kingdom. These highly conserved regions must flank the variable areas to function as 

universal targets for the PCR amplification primers. 

1.4.1 The 16S rRNA-gene 
The 16 Svedberg(S) ribosomal ribonucleic acid (rRNA) gene, first described as an 

evolutionary marker by Woese et al. in 1977, fulfills most of the criteria for an ideal 

gene target for universal identification and classification of bacteria (62, 63). Since 

DNA sequencing gradually became more available in the 1990s and 2000s, the 16S 

rRNA gene has obtained an increasingly dominant role in bacterial species 

identification (16, 60, 64). The 16S rRNA gene is so far the only gene target that has 

been used for universal bacterial detection and identification in targeted next 

generation sequencing studies of clinical infectious material (1, 2, 6–8). 

The 16S rRNA gene codes for a component of the prokaryotic 30S ribosomal small 

subunit, has a length of around 1500 base pairs, and contains nine “hypervariable 

regions” (V1-V9) flanked by short stretches that are highly conserved in most 

bacteria. The “hypervariable regions” are considered chronometers that can be used 

for inferring phylogenetic relationships and species assignments, while the conserved 

regions are ideal targets for universal primers. The hypervariable regions of different 

bacterial species exhibit different degrees of sequence-variability, and the regions can 

therefore vary in their ability to discriminate between different bacterial species (16).  

The Clinical and Laboratory Standard Institute (CLSI) has provided guidelines for 

16S rRNA sequence interpretation (37). For the ~500 basepair long V1-V3 segment, 

≥ 99% homology with a high-quality reference sequence combined with a minimum 

distance of >0.8% to the next alternative species is recommended for species level 

identification, and ≥97% homology with a high-quality reference for genus-level 

identification (37). Such cutoffs may be more conservative for regions with a lower 

variability and less conservative for regions with a higher variability (65).  
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Some bacteria display too low inter-species variation in their 16S rRNA genes to be 

unambiguously distinguished by 16S rRNA sequencing (16). Genera comprising 

species that can be difficult/impossible to distinguish at the species level include 

multiple genera within the Enterobacteriaceae family, Staphylococcus, 

Streptococcus, Enterococcus and Mycobacteria (16, 63).  

1.4.2 The rpoB gene 
The rpoB gene found in all bacteria, codes for one (the β subunit) of the five subunits 

building up the core enzyme of the RNA polymerase (66). RpoB gene sequence 

similarities correlate better with DNA–DNA hybridization values (DDH) than the 

16S rRNA gene (67). The hypervariable regions of the rpoB gene have a higher 

mutation rate than the 16S rRNA gene, and provide a species resolution for many 

bacteria where 16S rRNA can only discriminate to the genus or family level, such as 

Enterobacteriaceae (68), Staphylococcus (69), Streptococcus (70) and Enterococcus 

(70). Like the 16S rRNA gene, the rpoB gene displays characteristics of a molecular 

chronometer and is suitable for phylogenetic analysis (66, 67, 71). 

Unlike the 16S rRNA gene, the rpoB gene does not contain areas that are highly 

conserved throughout the eubacterial domain of the bacterial kingdom (66). 

Consequently, and in contrast to the 16S rRNA gene, it has not been possible to 

design universal primers that will amplify the rpoB gene from every bacterial species 

with a single universal PCR.  

Randi M. Nygaard at the Department of Microbiology, Haukeland University 

Hospital, defended her master’s thesis “Use of Massive Parallel Sequencing for 

Detection and Identification of Microbes in Bile in Patients with Acute Colecystitis 

and Acute Cholangitis” in 2017 (72). As a part of this work she developed a method 

for TNGS of a segment of the rpoB gene for selected groups of bacteria. Two 

different primer-pairs were designed, one targeting the Enterobacteriaceae 

(rpoB_Ent) and one targeting Staphylococcus, Streptococcus and Enterococcus 

(rpoB_ESS). She analyzed 20 clinical samples by TNGS of both 16S rRNA and rpoB 

gene amplicons in the same sequencing run, and found that rpoB gene sequencing 

improved the taxonomic classification for 14 bacterial identifications. 
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1.5 Pleural empyema - microbiology 

Pleural empyema is associated with high morbitidy and a one-year mortality of 20%. 

(73). Microbial infiltration of the pleural cavity is an obligate part of the pathogenesis 

(73). Treatment includes antibiotics and adequate drainage of infected pleural fluid, 

and in twenty percent of patients also more extensive surgical interventions (73, 74). 

The view that pleural empyema is caused by bacteria that translocate from a bacterial 

pneumonic infiltrate (73), has recently been challenged. Many of the bacteria found 

in pleural empyema are not known to cause bacterial pneumonia, and many patients 

with pleural empyema have no signs of underlying pneumonia (73, 75, 76).  

Pleural empyema comes in two “variants” – community-aquired (CA) and hospital-

aquired (HA) which differ from each other bacteriologically. The MIST1 study, the 

so far largest randomised multicenter trial on pleural empyema including 454 

patients, found that the Streptococcus milleri group (24%), Pneumococci (21%) and 

anaerobic bacteria (20%) were most common findings in CA pleural empyema, 

whereas Staphylococcus aureus (35%) Enteribacteriaceae (18%) and Enterococcus 

spp. (12%) were the most common findings in HA pleural empyema (77). Most other 

culture-based studies report a similar pattern (73, 78).  

The literature on pleural empyema is largely reporting on culture-based studies. As 

already outlined, culture has clear limitations for the study of fastidious and anaerobic 

bacteria and polymicrobial infections. For example, in the already mentioned MIST1 

study, 44% of the patients had a negative pleural fluid culture (77). To the best of our 

knowledge, only a single study had used TNGS on a large cohort of patients with 

pleural empyema prior to our study from 2018 (79). In their sequencing of 98 pleural 

fluids from the MIST2 study, Wrightson et al. found that 33% of the empyemas 

contained anaerobic bacteria (80) - a much higher prevalence than what was 

previously known from culture-based studies. 

The poor performance of culture-based diagnostics and the promising results from 

Whightson et al.’s study underscores the need for better microbiological diagnostics 

of pleural empyemas.  
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1.6 Bile infections 

Acute inflammatory/infectious diseases in bile organs affect either the gall bladder 

(acute cholecystitis), the bile duct channel (acute cholangitis) or both. Cholelithiasis 

is the most common cause of both diseases, accounting for 90-95% of acute 

cholecysitis and more than 50% of acute cholangitis (81). International evidence-

based criteria for diagnosis and severity assessment of acute cholecystitis and acute 

cholangitis, as well as guidelines for antimicrobial treatment (Tokyo Guidelines 

2007), were launched after an International Consensus Meeting held in Tokyo (82–

85). These criteria and guidelines have subsequently been updated twice, most 

recently in 2018 (TG18) (86–88). Acute cholangitis is considered the more serious of 

the two diseases, but both can present as a continiuum from mild to severe with sepsis 

and organ dysfunction. The Tokyo Guidelines severity assessment criteria grades 

both diseases into mild, moderate and severe.  

For acute cholangitis, biliary obstruction and bacterial growth in bile are obligate for 

the pathogenesis (81). This is in contrast to acute cholecystitis, which is primarily an 

acute inflammatory condition not necessarily involving bacteria (81). A positive bile 

culture has been detected in one third to almost two thirds of patients with acute 

cholecystitis (89, 90), and high age has been identified as a predisposing risk factor 

for bacteriobilia (90, 91). Bacterial infection in acute cholecystitis is considered a 

negative prognostic factor associated with more severe disase and local complications 

(90), and antibiotic treatment is therefore, as for acute cholangitis, recommended for 

all grades of severity (87).  

Current knowledge of infecting bacteria in both acute cholecystitis and acute 

cholangitis, and consequently also the empiric antibiotic treatment guidelines, are 

based on bile culture studies only (87). In both conditions, the most frequently 

cultured bacteria are species within the family of Enterobacteriaceae and the 

Enterococcus genus (87). Escherichia coli is the most common isolate in larger 

bacteriological studies of both acute cholecystitis and acute cholangitis, followed by 

Klebsiella spp., Enterobacter spp., Citrobacteri spp. and Pseudomonas aeruginosa 

among the gram negative bacteria, and Enterococcus spp. and Streptococcus spp. 
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among the gram positive bacteria (85, 89–93). Anaerobic bacteria, predominantly 

Clostridium spp. and Bacteroides spp., have been reported in anywhere from 0 to 

20% of cases (85, 89–93). 
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2 Aim of the thesis 

The main objective of this thesis was to investigate the use of 16S rRNA TNGS in 

microbiological diagnostics of polymicrobial invasive infections. We also wanted to 

evaluate the usefulness of supplementary rpoB gene TNGS for species-level 

resolution within certain clinically important genera. During the work, we came to 

recognize the need for simple and transparent approaches for management of DNA-

contamination in post-sequencing processing and interpretation that can be easily 

adopted by other diagnostic laboratories. We thus focused on the following aims: 

 

1. To evaluate the utility of 16S rRNA TNGS in clinical microbiology.  

2. To evaluate the usefulness of supplementary rpoB gene TNGS. 

3. To investigate the use of TNGS to discover microbial patterns that may 

provide new insights into establishment, development and maintenance of 

polymicrobial infections. 

4. To explore and manage DNA contamination in TNGS. 

All three papers included in this thesis target the first and second aim. The two 

remaining aims are addressed in papers I and III, respectively. 



 33 

3 Material and methods 

This thesis is based on three scientific papers with differing study designs; paper I is a 

retrospective, descriptive and comparative study, paper II is a prospective, descriptive 

and comparative study and paper III is a combined methodological paper and a 

prospective, descriptive and comparative study.  

All three studies include a comparison of microbiological diagnostics by culture and 

TNGS of systematically collected samples from invasive infections. Paper I is based 

on a retrospectively collected material of pleural empyemas. In paper II we study 

prospectively collected samples from the bile bladder. In paper III we investigate a 

prospectively collected material from the bile duct. In Paper I, we also compare the 

obtained results with results from a previous TNGS-based study of human brain 

abscesses (1) to explore and evolve a new hypothesis on the aetiology of pleural 

empyema. In Paper III we specifically address the challenge of microbial DNA 

contamination in TNGS and use TNGS on multiple negative and positive extraction 

controls and a commercial staggered bacterial mock community to both explore the 

pattern of DNA contamination and to evaluate a suggested approach for management 

of DNA contamination. 

3.1 Patient inclusion and sample collection 

In paper I the patients were included retrospectively. The laboratory information 

system was used to identify all culture-positive and/or 16S rRNA PCR-positive 

pleural fluid samples from patients ≥ 18 years of age during a two-year period, from 

January 2016 to December 2017. Pleural fluids from 11 patients with a low suspicion 

of infection, with negative bacterial cultures and a negative 16S rRNA gene PCR 

were included as a negative patient control group. 

In paper II we prospectively included patients who were treated for acute 

cholecystitis with percutaneous or perioperative drainage of the gall bladder from 

July 2015 to April 2017 at Haukeland University Hospital. Acute cholecystitis was 

defined according to the Tokyo Guidelines 2013 (94) (TG13) for a definite diagnosis. 
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Perioperatively sampled bile samples from 16 patients with cholelithiasis and no 

signs of ongoing gallbladder inflammation undergoing cholecystectomy at Voss 

Hospital, Norway, were included as controls. 

In paper III we prospectively collected bile samples from all patients undergoing 

endoscopic retrograde cholangiopancreatography (ERCP) at Haukeland University 

Hospital from July 2015 to April 2017. Patients diagnosed with either acute calculous 

cholangitis, defined according to the Tokyo Guideline 2013 (95) (TG13) criteria for a 

definite diagnosis, or non-infectious bile duct stone were included for further 

analysis. 

3.2 Mock community 

In paper III we used a staggered mock community from ZymoBIOMIC 

(ZymoBIOMICS Gut Microbiome Standard, catalog no. D6331; Zymo Research 

Corp., Irvine, CA, USA) consisting of 19 bacterial strains representing 15 bacterial 

species and two fungal species. The mock community was diluted with microbial 

DNA-free water (Qiagen) in seven rounds of a serial 10-fold dilution prior to DNA 

extraction. The dilutions were analyzed with a SYBR green real-time 16S rRNA PCR 

using the protocol described in section 3.3.3 to obtain a semi-quantitative measure of 

the bacterial load of each dilution. One dilution with high bacterial load (1:10) and 

two dilutions with low bacterial loads (1:105 and 1:106) were selected for further 

analysis. Negative and positive extraction controls were included and followed all 

processing steps. 

3.3 Sample processing 

All clinical samples were analysed by TNGS and conventional culture. To obtain a 

semi-quantitative assessment of the amount of bacterial DNA present in each sample, 

we used a universal real-time 16S rRNA PCR. Culture, extraction of DNA and, for 

paper I, Sanger-based 16S rRNA gene PCR was done upon sample arrival to the 

Department of Microbiology, and in accordance with the laboratory’s guidelines. 
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Deep-sequencing and, for paper II and III, Sanger-based 16S rRNA PCR, were done 

in batches at a later stage. 

3.3.1 Culture procedures 
Culture procedures for the pleural fluid samples (paper I) and the bile samples (paper 

II and III) are described in Table 1.  

 

Table 1: Culture procedures for pleural fluida and bile samples. 

Material Culture medium Volume 
Incubation 

atmosphere temperature time 
Pleural fluid 
and bile 
 

Blood agar 10 μl CO2-enriched 35 °C 48 hours 

Fastidous anaerobic agar 10 μl Anaerobe 35 °C 48 hours 

Fastidous anaerobic agar 
with kanamycin and 
vancomycin 

10 μl Anaerobe 35 °C 48 hours 

Brain heart infusion Not 
specified 

Normal 35 °C 48 hours 

Bile Lactose agar 10 μl CO2-enriched 35 °C 24 hours 
Pleural fluid Chocolate blood agar 10 μl CO2-enriched 35 °C 48 hours 
aSome pleural fluids samples were also inoculated and cultured in blood culture bottles although this 

was not part of the routine diagnostics 

3.3.2 DNA extraction 
DNA extraction was performed as described previously (24, 72). Dependent upon 

viscosity, 200-800 µl of sample material was added to a bead-containing tube 

(SeptiFast Lysis kit, Roche) together with Bacterial Lysis Buffer (Roche) to reach a 

total volume of 600-1200 μl. The sample was then processed in a homogenizer 

(MagNA Lyser, Roche) for 2 x 45 seconds at speed 6500 rpm and centrifuged 

(16,000 x G, 5 minutes). Four hundred μl of the supernatant was transferred to a 

MagNa Pure Compact instrument (Roche, Mannheim, Germany) for automated 

nucleic acid extraction and purification using the “MagNA Pure Compact Nucleic 

Acid Isolation Kit I” (Roche) with the protocol “Bacteria_DNA_V3_2”. 
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3.3.3 Sanger-based 16S rRNA gene PCR and sequencing 
Sanger-based sequencing of the 16S rRNA gene was based on a previously described 

protocol (96) with a few modifications. The 5-end of the dual priming 

oligonucleotide (DPO) primers were optimized to eliminate a small tendency for 

primer-dimer formation (16S_DPO_Short-F: 5’-

AGAGTTTGATCMTGGCTCAIIIIIAACGCT-3’ (no LNA-bases) and 

16S_DPO_Short-R 5’-CGGCTGCTGGCAIIIAITTRGC-3’) and the annealing 

temperature in the PCR thermal profile was adjusted accordingly from 64 to 60°C. 

The PCR was run in a 25 μl reaction volume consisting of 23 μl mastermix and 2 μl 

of extracted DNA. The PCR-mastermix contained 1 μl of each primer, 12,5 μl of 

PCR-mastermix (SYBR Premix Ex Taq, TaKaRa, Shiga, Japan) and 8,5 μl of DNA-

free water (Qiagen). The PCR thermal profile included an initial polymerase 

activation step of 10 s at 95°C, followed by 45 cycles of 10 s at 95°C (melt), 15 s at 

60°C (annealing, DPO), and 20 s at 72°C (extension) (96). For interpretation of the 

Sanger electropherograms, the RipSeq mixed software (Pathogenomix, Santa Cruz, 

CA) was used for mixed DNA chromatograms (24), and the RipSeq single software 

(Pathogenomix, Santa Cruz, CA) for pure DNA chromatograms.  

3.4 Targeted next generation sequencing 

The same protocol for TNGS was used in all three papers. The workflow from 

sample arrival to report of results is showed in Figure 1. 
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Figure 1 Laboratory and post-sequencing workflow of targeted next generation 

sequencinga 

 
a Illustrations in figure are collected from the Illumina 16S Metagenomic sequencing library 

preparation protocol (28) and the websites www.illumina.com, www.agilent.com and 

www.termofisher.com. 

3.4.1 Choice of primers 
Primers used for 16S rRNA and rpoB PCR are similar to those described by Nygaard 

(72) except for a few modifications made in the rpoB_ESS primers. All primers are 

listed in Table 2. 

 

Table 2: Primers with adapter sequences. Target specific portions in capital letters 

and adapters in lower case letters. 

Name Sequencea Positionb 

16S-Fc tcgtcggcagcgtcagatgtgtataagagacagCCTACGGGNGGCWGCAG 340-356 

16S-Rc gtctcgtgggctcggagatgtgtataagagacagGACTACCAGGGTATCTAAKCC  784-803 

rpoB_Ent-F tcgtcggcagcgtcagatgtgtataagagacagGAAGGTCCRAAYATCGGTCT 1693-1712 

rpoB_Ent-R gtctcgtgggctcggagatgtgtataagagacagTGCATGTTCGCACCCAT 2041-2057 

rpoB_ESS-F1 tcgtcggcagcgtcagatgtgtataagagacagGCRACAGCRTGTATYCCRTTC 1861-1881 
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a Nucleotide symbols and ambiguous base positions: A = Adenine, C = Cytosine, G = Guanine, T = 

Thymine, D = A/G/T, K = G/T, N = A/C/G/T, R = A/G, W = A/T, Y = C/T  

b Positions for 16S based on Escherichia coli (GenBank accession J01859). Positions for rpoB_ESS 

based on Staphylococcus aureus (GenBank accession X64172). Positions for rpoB_Ent based on 

Escherichia coli (GenBank accession V00340).  

c Abbreviations: F = forward primer. R = reverse primer. 

d The rpoB_ESS F2 primer was modified during the work with paper III to correct three mismatches 

for Enterococcus raffinosus. 

 

For the 16S rRNA PCR, the primers used were a modified version of those 

recommended in the Illumina protocol for the 16S library preparation (97), targeting 

the V3-V4 region. The modifications included replacement of the original “T” in 

position 3 from the 3-end of the reverse primer with a “K” (T/G) to avoid a mismatch 

with Cutibacterium acnes (24), and a change of the original H (A/C/T) and V 

(A/C/G) in position 7 and 8 from the 5-end to a C and A respectively. The latter 

changes do not reduce the primers’ ability to identify clinically relevant bacteria, but 

reduces the number of base pair combinations and thereby the risk of cross-reactivity 

with human DNA. 

For the rpoB PCR, two different primer pairs were used (72). The rpoB_Ent primers 

targeting Enterobacteriaceae, and the rpoB_ESS primers targeting Staphylococcus, 

Streptococcus and Enterococcus species. For both the rpoB_Ent forward primer and 

the rpoB_ESS primers it was necessary to use degenerate primers to cover for all the 

intended microbes. For rpoB_ESS, two forward primers were used to limit the 

number of unnecessary base pair combinations. 

3.4.2 Library preparation and sequencing 
Targeted next generation sequencing for both 16S rRNA, rpoB_ESS and rpoB_Ent 

was performed using the MiSeq platform (Illumina, Redwood City, CA). Library 

rpoB_ESS-F2 
paper I and II 

tcgtcggcagcgtcagatgtgtataagagacagGCDACAGCATGTATTCCWTTC  
 

1861-1881 

rpoB_ESS-F2 
paper IIId 

tcgtcggcagcgtcagatgtgtataagagacagGCDACMGCWTGTATYCCWTTCd 1861-1881 

rpoB_ESS-R gtctcgtgggctcggagatgtgtataagagacagGTTRTAMCCNTCCCAWGTCAT 2287-2307 
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preparation and sequencing was done following a modified version of the Illumina 

protocol for the 16S library preparation (97) and the sequencing protocol described 

by Nygaard (72). 

3.4.3 Amplicon PCR 
PCR amplification of the sample templates (amplicon PCR) was processed in 96 well 

plates using the LightCycler 480 real-time PCR machine (Roche). 

The DNA polymerase used was the TaKaRa-enzyme (SYBR Premix Ex Taq, 

TaKaRa, Shiga, Japan), and not the KAPA HiFi as described in the Illumina protocol. 

Reduced sensitivity of the rpoB_ESS PCR was one of the major challenges described 

by Nygaard (73), but this was improved using the TaKaRa-enzyme in the amplicon 

PCR. The use of a SYBR green real-time reaction also made it possible to perform a 

melting curve analysis to verify the presence of a PCR product with an expected 

melting point, eliminating the need for gel-based verification of the PCR product. 

The content of the PCR mixture for the different target amplicons and the PCR 

temperature profile is described in Table 3. The PCRs had been optimized so that a 

single PCR thermal profile could be used for all four amplicons.  

 

Table 3: PCR mixture and temperature profile for the amplicon PCR  

Target gene Primer name Concentration 
and volume - 
primer 

Volume - 
mastermix 
(μl)  

Volume - 
H2O (μl) 

Volume - 
template (μl) 

 Temperature profile 

16S rRNA, V3-V4  
16S-F  0,4 μM/ 1,0 μl 

12,5 8,5 2,0 
 95 °C for 3 min (activation)  

16S-R  0,4 μM/ 1,0 μl  45 cycles of: 

rpoB_Ent (Targeting 
Enterobacteriaceae) 

rpoB_Ent-F  0,4 μM/ 1,0 μl 
12,5 8,5 2,0 

 - 95 °C for 20 s (melting) 

rpoB_Ent-R  0,4 μM/ 1,0 μl  - 60 °C for 30 s (annealing) 

rpoB_ESS (Targeting 
Stapyholococcus, 
Streptococcus and 
Enterococcus) 

rpoB_ESS-F1  0,4 μM/ 1,0 μl     - 72 °C for 30 s (extension) 

rpoB_ESS-F2 0,4 μM/ 1,0 μl 12,5 7,0 2,0  Melting curve analysis: 

rpoB_ESS-R 0,6 μM/ 1,5 μl     - 95 °C for 60 s 

       - 40 °C for 2 min 

       - 40-95 °C continous 

       40 °C for 30 s (cooling) 
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3.4.4 Index PCR and PCR clean-ups 
Dual indexing of the amplicon PCR product and PCR clean-ups after both the 

amplicon PCR and the index PCR using Agencourt AMPure XP beads was performed 

as described in the Illumina protocol (97).  

3.4.5 Library Quantification, Normalization, and Pooling 
The DNA concentration in each sample (library) in nM was calculated using the 

formula:  
(DNA concentration in ng/μl) 

�660 g
mol× average amplicon size�

 × 10^6 = concentration in nM 

 

We used a Qubit 3.0 Fluoremeter to measure the DNA concentration in each library 

(Fisher Scientific). The average amplicon size for the rpoB_Ent, rpoB_ESS and ITS2 

libraries was found by analyzing each library on the Agilent 2100 Bioanalyzer, using 

a Bioanalyzer DNA 1000 chip that can measure the length of DNA strands between 

25 and 1000 base pairs. For the 16S rRNA libraries, the average amplicon size was 

estimated to 630 base pairs based on the expected length of the 16S rRNA PCR 

product including primers and adapters. All libraries where then diluted to 4 nM 

using 10 mM Tris pH 8.5 and then pooled in a single tube using aliquot 5 μl of 

diluted DNA from each library, as described in the Illumina protocol (97). 

3.4.6 Library Denaturing and MiSeq Sample Loading 
Library denaturing and MiSeq sample loading was done as described in the Illumina 

protocol (97). A Phix control concentration of 5% was used in the final library. The 

loading concentration of the final library was 5 pM, which we experienced gave the 

best cluster density on the flow cell. 

3.5 Post-sequencing processing 

3.5.1 Demultiplexing and generation of merged FASTQ files 
The MiSeq Reporter software was used for demultiplexing and generating FASTQ-

files for each sample. We then used AdapterRemoval 2.2.2 (34) for trimming of 
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adapter sequences and low-quality bases and to merge the forward and reverse 

FASTQ-files of each sample by the following command:  

AdapterRemoval—file1 <reads_1.fq> --file2 <reads_2.fq> --basename 

<mymergedfile> --threads 7 --trimns—trimqualities—minquality 20 --collapse—

adapter-list <adapters>.txt—gzip 

3.5.2 Clustering into Operational Taxonomic Units (OTUs) 
The RipSeq NGS Software (Pathogenomix, Santa Cruz, CA) was used for 

downstream analysis. The merged FASTQ files were uploaded to the RipSeq NGS 

Preprocessor for further quality filtering and de novo clustering into Operational 

Taxonomic Units (OTUs). The following settings were used: 

Primer check length: 12  

Primer check max errors: 4  

Trim ends with no 3’end primer: 10  

Sequence length threshold: 250 (200 for rpoB_ESS and rpoB_Ent)  

Copy number threshold: 10 (smallest acceptable OTU-size) 

Max cluster variation: 1 % (i.e. 99% homology threshold for clustering) 

3.5.3 OTU annotation 
After clustering, a representativt sequence from each OTU were transferred to the 

RipSeq NGS online tool. BLAST searches against RipSeq curated databases were 

performed for all OTUs. The curated databases in RipSeq are regularly updated. For 

the last paper the following databases were used: The “Pathogenomics Prime 16S” 

for the 16S rRNA sequences and the “Genbank Bacteria 1 – All bacterial targets, 

Valid Species and Pubmed” and “Pathogenomix rpoB_ESS” / ”Pathogenomix 

rpoB_Ent” for the rpoB_ESS and rpoB_Ent sequences. OTUs that did not yield a 

species or genus level using these databases were exported and individually analysed 

in GenBank using a standard BLAST search against the GenBank NCBI database in 

an attempt to obtain a better identification. The criteria used for taxonomy 

assignments are showed in Table 4. 
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Table 4: Criteria for unambiguous species assignments 

Gene Species Species-group Genus 

16Sa 

≥99.3% homology with a high-quality 

reference, and minimum distance >0.7% 

to the next alternative species 

≥99.3% homology with a high-quality 

reference, and minimum distance ≤0.7% 

to the next alternative species. 

>97.0% homology 

with a high-quality 

reference 

rpoB_Entb 

≥99.0% homology with a high-quality 

reference, and minimum distance >1.5% 

to the next alternative species  

≥99.0% homology with a high-quality 

reference, and minimum distance ≤1.5% 

to the next alternative species 

Not defined 

rpoB_ESSc 

≥97.0% homology with a high-quality 

reference, and minimum distance >2.0% 

to the next alternative species  

≥97.0% homology with a high-quality 

reference, and minimum distance ≤2.0% 

to the next alternative species. 

Not defined 

a V3-V4 region of 16S rRNA-gene 
b rpoB-gene sequence targeted at Enterobacteriaceae 
c rpoB-gene sequence targeted at Staphylococcus, Enterococcus and Streptococcus 

species 

3.5.4 Quality filtering in the RipSeq NGS online tool 
OTUs consisting of human DNA sequences are reported as “no match” (0% 

similarity with reference sequences) when performing RipSeq NGS BLAST search, 

since the curated databases do not contain any human DNA references. To assure that 

such “no match” reports were not due to a lack of bacterial reference sequences in the 

curated databases, these OTUs were also analysed by performing BLAST search 

against the GenBank NCBI database. OTUs found to match with human DNA when 

performing the manually BLAST search against the GenBank NCBI database were 

removed.  

Following the initial annotation of OTUs, a chimera-check was performed in all 

samples using the RipSeq NGS online tool. 

If two or more OTUs mapped to the same reference sequence at a species or genus 

level they were manually merged. If a minor OTU only mapped to the genus level, 

but the BLAST search result in RipSeq showed that the best match was towards a 
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species that was also represented by a large OTU in the same sample, the two OTUs 

were also merged. 

As a final quality filtering, OTUs represented by fewer than 50 reads were rejected. 

The use of such fixed lower cutoff for the number of representative sequences 

required to retain an OTU is recommended to reduce the risk of biased results related 

to sequencing noise and cross-contamination of samples (1, 6, 98–101). 

3.6 Negative controls 

For 16S rRNA sequencing, a negative extraction control containing 400 μL PCR-

grade water and 400 μL lysis buffer was processed together with each sample. Before 

the sequencing procedure, all negative extraction controls were mixed into two or 

three pools, depending on the number of samples included in the sequencing run. A 

positive extraction control consisting of Salmonella bongori (paper I) or Legionella 

pneumophila (paper II and paper III) suspended in PCR-grade water was also 

included in each sequencing run. 

3.7 Managing of background DNA contamination 

The principles used for managing backgrund DNA contamination were similar in all 

three papers. Based on sequencing results from the pooled negative controls, a list of 

the most abundant contaminating bacteria was defined. These contaminants were 

used as indicators for the level of background DNA in clinical samples. Bacteria 

appearing in higher concentrations than any of the top background bacteria were 

accepted as valid identifications. Bacteria appearing in concentrations below the most 

abundant bacteria, but above a specified frequency threshold, was also accepted as 

valid (paper I and II) or likely valid (paper III) identifications. Based on the results in 

paper III from the in-depth characterization of background DNA contamination 

patterns and the evaluation of the above mentioned principles, a few changes were 

made compared to the criteria used in paper I and paper I: In paper I and II bacteria 

present in frequencies between 10% and 100% of the most abundant contaminant 

were accepted as valid identifications, if they were also absent from all the negative 
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controls. In paper III this range was altered to between 20% and 100%, and the status 

of these identifications were changed to “likely valid”. This was done to emphasize 

the gradually increased risk of including contaminants as true findings as the relative 

abundance of the bacteria compared to the top abundant contaminant decreases. 

3.8 Literature 

Search for literature used in this thesis ended 31st of December, 2021.  

3.9 Ethics 

All three studies were approved by the Regional Ethical Committee (REC) 

(2017/1095 – paper I; 2015/65 – paper II and III). For papers II and III, written 

informed consent was obtained from all participants. For the retrospective paper I, all 

participants received written information about the study and were given the 

opportunity to withdraw. The exemption from obtaining written informed consent in 

paper I was based on several conditions; 1) The project was assessed by REC to be of 

significant interest for the society, with a potential to alter the prevailing opinion 

regarding both pathogeneses, the microbes involved and antibiotic treatment of 

pleural empyema. 2) The REC considered that the personal welfare and integrity of 

the participants were safeguarded. This was a retrospective study on already collected 

biological material and study inclusion did not affect the patient or treatment in any 

way. 3) The REC recognized that it would be difficult to obtain consent from all 

participants, and that the strength of the study would be vulnerable to even a small 

number of non-responders because of the relatively limited number of participants 

expected to meet the inclusion criteria.
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4 Paper summaries and results 

4.1 Paper I 

Introduction 

Paper I is a retrospective, descriptive study. We used TNGS to describe the 

microbiological characteristics of 64 clinically well described pleural empyemas and 

to compare the results with those obtained by culture and 16S rRNA Sanger 

sequencing. Observed microbial parallels between pleural empyemas and brain 

abscesses were investigated aiming to further the understanding of 

pathophysiological mechanisms of pleural empyemas. 

 

Methods 

All available culture- and/or 16S rRNA gene PCR positive pleural fluids from a 2-

year period were analyzed using TNGS of the 16S rRNA gene and, in selected cases, 

also the rpoB gene. Results from TNGS were compared with those obtained by 

culture and Sanger-based 16S rRNA gene sequencing. Clinical details were evaluated 

by medical records review. Comparative analysis with brain abscesses was performed 

using metagenomic data from a previous national Norwegian study (1). Pleural fluids 

from 11 patients with a low suspicion of infection, negative cultures and negative 16S 

rRNA gene PCR were included as a negative patient control group. 

 

Results 

64 patients (50 men, 14 women, mean age 62 years) were included. Among these, 43 

(67%) had community acquired infections. Thirty-seven patients had a well-defined 

aetiology of their pleural empyemas, while 27 patients (24 men, 3 women), all of 

them with a community acquired infection, had an uncertain aetiology. Twenty-six 

out of these 27 empyemas contained either Streptococcus intermedius, 

Fusobacterium nucleatum or both. None of the 11 samples in the negative patient 

control group contained bacterial DNA beyond that found in the negative controls. 

Out of 385 bacterial detections made by TNGS, 38 (10%) were detected by culture 
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and 87 (22.5%) by Sanger-based 16S rRNA gene sequencing. Five detections were 

made exclusively by culture (one each Streptococcus constellatus, Staphylococcus 

aureus, Klebsiella pneumoniae, Cutibacterium acnes and Staphylococcus 

epidermidis, Table 5). The first three were made from complex polymicrobial 

infections inoculated and cultured in blood culture bottles. The last two were detected 

by TNGS, but since C. acnes and S. epidermidis were among the ten most abundant 

microbes in the negative controls, they were not considered valid detections 

according to the criteria applied. Sanger-based 16S rRNA gene sequencing did not 

detect any bacteria that were not also detected by TNGS. 

Supplementary sequencing of the rpoB gene allowed for species level identification 

of 25 more bacteria. 

Unifrac analysis of the 64 included empyemas revealed that most of the 27 samples 

with uncertain aetiology clustered in neighboring branches, indicating significant 

similarities in microbial patterns. Venn diagram analysis comparing species found in 

the 27 empyemas of poorly described aetiology and 25 brain abscesses with assumed 

oral/sinus origin demonstrated a significant microbial overlap with 19 (65.5%) 

species present in both infection types. The most frequent common species were 

Fusobacterium nucleatum, Streptococcus intermedius, Parvimonas micra, and 

Eubacterium brachy, all present in more than 30% of samples from both infections. 

  

Conclusion 

Targeted next generation sequencing led to a 10-fold increase in bacterial detections 

as compared to standard culture. The increased sensitivity led to the discovery that a 

major subgroup of pleural empyemas is caused by a limited set of bacteria not 

normally involved in pneumonia, and that such empyemas have a similar microbial 

profile to oral/sinus-derived brain abscesses. The two distinct patient groups also 

share several clinical risk factors. We therefore suggest that these pleural empyemas, 

like brain abscesses, result from haematogenous seeding of bacteria from an oral 

focus (Figure 2) rather than by micro-aspiration trough the respiratory tract as 

currently postulated.  
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Figure 2a – Illustration of suggested shared aetiology of primary empyema and oral 

derived brain abscesses 

 

 
a Reprinted from paper I (79) 

4.2 Paper II 

Introduction 

Paper II is a prospective single-center study. It presents the results of TNGS 

performed on bile samples from 36 patients with moderate or severe acute 

cholecystitis. Sequencing results are compared with those obtained by culturing. 

  

Methods 

Bile samples were collected from patients undergoing percutaneous or perioperative 

drainage of the gall bladder. All samples were analyzed using both culture and TNGS 

of the bacterial 16S rRNA, the fungal ITS2-segment and in selected samples the 

bacterial rpoB gene. Clinical details were evaluated by medical records review. Bile 
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samples taken at cholecystectomy from 16 patients with cholelithiasis and no signs of 

ongoing gallbladder inflammation were included as a patient control group. 

 

Results 

Bile from 31 (86%) of the 36 patients contained bacteria (29) and/or fungi (5) as 

determined by TNGS. Only 40 (38%) of the 106 microbial detections made by TNGS 

were detected by culture as well. In none of the 15 polymicrobial samples did culture 

detect all present microbes. Two bacterial detections, a Klebsiella pneumonia and a 

Staphylococcus epidermidis, were made by culture only (Table 5). The rpoB gene 

sequencing allowed for species level identification of 21 more bacteria. Bacteria 

detected by TNGS that were frequently missed by culture included oral Streptococci, 

anaerobic bacteria, Enterococci and Enterobacteriaceae other than Klebsiella spp. 

and Escherichia coli. Culture had a particular low recovery rate for anaerobe bacteria. 

TNGS detected 24 anaerobic bacteria from 10 samples whereof only two (8%) were 

also identified by culture. In the patient control group, only three (19%) out of the 16 

controls had detectable microbes in bile with Streptococcus parasanguinis, 

Bifidobacterium animalis and Haemophilus parainfluenzae identified from one 

patient each. 

 

Conclusion 

The article demonstrates that culture-based methods alone are insufficient for 

microbiological diagnostics of moderate and severe acute cholecystitis, leaving more 

than 60% of the microbes undetected. The clinical consequences of not detecting or 

treating all these bacteria should be further addressed in future studies as should 

consequences for empiric treatment recommendations.  

4.3 Paper III 

Introduction 

Paper III is primarily a methodological article although we also describe the 

microbial composition of bile samples from patients with acute cholangitis. The paper 
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investigates the patterns of microbial contamination in 16S rRNA TNGS and their 

implications for post-sequencing filtering of results. The impact of sequencing depth 

and the inherent sensitivity limitations that remain in TNGS is demonstrated. An 

approach for managing DNA contamination in clinical diagnostics using 16S rRNA 

TNGS is suggested. The approach is evaluated by TNGS of a diluted staggered mock 

community and of prospectively collected bile samples from 41 patients with acute 

cholangitis or non-infectious bile duct stenosis. 

  

Methods and Results 

(I) The patterns of DNA contamination in 16S rRNA TNGS were studied 

by sequencing two negative and one positive extraction control. Each of 

the three controls was split into five replicates before the amplicon PCR 

(hereafter named “PCR replicates”). One PCR replicate from each of 

the three controls was further split into five replicates before sequencing 

(hereafter named “sequencing replicates”). This was done to isolate the 

impact of the PCR amplification of the sample template (amplicon 

PCR) from the impact of the following index PCR and sequencing 

procedure. All PCR and sequencing replicates were then indexed and 

sequenced in the same run. 

Sequencing results showed that in all replicates a few species 

dominated, and that these dominating species were the only species 

consistently found across all replicates. The PCR replicates displayed a 

high diversity among the low abundant background contaminants, while 

the sequencing replicates had a very low diversity. We used the results 

from this part of the study to formulate criteria for filtration of 

sequencing data from clinical samples (Box 1), which we further 

evaluated on a staggered mock community and a collection of bile 

samples. 
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(II) The suggested approach was tested out by sequencing a diluted 

staggered mock community where we aimed (i) to assess the actual 

abundance of the contaminants detected in our negative controls and to 

determine at what level the observed high variability in PCR replicates 

occur and (ii) to assess the sensitivity and specificity of our suggested 

criteria for filtering bacterial contaminants and to compare the strategy 

to other common methods for contaminant filtering.  

By using the calculated concentration of mock community species as a 

reference, we observed that the most dominating contaminants appeared 

at concentrations of approximately 10 16S rRNA copies per 2 µl 

template, corresponding to about 500 bacterial cells per ml in the 

original sample. The less abundant contaminants appeared in 

concentrations close to or less than one single 16S rRNA copy per 2 µl 

PCR template, approaching the lower limit of detection in the PCR. 

This corresponds to an initial concentration of up to 100 bacterial cells 

per ml sample. We found that filtering using our suggested criteria had 

Box 1: Suggested criteria for filtering of DNA contaminants in clinical samples.  

(i) Any bacterium appearing with a higher abundance than the top five 

abundant contaminants, as determined by the sequencing of negative and 

positive extraction controls, is accepted as a valid identification, even if it 

occurs as a low abundance species in the controls.  

(ii) Bacteria present in frequencies between 20% and 100% of the most 

abundant contaminant are accepted as likely valid identifications, but 

only if they are also absent from all the negative controls.  

(iii) Bacteria present in frequencies below 20% of the most abundant 

contaminant are always rejected.  

(iv) In samples where none of the top five abundant contaminants are 

detected, all identifications are accepted as valid 
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a sensitivity and specificity for the identification of mock community 

bacteria in the tested samples of 83% and 97% respectively, giving an 

overall test accuracy of 93%. Among the other methods tested, 

decontam (59) with use of the function “isNotContaminant” showed the 

highest sensitivity (100%) and specificity (77%) for the identification of 

mock community bacteria, giving a test accuracy of 86%. 

(III) Finally, the effectiveness of the approach for analysis of polymicrobial 

infectious samples was demonstrated by sequencing 41 bile samples 

from patients with acute cholangitis (AC, n=15) or non-infectious bile 

duct stenosis (NIBDS, n=26). The 41 samples were sequenced in two 

replicates with different sequencing depths to also demonstrate the 

importance of sequencing depth in TNGS. In selected samples rpoB 

genes were also sequenced.  

The same patterns of contamination as for the analyses of extraction 

controls and the staggered mock community were observed. The results 

showed discrepancies in microbial findings between the two replicates 

for 22 (53.7%) of the 41 samples. Ninety-four bacterial identifications 

were made in only one of the two replicates. Out of these, 90 (96%) 

were found in the sample with the highest sequencing depth. The rpoB 

gene sequencing allowed for species level identification of 24 more 

bacteria. Compared to culture, sequencing found a much higher species 

richness in most samples. In the acute cholangitis group, 84 microbial 

identifications were made by sequencing whereof only 26 (30%) were 

cultured. With regards to the bacterial findings, some differences 

between samples from AC and NIBDS were observed. All samples 

from patients with AC were both culture and sequencing positive, while 

only 21 out of 26 NIBDS were sequencing positive, and only 17 out of 

the 26 were culture positive. In general the AC samples had a lower CT-

value (mean CT-value 19,8, range 12.5–27.9) than the NIBDS samples 

(mean CT value 25,6, range 12,2-33,4), indicating a higher microbial 

mass in the AC samples. Many of the identified bacterial species were 
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found in both AC and NIBDS samples, but we observed that known bile 

pathogens, such as Escherichia coli, Klebsiella spp and Enterococcus 

spp, constituted a larger part of microbial detections in AC samples 

compared to the NIBDS samples.  

 

Conclusion 

Based on the findings in this study we hypothesized that the major contributor to the 

variation found between TNGS replicates with a low microbial mass, both in our 

papers and others (79, 102, 103), is the random inclusion of low-abundant 

contaminant microbial DNA during pipetting of the PCR-template. The low-abundant 

contaminants are under the law of small numbers, meaning that a random sample is 

not likely to reflect the actual population. 

We further suggested and tested criteria for filtering contaminants, according to 

which the most abundant background contaminant species defined the background 

level of contamination. We showed that below this level, due to the law of small 

numbers, discrimination between background contamintants and true findings rapidly 

becomes highly uncertain, firmly defining a sensitivity limit for current deep 

sequencing approaches. We further demonstrated that the most abundant contaminant 

DNA can serve as a marker of sequencing depth. Adequate sequencing depth can 

only be claimed when the analysis also picks up some background contamination. 

4.4 Sensitivity of targeted next generation sequencing versus 
culture 

A comparison of culture and TNGS results from all three infectious materials 

combined (pleural empyemas, acute cholecystitis and acute cholangitis samples) is 

provided in Figure 3. Culture detected only 101 (18%) out of the 562 bacterial 

detectections made by TNGS (Figure 3A). In contrast, only 13 bacterial detections 

were made by culture but not by TNGS (Table 5).  

As expected, the sensitivity of culture depended upon both the bacteria’s 

aerotolerance and on the family to which the detected bacteria belonged. The 

sensitivity of culture was lowest for anaerobic bacteria where only 5% (13/247) of 
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bacterial detectctions made by TNGS were reproduced by culture (Figure 3D). The 

overall sensitivity of culturing for aerobic gram-negative and gram-positive bacteria 

were 32% (54/169) and 27% (70/260) respectively. Major differences in the 

sensitivity of culture for bacterial families within each of these groups were observed, 

spanning from close to or above 50% for bacteria belonging to well-known families 

of pathogens like Enterobacteriaceae, Pseudomonaceae and Enterococcaceae to zero 

or close to zero for other families like Pasteurellaceae, Campylobacteraceae and 

Actinomycateae (Figure 3B and 2C). The sensitivity of culture for monomicrobial 

compared to polymicrobial samples, as determined by TNGS, is shown in Figure 4. 

In only one out of 60 polymicrobial samples did culture detect all bacteria detected by 

TNGS.  

 

Figure 3 

 
Figure 3: Total number of bacterial detections by TNGS, and the number of these detections that 
were also made by culture, in all samples from pleural empyemas, acute cholecystitis and acute 
cholangitis combined. The x-axis shows the absolute number of bacterial detections in all samples 
combined A) All bacterial detections are sorted into anaerobic, gram positive and gram negative 
bacteria. Five bacterial sequences did not match to any known species and are named as unknown. B) 
All detected gram positive bacteria sorted at family level. The group “other” includes 5 bacterial 
families that were detected by sequencing only: Aerococcaceae (1), Bacillaceae (1), Bacillales 
incertae sedis (9), Carnobacteriaceae (5) and Corynebacteriaceae (1). C) All detected gram negative 
bacteria sorted at family level. The group “other” includes 4 bacterial families that were detected by 
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sequencing only: Campylobacteraceae (21), Moraxellaceae (1), Mycoplasmataceae (7) and 
Pasteurellaceae (18). D) All detected anaerobic bacteria sorted at family level. The group “other” 
includes 24 bacterial families that were detected by sequencing only: Atopobiaceae (4), 
Bacteriodaceae (9), Bacteroidetes (F-1) (1), Barnesiellaceae (1), Bifidobacteriaceae (8), 
Clostridiales (F-1) (1), Coriobacteriaceae (1), Desulfovibrionaceae (1), Eggerthellaceae (3), 
Erysipelotrichidae (2), Eubacteriaceae (12), Eubacteriales incertae sedis (1), Lachnospiraceae (9), 
Leptotrichiaceae (2), Peptostreptococcaceae (12), Porphyromonadaceae (4), Propionibacteriaceae 
(2), Rikenellaceae (1), Ruminococcaceae (3), Saccharimonadaceae (2), Selenomonadaceae (3), 
Tannerellaceae (5), Treponemataceae (3) and Veillonellaceae (27) 
 
 
 
Figure 4 

 
 
Figure 4: Comparison of diagnostic efficacy of TNGS and culturing in polymicrobial (n=60) and 
monomicrobial (n=48) samples when TNGS was used as gold standard. In the polymicrobial samples 
culture succeeded in detecting all bacteria that were detected by TNGS in only two (2 %) out of 60 
samples. The corresponding number for the monomicrobial samples was 28 (58 %) out of 48 
samples.  
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5 Discussion 

5.1 Methodological considerations 

5.1.1 Study design 
Papers I to III report results from single-center studies performed at Haukeland 

University Hospital/Helse Bergen and may therefore not be generalisable to other 

populations. However, since many of the pathogens detected in our studies are 

reported as typical pathogens for the specific types of infections in other parts of the 

world, the generalisation problem probably applies more to the sequencing results 

than to the culturing results. The lack of deep-sequencing studies of the infections, 

and the fact that microbiomes of humans vary geographically and across populations 

(104), implies that our findings need to be confirmed by similar studies in other 

populations/countries to assure that the results are generalisable.  

5.1.1.1 Paper I 
The patients in paper I were included retrospectively. In general, retrospective studies 

allow researchers to establish associations and formulate hypotheses but are not 

suitable for confirmation of causal relations. In order to establish cause-effect 

relations between exposure and outcome, like this paper’s proposed causal hypothesis 

of hematogenous spread of oral pathogens from a dental focus to pleural infections, 

larger, prospective studies are needed.  

The study was biased by the availability of material. As stated in the paper, 18 

culture-positive pleural fluids were unavailable for inclusion because DNA had not 

been extracted and stored.  

The study may also have been vulnerable for information bias. The collection of 

information from the medical record was done by the first author, who was aware of 

the culture and sequencing results. This implies that he might have tended to confirm 

his own hypotheses when there was information in the journal open to interpretation. 

Since the diagnosis of pneumonia sometimes can be difficult to establish, the 

evaluation as to whether pneumonia was the cause of the pleural empyema or 
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whether the empyema was of uncertain aetiology was considered the assessment most 

vulnerable to such information bias. To reduce the risk of this bias we tried to 

standardize the interpretation of collected data by defining specific and objective 

criteria for bacterial pneumonia.  

Another bias is missing information on study variables in the medical records. The 

retrospective design implies that there is no systematic collection of relevant data at 

inclusion of patients. When analysing associations between risk factors and type of 

pleural empyema the lack of information may have biased the results in both 

directions. An example is the lack of information about dental status, which was 

available for only six patients.  

5.1.1.2 Paper II 
Although the prospective design is a strength of paper II as compared to paper I, there 

is still a room for selection bias. Since inclusion took place at the time of surgical 

intervention, we do not know whether there were patients with moderate or severe 

acute cholecystitis that were treated conservatively and never underwent surgical 

interventions. As commented in the paper, we observed a higher mean age in our 

group of patients then what is reported in historic studies on moderate and severe 

cholecystitis. If younger patients with moderate disease were less likely to be referred 

to surgical interventions than older patients with moderate disease, this would be a 

systematic error explaining the observed age difference and making our results less 

generalisable also for moderate and severe acute cholecystitis.  

5.1.1.3 Paper III 
Patients in paper III were also included prospectively at the time of intervention. We 

included samples from all patients undergoing ERCP at the Department of Surgery, 

and then excluded all but those patients that either filled the criteria for acute 

calculous cholangitis or noninfectious bile duct stone. Since almost all patients with 

acute calculous cholangitis undergo ERCP as part of the treatment, we believe the 

risk of selection bias in this study to be low.  
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5.1.2 Quality of samples  
The collection of representative sample material is crucial when performing next 

generation sequencing studies, as any contamination during sampling can disturb the 

results. In paper I and II, samples were collected either percutaneously (paper I and 

II) or perioperative during cholecystectomy (paper II). In both cases, the risk of 

contamination from the surroundings were low, and we believe the results to be 

representative. In paper III, samples were more prone to contamination. Bile-fluid 

was collected by aspiration from the bile duct through a sterile sphincterotome 

catheter as soon as the position of the catheter in the bile duct was verified. Although 

the sphincterotome is hidden in the endoscope until the major duodenal papilla is 

located, it is not possible to completely avoid exposure to the duodenal microbial 

flora when the tip of the sphincterotome is extended from the endoscope to enter the 

bile duct through the papilla. However, it is likely that the relative concentration of 

contamination will remain low due to the relatively low microbial density in the 

upper gastrointestinal tract combined with a large sample volume of 2-5 ml bile. 

Many of the bacterial findings both in the acute cholangitis group and the non-

infectious bile duct stenosis group were low abundant bacteria known to colonize the 

upper gastrointestinal tract (Supplementary Figure S1, paper III). It is possible that 

these low abundant bacteria represented contamination during sampling. We also 

found a high rate of bacterial precense in NIBDS samples, but, as explained in 

chapter 4.3, the microbial mass in many of these samples were relatively low as 

determined by their 16S rRNA PCR CT-value. The reported rate of bacterial precense 

in NIBDS samples should therefore be interpreted with caution, as it be may be 

explained by contamination during sampling.  

5.1.3 Choice of clustering method 
We chose to use de novo OTU clustering when analysing our sequencing results, 

since this approach makes it easier to manually assess the quality of the data-analysis. 

The use of Amplicon Sequencing Variants (ASV) has, as discussed in the 

introduction, emerged as an alternative to de novo OTU-clustering for analyses of 

TNGS data. Some argue that the method should replace de novo OTU clustering (41), 

while others finds that both methods have their pros and cons (29, 41, 105, 106). The 
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following section will provide a brief discussion around our choice of an OTU-based 

method.  

The major arguments put forward in support of the ASV method are that (i) it gives a 

more accurate description of alpha diversity (the species diversity in a sample), since 

erroneous sequences that could have created spurious OTUs are removed, (ii) results 

are reproducible and can be compared across different studies since every ASV 

represents a biological reality, and finally (iii) the ASV method provides a more 

precise identification at a species level since even single-nucleotide differences 

between sequencing reads are identified (29, 41).  

There is no doubt that erroneous sequences can disturb the results and that the ASV-

method offers a novel approach to reduce the impact of these errors. However, the 

aggressive filtering of all error sequences by the ASV-method have several caveats. 

The validity of the ASV-method is strongly affected by the quality of the data. 

Removal of all reads containing PCR-errors may lead to depletion of a large amount 

of useful information. In contrast, in the de novo OTU approach error sequences 

within the chosen similarity threshold will tend to merge with more prevalent correct 

sequences, and consequently data are not lost by later error filtering. In our studies we 

controlled for more aberrant error sequences by setting a lower threshold for the 

number of sequencing copies in a cluster and by merging clusters assigned to the 

same reference taxon. We also considered genus-level identifications from small 

OTUs that matched best with a species represented by an OTU of higher abundance 

to be outliers from that larger species-level OTU. We believe that the use of these 

methods combined minimized the impact of sequencing errors on the diversity-

measures of our results.  

We do agree that it is an advantage of the ASV method that one can directly compare 

the ASVs across studies. However, in clinical microbiology it is more important to 

compare the species or genera that these sequences represent, than to compare the 

specific sequence of an OTU or ASV from different samples or studies. In a clinical 

setting, we want to know whether there was a Fusobacterium nucleatum present in 

the sample or not rather than the exact sequence variant of a part of the 16S rRNA 

gene of that Fusobacterium nucleatum. We will also emphazise that in studies on 
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clinical materials, in contrast to environmental microbiome studies, it is uncommon 

to find OTUs representing species not having been given a valid or provisional name. 

With proper filtering, most OTUs will therefore be assigned to a known species. 

Finally, the claim that a more precise species identification is possible by the ASV 

method because it identifies singe-nucleotide differences (59) is not in concordance 

with the recommended criteria for unambiguous species-level assignment that 

requires a minimum distance of >0.8% to the next species (37). In other words, a 

single-nucleotide difference in the 16S rRNA gene is not sufficient to reliably 

distinguish between two closely related species. This constitutes one of the major 

problems of 16S rRNA TNGS and represents an inherent limitation that remains 

independent of the chosen clustering method. Provided that a biologically meaningful 

level of homology is used for clustering (e.g. 99% or higher), we thus believe that in 

a clinical microbiology setting, choosing the OTU method does not impair the results 

as compared to what can be achieved by the ASV method. 

5.1.4 The comparison of different contamination filtering methods – 
paper III.  

In paper III we used different dilutions of a staggered mock community to compare 

our suggested criteria for filtering contaminants with other commonly used methods, 

including the decontam R-package. For decontam, we found a sensitivity of 100% for 

the identification of a true bacterium as valid. A similar high sensitivity for decontam 

has been demonstrated both in the decontam introduction paper and in other papers 

examinating the capabilities of the package, when used on dilution-series of a sample 

with a known bacterial composition (14, 15, 59). However, we will argue that the use 

of such serially diluted samples to demonstrate the efficacy of filtering methods like 

decontam produces results that are not generalizable to a clinical setting. There is a 

risk of over-estimating both the obtainable sensitivity and specificity of the method as 

compared to what can be expected when used on clinical samples.  

The prevalence-based method of decontam is grounded on the expectation that the 

prevalence of contaminants will be higher in extraction controls than in true samples 

due to the absence of competing DNA in the sequencing process, and further that 

non-contaminants will be more prevalent in true samples than in extraction controls 
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(59). The latter expectation will tend to get self-fulfilled when analyzing a single 

mock community in multiple dilutions, since all samples will contain the same 

bacteria. However, this will normally not be the case in diagnostic microbiology 

where multiple samples from different patients and types of infections are analyzed in 

the same run. Regarding the first expectation, this will not hold true for the most 

dominant contaminants as these will also appear in all samples provided an adequate 

sequencing depth. 

In our paper we did not evaluate the frequency-based decontam method since we had 

not included a quantitative PCR to quantify the DNA concentration of our samples 

and because this method is not recommended for low biomass samples by the authors 

of the introduction paper (59). However, we will argue that the limitations of using a 

single serially diluted sample to evaluate the performance of the decontam package 

also applies when using the frequency-based method, most obviously by giving a 

higher sensitivity than what will be achievable in a clinical material. The frequency-

based method is based on the expectation that the frequency of contaminant DNA 

varies inversely with the total sample bacterial DNA concentration, while the 

frequency of non-contaminant DNA does not (59). Just like for the prevalence-based 

method, this expectation will tend to be self-fulfilling when analyzing a single mock 

community in multiple dilutions, thus explaining why the authors of the introduction 

paper of decontam found that no true Salmonella bongori identifications (sensitivity 

100%) were classified as contaminants when testing a dilution-series of that 

bacterium (59). Testing of a dilution-series does not take into account the real world 

situation where low abundant true OTUs may only randomly appear because they are 

under the law of small numbers or may be present in only some samples dependent 

upon sequencing depth.  

In contrasts to decontam, our suggested approach for contaminant filtering is not 

dependent upon the sequencing of multiple samples and/or extraction controls to 

calculate what is likely to represent contaminant or true sequences. We believe this to 

be one of the strengths of our method. Although the principle of decontam might be 

reasonable in microbiota research with large batches of the same sample material 

from a naturally occurring and presumably relatively stable microbiota, this is not 
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something that can be expected in clinical microbiology. In the routine diagnostic, 

samples from different infection types with unpredictable and variable bacterial 

compositions will be run together and many pathogenic bacteria will be present in 

only a single sample, maybe even at a low concentration.  

5.2 rpoB gene sequencing as a supplement to the 16S rRNA 
gene sequencing to improve species differentiation 

The rationale for including TNGS of selected parts of the rpoB gene in our protocol 

was the acknowledgement that differentiation between closely related species by the 

16S rRNA gene alone is not always achievable. Targeted next generation sequencing 

of the rpoB gene proved useful for increasing the taxonomic resolution in all three 

study materials. The number of species that could be identified at a higher taxonomic 

level by use of partial rpoB gene as compared to partial 16S rRNA gene sequencing 

(V3–V4) were 25 for the pleural empyema samples (Paper I, Supplementary Table 

S3), 21 for the bile bladder samples (paper II, Table 3) and 24 for the bile duct 

samples (Paper III, Supplementary Table S7). It is important to remember that we 

only targeted a few selected genera with this approach. 

We chose to predefine the 16S rRNA TNGS as the gold standard for detection of 

bacteria. This implied that if we detected a bacterium by the rpoB gene TNGS alone, 

it was not considered a valid identification. The reason for using the 16S rRNA 

TNGS as a gold standard was mainly the lack of experience of using rpoB gene 

sequencing to characterize the bacterial metagenome of a sample. We did observe 

that this conservative approach in some cases probably reduced the sensitivity of 

TNGS. The sensitivity of TNGS in polymicrobial samples is dependent on the 

sequencing depth, as will be discussed in more detail in chapter 5.4.1.2. In samples 

containing a mixture of bacteria where only some of them are covered by the rpoB 

gene PCRs, the universal 16S rRNA gene will amplify more PCR targets than the 

more specific rpoB PCRs. In such samples, a lower sequencing depth will be needed 

to cover all targets of the rpoB gene PCR by TNGS than by 16S rRNA TNGS. An 

example of this is found for sample number 1 and 9 in Table 5. In these samples 
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culture identified a K. pneumoniae and a S. aureus that were also identified by the 

semi-selective rpoB_Ent and rpoB_ESS TNGS respectively. However, due to the 

presence of a range of other bacteria at much higher concentrations they remained 

undetected by the universal 16S TNGS.  

Another interesting observation resulting from the inclusion of the rpoB gene was the 

demonstration of the inability of 16S rRNA TNGS to distinguish between many 

closely related species because of the low inter-species variation in the 16S rRNA 

gene. For example, in sample 38 in paper III, the 16S rRNA TNGS identified an OTU 

cluster of 4723 reads mapping towards the Streptococcus mitis/oralis group. 

However, with rpoB_ESS TNGS, we identified five distinct OTUs that all mapped to 

different species within the S. mitis/oralis group, including one OTU that mapped as 

Streptoccous infantis (cluster 1), one as Streptococcus infantis (cluster 2), one as 

Streptococcus sp. (300_SSPC 371), one as Streptococcus oralis and one as 

Streptococcus mitis.  

5.3 Comparison of targeted next generation sequencing to 
traditional microbial diagnostics and its utility in clinical 
microbiology 

Several studies and reviews have been published that discuss and argue for the 

implementation of NGS, including TNGS, as a diagnostic tool in routine diagnostics 

(2, 4, 10, 107, 108). The main argument for the implementation of TNGS is the 

increased sensitivity of the method. The findings in our three studies support this 

argument. We found that TNGS was highly superior to culture (paper I-III) for the 

detection of microbes in both pleural empyemas, acute cholecystitis and acute 

cholangitis (Figure 3). In paper I it was also highly superior to Sanger-based 16S 

rRNA gene PCR/sequencing. The higher sensitivity for TNGS as compared to culture 

was clearly most pronounced for the polymicrobial infections (Figure 4). This 

corresponds well with other studies (1, 2, 6, 10, 108). 

The role of TNGS in two different fields of clinical microbiology will be discussed in 

the following sections: (1) Use of TNGS for routine microbial diagnostics of 
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polymicrobial invasive infections and (2) use of TNGS in clinical microbiology 

research on polymicrobial invasive infections.  

5.3.1 The utility of TNGS in routine diagnostics  
A main aim of the thesis has been to evaluate the usefulness of TNGS compared to 

culture. For this endeavour, it is not enough to demonstrate an increased accuracy 

compared to current diagnostic tools (109). In addition, the test’s impact on i) 

workflow, ii) clinical costs, iii) clinical decision making and iiii) patient outcomes 

should be evaluated (109). The following sections will provide a brief discussion of 

TNGS’s impact on these four categories. 

5.3.1.1 Workflow  
The workflow of TNGS is more complicated and, in most cases, more time-

consuming when compared to other diagnostic tools like routine culture, universal 

16SrRNA Sanger sequencing and the emerging rapid PCR-based syndromic panels 

(110). Targeted next generation sequencing requires specialized technicians and 

microbiologists both to run the analysis and interpret the results, and even though we 

have managed to simplify and shorten parts of the library preparation protocol, the 

laboratory turn-around-time from sample arrival to final results is >78 hours (Figure 

1).  

5.3.1.2 Costs 
Despite a remarkable reduction in cost per sample since the early development of 

TNGS, the cost of a MiSeq run remain high compared to other available diagnostics. 

Illumina advertises with a cost of $18 USD per sample (www.illumina.com) with use 

of the maximum capacity of the MiSeq of 96 samples per sequencing run. However, 

this is not feasible in most laboratories owing to scarcity of samples. In addition, 96 

samples per run will result in an insufficient sequencing depth for reliable 

characterization of the sample metagenome. At the Department of Microbiology at 

HUS we include 24-30 samples per run with an estimated cost per sample of 800- 

1000 NOK (about $80-100 USD)  
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5.3.1.3 Clinical decision making and patient outcome  
Clinical decision making includes factors such as selection of antibiotics and changes 

in hospital procedures, while patient outcome focuses on patient mortality and 

morbidity (109). Were TNGS to have a positive impact on such parameters, it should 

provide additional information relevant for steering the patient’s disease progress and 

treatment. Expressed in other words, TNGS may have a positive impact in situations 

where it can be used to identify clinically relevant pathogens that otherwise would 

remain undetected and where this information can be used to guide treatment in a 

way that favourably improves patient outcome. 

Papers I-III clearly demonstrates the improved sensitivity of TNGS for polymicrobial 

infections compared to culture, thus implying that culture alone should be considered 

insufficient for guiding of antibiotic treatment of such infections. Although some may 

argue that what grows by culture reflects the most important pathogenic bacteria in 

the polymicrobial infection, this argument rests on insufficient knowledge obtained 

from only one technique – culturing. As argued in paper II, the clinical relevance of 

individual bacteria in complex infections should not be considered based on relative 

abundance or method of detection. Rather, such inference should be based on in-

depth ecological knowledge of each type of infection, including microbial dynamics 

over time, microbial aggregate formation, metabolic interdependencies and 

synergisms.  

With regards to the relevance of TNGS for clinical decision making and patient 

outcome, the most important task will therefore be to define the clinical relevance of 

microbes identified by TNGS. The complete microbial characterization of infectious 

diseases as provided in our three papers is a necessary, but only a first step, towards 

answering questions related to decision making and patient outcome. As argued in 

paper II, prevalence studies, experimental studies and larger clinical studies are 

needed to increase our knowledge of the pathogenic role of individual bacterial 

species.  

Although not firmly investigated in our studies, we believe that many of the bacteria 

detected by TNGS might have a pathogenic role. First, it can be argued that species 

detected in normally sterile fluids or tissues are more likely to represent pathogens 
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(111, 112). Second, it can be argued that species found repeatedly in samples from a 

certain type of infection are more likely to represent pathogens (111). Both 

assumptions are fulfilled for many of the bacterial species detected in pleural 

infections. The belief that pleural fluid is sterile unless there is an ongoing infection 

(73) was confirmed by our inclusion of a control group in which no bacteria were 

identified. Additionally, many of the species, such as S. intermedius, F. nucleatum, P. 

micra and Eubacterium brachy, were found in a high proportion of the patient 

samples, increasing the probability that these species are clinically relevant.  

For samples where it is more questionable whether the sterility assumtion holds, like 

samples from the biliary bladder and bile duct, the clinical relevance of the TNGS 

findings become more difficult to interpret. The inclusion of a control group may be 

helpful also in such cases. In the study of acute cholecystitis (paper II) we found a 

clear association between presence of bacteria in the bile bladder and the diagnosis of 

acute cholecystitis; The rate of samples with microbes identified by TNGS in the 36 

patients with infection compared to the 16 patients in the control group was 86% vs 

18% (paper II). Also, the three bacteria identified in the bile of the control group 

patients were considered low-grade pathogens, in contrast to the well-known 

pathogens constituting most species found in the group of acute cholecystitis patients 

(Table 5, paper II). Such observations strengthen the likelihood that the identified 

bacteria have a role in the disease pathogenesis. However, considerations of clinical 

relevance are complicated by the fact that the pathogenesis of acute cholecystitis does 

not necessarily involve a bacterial infection. Illustrative of this is the finding of no 

bacteria in 14% of bile samples from patients with acute cholecystitis.  

Evaluation of clinical relevance is even more complicated for the acute cholangitis 

findings in paper III. The belief that bacterial invasion is necessary for the 

pathogenesis of acute cholangitis, was supported by our study in which all the acute 

cholangitis samples contained bacteria. However, and in contrast to pleural 

empyemas and acute cholecystitis, the frequency of bacterial detections in the control 

group was high. Eigthy-one percent of the patients in the group of non-infectious bile 

duct stenosis had microbes detected in their bile, including well-known pathogens 

from the Enterobacteriaceae family and the Enterococcus genus. The risk of 
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contamination during sampling, as discussed in chapter 5.1.2, represents a possible 

explanation for the high prevalence of bacteria in samples from non-infectious 

patients. Furthermore, it is reasonable to suggest that the biliary duct of patients 

suffering from bile duct stenosis are more easily colonized with bacteria due to 

inhibition of bile flow. Whether the high rate of microbial presence in non-infectious 

patients and the high rate of low abundant bacteria in both infectious and non-

infectious materials represent contamination during sampling, colonization, 

asymptomatic carriage, or pathogens (for those found in acute cholangitis samples 

only) of the bile duct cannot be determined based on our study. The high rate of 

bacteria in non-infectious clinical samples and the possibility of contamination during 

sampling thus reduces the clinical value of TNGS in the routine diagnostics of acute 

cholangitis. 

The conciderations above are important for the evaluation of clinical relevance, but 

they do not address to which extent the results from TNGS should guide clinical 

decision making, for example the administration of antibiotics. Results from TNGS 

only provide indirect information about antimicrobial susceptibility and resistance, 

for example by the clinician’s knowledge of the bacterium’s innate resistance 

patterns. In that sense it has a limitation compared to both culture, which can provide 

phenotypic resistance profiles, and to shotgun metagenomics aiming at providing 

genotypic resistance profiles. 

To summarize, the three papers illustrate the importance of carefully selecting type of 

infection as well as sampling method when considering the use of TNGS in routine 

diagnostics. The type of infections where TNGS will be most likely to provide 

clinically relevant information are infections occurring in normally sterile areas 

where samples can be collected with a low risk of contamination. In contrast to 

culture-based methods, where procedures for interpretation of findings have been 

established and honed through multiple clinical trials and decades of experience, 

much research remains to be done before the clinical utility of TNGS in routine 

diagnostics can be firmly established (17). Future studies should aim at assessing not 

only the sensitivity of NGS methods, but also the clinical significance of the findings 

and the impact of the findings on patient outcome.  
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5.3.2 The utility of TNGS in clinical microbiology research of 
polymicrobial invasive infections 

While TNGS and other NGS methods are still struggling to find their place in clinical 

diagnostics of polymicrobial infections, their role in expanding our understanding of 

polymicrobial invasive infections is easier to identify. The discovery of new 

pathogens may lead to an altered or completely new understanding of the aetiology 

and pathogenesis of a disease, and eventually to better prevention, diagnostics, and 

treatment. Examples of this includes the discovery of Helicobacter pylori (113) as the 

causative agent of peptic ulcer and gastritis and the discovery of Legionella 

pneumophila as the causative agent of Legionnaires’ disease (114). Both examples 

refer to monomicrobial infections in which identification of a single pathogen was 

sufficient to establish a possible aetiology and pathogenesis. In contrast, 

polymicrobial infections consist of multiple bacteria that may acting together through 

synergisms and microbial aggregate formations to establish and maintain the 

infection, or by the presence of key pathogens that are obligate for establishing the 

disease. A full understanding of the aetiology and pathogenesis of polymicrobial 

infections requires knowledge of the microbiota of the infection. This can only be 

achieved by deep sequencing studies, and not by culture alone. For example, the low 

recovery rate of anaerobic bacteria and several families of aerobic and facultative 

anaerobic bacteria by culture compared to TNGS (Figure 3) has almost certainly led 

to an underestimation of the importance of these bacteria in such infections. 

Paper I illustrates how TNGS can serve as a tool for the formation of novel 

hypotheses of disease aetiology. The potential existence of key pathogens (e.g. F. 

nucleatum and S. intermedius) would not have been discovered without the more 

complete and consistant microbial descriptions of pleural empyema obtained by 

TNGS. Fusobacterum nucleatum was for example found in 17 pleural empyema by 

TNGS, but successfully cultured from only one of them. Further, the observed 

similarity between oral derived brain abscesses and primary empyema also required 

the sensitivity of TNGS to be revealed.  

For acute cholecystitis and acute cholangitis, we did not identify any potential key 

pathogens, nor did we suggest any new hypothesis for the aetiology or pathogenesis 
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of these diseases based on the improved microbial characterization of the infections. 

However, these studies were relatively small, and the investigation of larger sample 

collections might still contribute to discover or understand hitherto unknown 

microbial connections. Our results could therefore serve as a useful first step for 

bettering our understanding and treatment of the diseases. 

5.4 Limit of detection and management of contamination in 
TNGS 

For a PCR, representing the first step in a TNGS analysis, the limit of detection 

(LoD) - sometimes termed the analytical sensitivity of the PCR - is the lowest 

concentration of a target gene that produces at least 95% positive results in replicate 

PCR runs. However, the final analytical sensitivity and specificity of a TNGS 

analysis is also dependent upon the ability to distinguish between sequences 

representing true target genes and contamination. In our three papers we observed 11 

samples where a total of 13 bacteria were identified by culture but not by TNGS. An 

overview of these cases is provided in Table 5. We believe that most of these 11 

cases can be explained by the sensitivity and specificity limitations of TNGS. In the 

following sections the different factors important for the LoD and contamination 

management in TNGS will be discussed and the 11 cases in Table 5 will be used as 

illustrative examples.  

 
Table 5: Overview of the 13 species that were identified by culture but not with targeted next 
generation sequencing (TNGS) 
 

# 
Clinical sample, 
sample study number 

CT 
valuea 

Species identified 
only by culture 

Additional 
information 

Probable causes of negative 
TNGS 

1 Acute cholecysitits, 9 12,4 Klebsiella 
pneumoniae 

Identified both by 
rpoB_Ent and 16S 
TNGS but with only 
16 reads and thus 
below the fixed OTU-
size cutoff 

Inadequate sequencing depth 
(analytical sensitivity). 

2 Acute cholecysitits, 27 26,1 Staphylococcus 
epidermidis  

rpoB_ESS also 
negative 

Growth represents 
contamination in culture lab / 
Concentration of S. epidermidis 
below the absolute lower LoD 
of TNGS (analytical 
sensitivity). 
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3 Acute cholangitis, 4 12,9 Granulicatella 
adiacens  

Inadequate sequencing depth 
(analytical sensitivity)/ 
Concentration of G. adiacens 
below the absolute lower LoD 
of TNGS (analytical 
sensitivity) 

4 Non-infectious bile 
duct stenosis, 27 33,3 Staphylococcus 

warneri   

Growth represents 
contamination in culture lab / 
Concentration of S. warneri 
below the absolute lower LoD 
of TNGS (analytical 
sensitivity). 

5 Non-infectious bile 
duct stenosis, 19 12,2 Enterococcus 

faecalis 

Identified by TNGS 
but with only 12 reads 
in the replicate with 
highest sequencing 
depth 

Inadequate sequencing depth 
(analytical sensitivity). 

6 Non-infectious bile 
duct stenosis, 38 22,4 

Staphylococcus 
epidermidi, 
Corynebacterium 
pseudodiphtericum 

rpoB_ESS also 
negative 

Growth represents 
contamination in culture lab / 
Both bacteria present in 
concentrations below the 
absolute LoD of TNGS 

7 Non-infectious bile 
duct stenosis, 39 17,0 Aeromonas species  

Growth of two 
morphologically 
different Aeromonas 
species by culture, 
while only a single 
OTU assigned to the 
Aeromonas veronii 
group were identified 
by TNGS. 

16S gene sequencing not able 
to distinguish between different 
Aeromonas species. All will 
cluster in one group / Only one 
species but with 
morphologically heterogeneous 
appearance 

8 Pleural empyema, 17 30,4 Streptococcus 
constellatus 

rpoB_ESS also 
negative 

Concentration of S. 
constellatus below the absolute 
lower LoD of TNGS 
(analytical sensitivity). 

9 Pleural empyema, 18 12,2 
Staphylococcus 
aureus, Klebsiella 
pneumoniae 

S. aureus also 
identified by 
rpoB_ESS. rpoB_Ent 
negative. 

Inadequate sequencing depth 
(analytical sensitivity) / 
Concentration of bacteria 
below the absolute lower LoD 
of TNGS (analytical 
sensitivity). 

10 Pleural empyema, 48 19,6 Cutibacterium acnes 

Both detected by 
TNGS, but since C. 
acnes and S. 
epidermidis were 
among the ten most 
abundant microbes in 
the negative controls, 
they were not 
considered valid 
identifications 
according to the 
criteria applied. Both 
bacteria were also 
identified by Sanger 
16S rRNA 
sequencing. S. 
epidermidis was 
additionally identified 
by rpoB_ESS. 

Contaminant filtering principle 

11 Pleural empyema, 24 19,3 Staphylococcus 
epidermidis 
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a Cycle threshold value of 16S rRNA amplicon PCR. A low CT-value indicates a high amount of 

target DNA. 

5.4.1 Limit of detection 
The factors determining the LoD can be divided into factors that are sample and 

sequencing run dependent and factors that are independent of the features of the 

specific run or samples analyzed. This is well illustrated in the experiments 

performed in paper III. The run and sample dependent factors include the sequencing 

depth of the sequencing run, the microbial mass of the target sample and the 

microbial diversity of the target sample. In sequencing runs with an inadequate 

sequence coverage, this will define the LoD for that sequencing run. However, if the 

sequencing coverage is adequate and therefore not the limiting factor, the LoD will be 

defined by the target gene concentration needed for the gene target to be included in 

the PCR-template. This is a factor that is always present and thus run and sample 

independent. In the following section we will term the latter the absolute limit of 

detection of TNGS, to distinguish it from the LoD determined by the sequencing 

coverage. 

5.4.1.1 Absolute limit of detection 
In paper III the absolute limit of detection was defined as the value where the DNA 

input of a given species in a sample approached one copy of the target gene per PCR. 

Our results confirmed that for bacteria approaching this concentration it will be 

random whether they are included in the pieppted PCR template or not. By theoretical 

calculations we found that the target gene of a bacterium is getting close to one copy 

per PCR when the concentration is around 100 CFU/ml in the original sample 

(Supplementary Table S3, paper III).  

The theoretical absolute limit of detection for our sequencing protocol of around 100 

CFU/ml, was supported by our replicate sequencing of mock community dilutions. A 

more accurate determination of the absolute LoD is of little value as it will vary 

somewhat dependent upon e.g. the number of target gene copies in the specific target 

microbe, the extraction method and the exact volume of PCR-template used. Some 
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sequencing protocols use 5 µl, instead of the 2 µl PCR-template used in our protocol, 

thus theoretically slightly increasing the absolute LoD. The LoD of our sequencing 

processing is in concordance with findings in other studies, like Culbreath et al. who 

found an absolute LoD of 10-100 CFU/ml (108).  

Three of the 13 species found exclusively by culture (Sample #8 and #9 in Table 5) 

grew in blood culture bottles only. These three species may very well represent cases 

where the absolute LoD of TNGS explaines the false negative sequencing results. 

Culturing in blood culture bottles is recommended as a routine diagnostics (115) of 

pleural empyema because of the increased sensitivity compared to standard agar 

culture (116). In a blood culture bottle up to 10 ml of sample volume is used, and the 

LoD for living bacteria has been shown to be close to or below 1 CFU/ml, which is 

far better than the LoD obtainable by TNGS (117).  

5.4.1.2 Sequencing coverage 
Sequencing coverage, a term used both in whole-genome shotgun sequencing and 

TNGS, is defined as the fraction of the metagenome that is represented in the 

metagenomic dataset (118). For 16S rRNA TNGS, coverage can more specifically be 

defined as the fraction of the total collection of 16S rRNA genes in the sample that is 

represented among the sequencing reads. An insufficient sequencing coverage will 

reduce the limit of detection and may cause a false low alpha diversity (119). It is 

therefore important to assess whether a sufficient sequencing coverage has been 

achieved when performing TNGS analyses. Surprisingly few studies address the issue 

of sequencing coverage in TNGS (119). In paper III we suggest using the confirmed 

presence of background contaminant sequences among the sequencing reads as a 

marker for sufficient sequencing depth, thus serving as a marker for an adequate 

sequencing coverage.  

The two major factors influencing the sequencing coverage are the complexity of the 

sample microbial community and the sequencing depth (119). It is obvious, that for 

complex samples containing numerous species with a wide variation in relative 

concentrations, a higher sequencing depth is needed to cover all present species as 

compared to a sample containing a single or a few evenly distributed species. This is 
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well demonstrated in paper III by our sequencing of samples in two replicates with 

varying sequencing depths. Increased sequencing depth led to better sequencing 

coverage and thus to the identification of more species in many of the samples 

(Figure 8, Paper III). Insufficient sequencing depth is the most likely explanation for 

at least three out of the 13 species identified by culture and not by TNGS (K. 

pneumonia in #1, E. faecalis in #5 and S. aureus in #9, Table 5). As shown in Table 

5, these three species were all either identified by 16SrRNA TNGS but below the 

fixed OTU size cutoff threshold of 50 reads, or by rpoB TNGS, or both, thus 

indicating that DNA from these species were indeed present in the samples, but in 

low abundancies. 

There are no general consensus recommendations on sequencing depth for 

polymicrobial infections. The Illumina MiSeq Protocol for 16S TNGS recommends a 

sequencing depth of > 100.000 reads for full characterization of the bacterial 

composition of a sample, but others have found that a sequencing depth of 1.500.000 

reads was necessary to reach the absolute LoD (108). Our result demonstrates that the 

main factor determining the adequacy of sequencing depth is the bacterial load of the 

sample. We found that even a sequencing depth of several hundred thousand reads 

was insufficient to obtain an adequate coverage in samples with a high bacterial load. 

Again, the above mentioned three species found by culture only are good examples. 

All three samples had a high bacterial load (CT-values 12,2-12,4) and despite a 

relatively high sequencing depth (158.165 reads in #1, 291.151 reads in #5 and 

68.485 reads in #9, Table 5) we did not identify any contaminant reads in any of the 

three samples. In contrast, in samples with a low bacterial load, (e.g. replicate 1, 

sample 23, 28 and 35, Supplementary Table S6, Paper III) a sequencing depth even 

below 50.000 reads was sufficient to sequence deep into the background 

contamination and reaching the absolute LoD of TNGS.  

5.4.2 Background contamination in TNGS 
As described in the introduction, background contamination is one of the main 

obstacles in providing accurate and trustworthy sequencing results in TNGS. As 

demonstrated by the work in this thesis, understanding the patterns of contamination 
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in sequencing results are crucial for proper handling. The concepts in paper III, where 

we suggest a specific method for the management of contamination in diagnostic 

laboratories, were conceived while working on the first two papers, thus explaining 

why background contamination was managed slightly differently in the three papers.  

The most important principles are: 

1. Know your contamination. The level and composition of background 

contamination will, as we underscore in paper III, vary between laboratories, 

between extraction kits and PCR reagents, and even between batches of the 

same extraction kits and PCR reagents. This implies that the specific method 

for managing background contamination in 16S rRNA TNGS should be 

elaborated in each laboratorium.  

2. The level of background contamination is relatively stable and will always 

appear when sequencing at deep levels. However, its relative abundance will 

increase as the microbial mass of the sample gets lower (12, 14, 15). A key to 

handle background contamination properly is to identify at what level 

contaminating OTUs start to appear, knowing that OTUs appearing below that 

level may represent contaminants. In our material we were able to accurately 

identify at what level contamination started to appear since the major 

contaminant OTUs were consistent, making it possible to establish an 

individual, robust cutoff for valid identifications in each sample. Whether 

there is a similar pattern of highly consistent top contaminants should be part 

of the initial investigation of every laboratorium setting up their own TNGS 

assay. 

3. The microbial mass of the analyzed sample should be assessed together with 

the sequencing depth as this will determine the relative level of background 

contamination in the sequencing results. A high microbial mass implies that 

sequencing coverage may be a limiting factor, and thus that contamination 

may not appear at all if an adequate sequencing depth is not achieved. In 

contrast, background contamination will be a major challenge in samples with 

a low microbial mass and/or adequate sequencing depth.  
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Evaluation of the microbial mass is particularly important if a bacterial species 

present in relative high abundance in the sample is also one of the dominant 

background contaminants. As discussed in paper III, information about the 

microbial mass and sequencing depth may enable the determination of whether 

that specific bacterium is a true finding or represents contamination (1). Two 

of the species identified by culture only from paper I (#10 and #11 in Table 5) 

serve as examples of such a situation. Both species, S. epidermidis and C. 

acnes, were detected by TNGS as well as by culture, but were removed from 

the TNGS results as invalid identifications as they were also among the top 

abundant contaminant bacteria in the extraction controls. However, the CT-

values in both samples were low (19,6 and 19,3 respectively), indicating a 

high microbial mass. By applying the method suggested by Kommedal et al. 

(2014) to calculate the sample-specific cutoff, we determined that the cutoff 

from where contamination may start to appear was 461 reads for sample #10 

containing C. acnes, and 284 reads for sample #11 containing S. epidermidis. 

Both C. acnes (# of reads 51505) and S. epidermidis (# of reads 16084) had an 

abundance way above that cutoff and could consequently have been 

considered as true findings.  

4. The above example underscores a final principle: It is important not to be 

locked into a single method or algorithm when dealing with background 

contamination. In studies aiming at validating and evaluating a specific 

algorithm for managing contamination, as in our paper III, it is important to 

strictly follow the algorithm tested. If not, the pros and cons of the method will 

not be discovered and made visible. However, in a routine diagnostic setting, it 

may be more beneficial to combine the information acquired by our suggested 

approach with other methods. One approach, as we discuss in paper III, could 

be to combine our contamination management method with the use of an 

expert review of the results. The use of an expert review to remove 

biologically unexpected finding is suggested as a supplementary method for 

managing contaminants in several articles (12, 56) and have also been used as 

the main method in a few articles (9, 10). However, an expert opinion should 
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not be based on knowledge of clinical relevance only. It needs to be combined 

with an in depth understanding of the general patterns of contamination in 

TNGS, as well as the benefits and limitations of the chosen approach for 

contaminant filtering.  
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6 Conclusions 

In this thesis, we have confirmed the improved sensitivity of TNGS as compared to 

traditional diagnostics for the microbiological characterization of pleural empyema, 

acute cholecystitis and acute cholangitis, thus further underpinning the inadequacy of 

culture for polymicrobial infections. We have also established that the inclusion of 

rpoB sequencing can provide more accurate species identification within certain 

genera. We have explored the unpredictable nature of background contamination in 

TNGS and highlighted challenges related to filtering of sequencing results. We have 

suggested and evaluated a method for managing laboratory contamination, including 

rules and cutoffs for post-sequencing processing and interpretation to maximize the 

accuracy of the results, that is suitable for diagnostic laboratories. Finally, we have 

shown how knowledge obtained by TNGS can lead to new hypotheses for the 

aetiology and pathogenesis of an infection.  
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7 Future research 

Most studies of TNGS on clinical materials have focused on comparing the 

sensitivity of the method to conventional culture. Future research should also aim at 

performing clinical studies to evaluate the clinical utility of the increased sensitivity 

obtained by TNGS. There is also a need for more studies aiming at characterizing the 

microbiome of different invasive polymicrobial infections to increase our knowledge 

and possibly also our understanding of their pathogenesis and aetiology. The attempts 

at complete microbial characterizations of pleural empyema, acute cholangitis and 

acute cholecystitis as provided in our three studies needs to be confirmed by other 

studies. Such studies should also address the methodological weaknesses of our 

studies as outlined in chapter 5.1. 

Developments within deep sequencing technology is progressing rapidly. In 

particular, long read sequencing as provided by Oxford Nanopore Technologies 

represents a promising tool for both metagenomic and targeted amplicon sequencing 

(120). The short turn-around time combined with a format that allows for analyzing 

individual samples at a relatively reasonable cost resolves two of the major obstacles 

related to current second-generation platforms. We will emphasize that the use of 

novel technologies such as nanopore sequencing for characterization of polymicrobial 

infections needs to be validated and compared to the current gold standard; either 

TNGS or shotgun metagenomic sequencing. This places high demands on 

laboratories that will carry out this type of studies, as they must have sufficient 

knowledge and experience across the methods.  

For pleural empyema, the identification of potential key pathogens should be further 

elaborated. Basic microbiological research should aim at figuring out why these 

microbes seem to be so important. The 1990s research on oral microbial 

communities, and in particular the role of F. nucleatum, could serve as a model for 

such studies (121–123). Another research question of high interest is the degree to 

which targeted antibiotic treatment towards these few key pathogens is sufficient for 

antibiotic management of primary pleural empyema.  
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a b s t r a c t

Objectives: The view of pleural empyema as a complication of bacterial pneumonia is changing because
many patients lack evidence of underlying pneumonia. To further our understanding of pathophysio-
logical mechanisms, we conducted in-depth microbiological characterization of empyemas in clinically
well-characterized patients and investigated observed microbial parallels between pleural empyemas
and brain abscesses.
Methods: Culture-positive and/or 16S rRNA gene PCR-positive pleural fluids were analysed using massive
parallel sequencing of the 16S rRNA and rpoB genes. Clinical details were evaluated by medical record
review. Comparative analysis with brain abscesses was performed using metagenomic data from a na-
tional Norwegian study.
Results: Sixty-four individuals with empyema were included. Thirty-seven had a well-defined microbial
aetiology, while 27, all of whom had community-acquired infections, did not. In the latter subset,
Fusobacterium nucleatum and/or Streptococcus intermedius was detected in 26 patients, of which 18 had
additional facultative and/or anaerobic species in various combinations. For this group, there was 65.5%
species overlap with brain abscesses; predisposing factors included dental infection, minor chest trauma,
chronic obstructive pulmonary disease, drug abuse, alcoholism and diabetes mellitus. Altogether,
massive parallel sequencing yielded 385 bacterial detections, whereas culture detected 38 (10%) and 16S
rRNA gene PCR/Sanger-based sequencing detected 87 (23%).
Conclusions: A subgroup of pleural empyema appears to be caused by a set of bacteria not normally
considered to be involved in pneumonia. Such empyemas appear to have a similar microbial profile to
oral/sinus-derived brain abscesses, supporting spread from the oral cavity, potentially haematogenously.
We suggest reserving the term ‘primary empyema’ for these infections. R. Dyrhovden, Clin Microbiol
Infect 2019;25:981
© 2018 The Author(s). Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology

and Infectious Diseases. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Empyema, defined as the presence of bacteria or pus in the
pleural cavity, is a serious infection with high morbidity and mor-
tality (15%e20%) and increasing incidence [1]. Predisposing con-
ditions include bacterial pneumonia, surgery, trauma, oesophageal
perforation, thoracentesis, subdiaphragmatic infection, sponta-
neous pneumothorax and septicaemia [2]. Traditionally, the

predominant cause has been assumed to be bacterial pneumonia in
which bacteria breach the visceral pleura to establish an infected
parapneumonic effusion [1,2]. This concept has recently been
challenged. Differences between the typical bacteriology of pneu-
monia and empyema have been highlighted, with many patients
with empyema having no evidence of an underlying pneumonia
[1,3,4]. Such observations suggest that pleural empyema and
pneumonia should, in some cases, be considered separate condi-
tions [1,3e5], anddfurthermoredthat the mechanisms and sour-
ces of bacterial invasion of the pleural cavity are poorly understood
[1,4,5].* Corresponding author. R. Dyrhovden, Department of Microbiology, Haukeland

University Hospital, Jonas Lies vei 65, 5021 Bergen, Norway.
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the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In 2014, we conducted a nationwide Norwegian study using
targeted 16S rRNA gene-based metagenomics on brain abscesses
[6]. Three bacterial species (Streptococcus intermedius, Fusobacte-
rium nucleatum and Aggregatibacter aphrophilus) were either sole
pathogens or a dominant part of abscesses with an assumed oral or
sinus origin. This led us to hypothesize that these three microbes
may be involved in initial establishment of these infections, with
the additional species detected representing later colonizers.

In our routine clinical practice, we more recently observed that
many pleural empyema samples have a microbiome similar to that
of brain abscesses. This suggested a new hypothesis that a small
group of highly specialized bacteria in the oral cavity may, under
appropriate conditions, spread to and establish purulent infections
in highly oxygenated organs, including the brain and lung.

The aim of the present investigation was to conduct a thorough
bacterial characterization of pleural empyemas from clinically well-
characterized patients to further our understanding of patho-
physiological mechanisms. This endeavour included a comparison
between pleural empyemas and brain abscesses.

Materials and methods

We conducted a retrospective study at the Department of
Microbiology, Haukeland University Hospital, Bergen, Norway. The
study was approved by the regional ethical committee (2017/1095).

Study definition of pleural empyema

Pleural empyema was defined as the presence of bacteria in
pleural fluid by Gram stain, culture or 16S rRNA gene PCR [1]. Since
previous studies have not included detection of bacterial DNA in
their definitions, all patients were also evaluated according to the
traditional criteria for pleural empyema, defined as a positive Gram
stain or bacterial culture of pleural fluid or macroscopic purulent
pleural fluid or pleural pH < 7.2 combined with clinical evidence of
infection [1,3,7].

Clinical samples

The Department covers a population of ~500 000 people and
also receives occasional samples from other regional hospitals.
Upon clinical suspicion of infection, the laboratory routinely per-
forms partial amplification and Sanger-based sequencing of a
portion of the bacterial 16S rRNA genes directly from pleural fluid
(see Supplementary material, Document S1). For the present
investigation, we searched the laboratory information system for
culture-positive and/or 16S rRNA gene PCR-positive pleural fluid
samples obtained from patients >17 years of age, admitted from
January 2016 through to December 2017. Remnant extracted DNA
from these samples was collected from a Biobank for targeted
metagenomic analysis. Samples from 64 unique patients were
eligible for inclusion. Eighteen patients with culture-positive em-
pyemas could not be included because 16S rRNA gene PCR had not
been performed and no extracted DNA was available (see Supple-
mentary material, Table S1). Pleural fluids from 11 patients with a
low suspicion of infection, negative cultures and negative 16S rRNA
gene PCR were included as a negative patient control group.

Clinical definition of pneumonia

Pneumonia was defined by fulfilment of the following criteria:
(i) at least two of the following: fever, cough, sputum production

and/or chest pain; and (ii) radiographic evidence of pneumonia, as
interpreted by a radiologist [7].

Massive parallel sequencing of partial 16S rRNA and rpoB genes

Massive parallel sequencing was performed using the MiSeq
system (Illumina, Redwood City, CA, USA). Some clinically impor-
tant bacterial families and genera display too few variations in the
16S rRNA gene to reliably identify them to the species level [8].
Therefore, for selected groups of bacteria, we supplemented the
analysis with massive parallel sequencing of parts of rpoB [9],
which is more discriminatory than the 16S rRNA gene.

A detailed protocol for sequencing of all targets, including
primers, description of negative controls, management of back-
ground DNA and sequence data analysis can be found in the Sup-
plementary material (Document S1). For novel undescribed species
we used the provisional HMT-taxonomy [10].

Statistical analysis

Statistical analysis was performed using SPSS 25 (IBM Corp).
Differences between subgroups were analysed with Pearson's chi-
squared test. Microbial b-diversity analysis for the empyemas,
including unweighted and weighted UniFrac metrics [11,12], was
performed in QIIME2. Comparison between a subset of the data
from this study and previous data from the Norwegian brain ab-
scess study [6], was undertaken using UniFrac and Principal Coor-
dinate Analysis in QIIME2. EMPeror [13] was used to visualize
Principal Coordinate Analysis plots. Venn-diagram analysis was
performed using the web tool http://bioinformatics.psb.ugent.be/
webtools/Venn/. For the Venn-diagram analysis, we included spe-
cies that were found in at least two cases in one of the two groups.

Results

Description of study population

The mean age of the 64 patients was 62 years (median 68, range
18e93). Fifty (78%) patients were male. Twenty-one (32%) had no
history of smoking, while 24 (38%) were current smokers and 19
(30%) were former smokers. The most frequent chronic diseases
were hypertension (15 patients, 23%) and chronic obstructive pul-
monary disease (11 patients, 17%). Nineteen patients (30%) had no
chronic disease. Sixty (94%) patients fulfilled the traditional criteria
[1,3,7] for pleural empyema. The four patients who did not (Patients
5, 28, 47 and 62) included two postoperative infections, one Fran-
cisella tularensis infection and one infection of poorly described
aetiology.

Technical sequencing data

After removal of short reads (<250 base pairs), small clusters
(<20 reads) and chimeras, the mean number of valid reads was
75 426 per sample (range 19 892 to 311 160, median 65 286).

Microbiological findings and correlations with clinical data

Out of 385 bacterial detections made by massive parallel
sequencing, culture detected only 38 (10%) and Sanger-based 16S
rRNA gene sequencing detected 87 (22.5%) (see Supplementary
material, Table S2). Thirty-nine (61%) of the 16S rRNA gene PCR-
positive samples were culture-negative. None of the 11 samples
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in the negative patient control group contained bacterial DNA
beyond that found in the negative controls.

By 16S rRNA and rpoB gene massive parallel sequencing, bac-
teria from 183 species were identified, of which 157 could be
assigned to the species level, 13 to a species group level, and 8 to a
genus level. Five Operational taxonomic units yielded no significant
match with published sequences. rpoB sequencing was performed
for 44 samples (69%) and provided identification at a higher taxo-
nomic level than 16S rRNA gene sequencing for 25 species (see
Supplementary material, Table S3).

Thirty-seven patients had a well-defined aetiology underlying
their pleural fluid infection (Table 1). Among thesewere 19 patients
with monomicrobial infections caused by Streptococcus pneumo-
niae (8), Staphylococcus aureus (5), Pseudomonas aeruginosa (2),
Streptococcus pyogenes (1), Escherichia coli (1), Klebsiella pneumo-
niae (1) or Francisella tularensis (1). Streptococcus pneumoniae was
identified exclusively in monomicrobial samples, including seven
cases of community-acquired pneumonia (CAP) and one case of
postoperative empyema after lung resection. All identifications of
Staphylococcus aureus and Streptococcus pyogenes were also made
in monomicrobial samples, except for one patient with CAP who
had a mixed infection with the two species. Empyemas resulting
from surgical complications or spontaneous rupture of the
oesophagus presented the highest microbial diversity. An overview
of clinical data and identified microbes in each of these 37 in-
dividuals is provided in the Supplementary material (Table S4).

For the remaining 27 patients, the aetiology was less obvious.
The Supplementary material (Table S5) summarizes the clinical
history, computed tomography findings and identified bacteria in
these individuals. All 27 infections were community-acquired.
Several potential predisposing factors were identified. Six pa-
tients reported a minor blunt chest trauma before the onset of
symptoms (such as blunt violence or fall accidents) and five of six
patients in whom dental status was addressed had poor dental
health. Other lung-related pathology among patients included
chronic obstructive pulmonary disease (4) and computed
tomography-diagnosed lung abscess (3). Only 12 out of 27 fulfilled
the diagnostic criteria for CAP and all patients were negative for
CAP-associated bacteria. Other possible predisposing co-
morbidities were drug abuse (4), alcoholism (3) and diabetes
mellitus (3). Table 2 provides a comparison of demographics and
clinical features between the 27 patients with empyema with
poorly described aetiology versus the ten patients with classic post-
pneumonia empyema.

In both the weighted and unweighted UniFrac analyses, most of
the 27 samples with uncertain aetiology clustered in neighbouring

branches, indicating significant similarities in microbial patterns
(Fig. 1). Though they contained many of the species found in
oesophageal ruptures and postoperative infections, they were
distinguished from these by having lower microbial diversity and
higher inter-sample consistency, both quantitatively and qualita-
tively. In total, they harboured 54 different species, of which 33
were identified in single patients. Among the 21 species found in
multiple samples, Streptococcus intermedius and Fusobacterium
nucleatum stood out both as being the most frequent bacteria
detected on a patient-level and as being among the most abundant.
Twenty-six (96%) of the 27 samples contained either Streptococcus
intermedius (n¼ 9) or F. nucleatum (n¼ 10), or a combination of the
two (n¼ 7). Streptococcus intermediuswas the only detected species
in eight samples, whereas F. nucleatum was detected alone in two.
The single sample without either Streptococcus intermedius or
F. nucleatum was a monomicrobial infection caused by
A. aphrophilus in a patient with pulmonary sarcoidosis.

The microbial patterns observed in the empyema cases of un-
certain aetiology had similarities with oral-type bacterial brain
abscesses; Fig. 2 is a Venn diagram analysis for both infection types
showing 19 (65.5%) shared species. The most frequent common
species were F. nucleatum, Streptococcus intermedius, Parvimonas
micra and Eubacterium brachy, all present in more than 30% of
samples from both infection types. Themost notable differencewas
observed for A. aphrophilus, found in 40% of brain abscesses but
only in a single empyema (3.7%). In a comparative analysis of the
two specimen types, Principal Coordinates Analysis plots based on
UniFrac metrics showed no clear clustering into separate groups
(Fig. 3).

Discussion

In this study, we provide a clinical and microbiological charac-
terization of 64 patients with empyema. To the best of our
knowledge, this is the first investigation in which such a large

Table 1
Patients with well-defined aetiologies of empyema

Postoperativea 12
Community-acquired pneumoniab 10
Metastatic cancer affecting the lung 4
Sepsis 4
Spontaneous rupture of the oesophagus 2
Hospital-acquired pneumonia 2
Lemierre syndrome 1
Francisella tularensis pneumonia 1
Post-traumatic 1
Sum 37

a Includes five cases occurring after upper gastrointestinal tract surgery, four
cases after heart and lung surgery, and three cases after abdominal surgery.

b Fulfilment of diagnostic criteria for community-acquired pneumonia (CAP) and
identification of bacteria known to cause CAP (Streptococcus pneumoniae (7),
Streptococcus pyogenes (1), Pseudomonas aeruginosa (1), Staphylococcus aureus and
S. pyogenes (1)).

Table 2
Demographic and clinical characteristics of empyemas with poorly described aeti-
ology (PDE) versus those occurring after classic community-acquired pneumoniaa

(CAP)

PDE CAP p-valueb

Number of patients 27 10
Male, n 24 5 0.01
Mean age, years (SD) 56 (18) 65 (18) 0.17
Smoker, n 11 4 0.97
Fever, n 21 8 0.88
Chest pain, n 25 5 0.003
Dyspnoea, n 24 9 0.92
Cough, n 18 8 0.43
Purulent sputum, n 8 3 0.98
Mean CRPc (SD) 230 (107) 313 (83) 0.03
Mean leucocytesd (SD) 19.3 (8.2) 21.0 (11.8) 0.60
Purulent pleural fluid, n 19 9 0.21
Mean pH of pleural fluid (SD) 7.0 (0.6) 7.1 (0.3) 0.69
Mean glucosee (SD) 2.2 (2.8) 1.0 (2.2) 0.41
Intensive care, nf 2 2 0.27
Death, ng 0 1 0.10

a Fulfilment of diagnostic criteria for CAP and identification of bacteria known to
cause CAP: Streptococcus pneumoniae, Staphylococcus aureus, Pseudomonas aerugi-
nosa and Streptococcus pyogenes.

b Pearson's chi-squared test for categorical variables. Students t-test for contin-
uous variables.

c C-reactive protein (mg/L) at admission.
d Leucocytes (109/L) at admission.
e Mean glucose level (mmol/L) in pleural fluid.
f Admitted to intensive care unit during the hospital stay.
g Death during the hospital stay.
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sample of pleural empyemas has been characterized using a tar-
geted metagenomics analysis.

We identified a subgroup of 27 patients with community-
acquired infections with unclear explanation as to how the bac-
teria had reached the pleural cavity. All empyemas harbored oral
bacteria not normally associated with pneumonia, and shared
distinct microbial patterns overlapping with those previously
described for oral/sinus-type brain abscesses. Samples from 26 of
27 patients contained either Streptococcus intermedius or
F. nucleatum or a combination of the two, and these were also,
together with A. aphrophilus, the only bacteria detected in mon-
omicrobial infections. We therefore hypothesize that F. nucleatum
and Streptococcus intermedius are possible key pathogens for
establishing these empyemas, much like previously suggested for
bacterial brain abscesses [6]. Aggregatibacter aphrophilus, found in
a single monomicrobial empyema, does not seem to be very
common in pleural empyemas, though it was found in 40% of brain
abscesses.

Fusobacterium nucleatum was found in all empyemas harbour-
ing strict anaerobic bacteria, except for one containing Fusobacte-
rium gonidiaformans. Although traditionally thought of as a strict
anaerobe, F. nucleatum is a moderate anaerobe with capacity for
oxygen adaption [14,15]. In periodontitis research, it is considered a
key organism in the transition between early facultative colonizers
and later obligate anaerobes [16].

In patients with pneumonia, pathogens may overcome pulmo-
nary defence mechanisms and reach the pleural cavity by direct
transpleural spread from the respiratory alveoli. The capacity of
Streptococcus pneumoniae to do this is well-described [1], but for
Streptococcus intermedius and F. nucleatum, we have found no evi-
dence of a similar ability. For anaerobic bacteria this mode of
dissemination would be halted by the high oxygen tension in the
respiratory tract. When examining the clinical characteristics for
the 27 patients with empyemas of uncertain pathogenesis, only 12
had possible pneumonia. However, since diagnostic criteria for CAP
are based on clinical features with low diagnostic specificity and
sensitivity [7,17] and display considerable overlap with the most
common signs and symptoms of pleural empyema, we believe the
actual number of pneumonias may have been even lower than
reported [7].

For brain abscesses, an important route of infection is
dissemination of bacteria via the haematogenous route from
primary sinusitis or an odontogenic focus [18e20]. Bacteria are
thought to reach the brain parenchyma by transit trough valve-
less emissary and diploic veins that drain through the skull bone
and into the venous system of the brain [19]. This mode of
transmission is supported by the observation that abscesses
formed by oral pathogens are the dominant type of abscess in all
regions of the brain, not just in the frontal lobe [6]. The lung
parenchyma and the visceral pleura are therefore natural sites
along the same route of infection. Infected venous blood follows
the venous draining system to the right ventricle of the heart and
is pumped into the pulmonary arteries, ending up in the capillary
network of alveoli and parts of the visceral pleura. Indeed, several
studies and case reports describe the simultaneous occurrence of
brain abscess and lung abscess or pleural empyema [21e24], both
in general and for F. nucleatum and Streptococcus intermedius,
specifically.

We therefore suggest, based on the findings in this study, that
facultative and anaerobic oral bacteria, able to spread via deoxy-
genated venous blood to establish purulent infections in brain tis-
sue, are also capable of reaching and establishing pyogenic
infections in the lung parenchyma or pleural cavity, and that right-
sided haematogenous spread is a plausible route of infection in
oral-type bacterial pleural empyema.

We found a remarkably high involvement of males in oral-type
bacterial empyema that significantly differed from the even gender
distribution of classic post-pneumonia empyema (Table 2). The
same uneven gender distribution has been observed in other
studies on pleural empyema, and specifically among those caused
by the Streptococcus anginosus group [25e27]. Odontogenic in-
fections have been identified as a potential risk factor for pleural
empyema [27] and one explanation of the male predominance
might be a higher frequency of serious odontogenic infections in
men [28]. Except for dental caries, we found the most common co-
morbidities to be hypertension, chronic obstructive pulmonary
disease, injection drug use, alcoholism and diabetes mellitus (see
Supplementary material, Table S5). This correlates with findings
from previous studies [27,29]. Male gender, odontogenic infections
and injection drug use are also definite risk factors for brain ab-
scesses [19,20]. Another finding that might represent a hitherto
unappreciated predisposing factor, is that six patients had a history
of a minor blunt chest trauma just before symptom onset. In brain

Fig. 1. UniFrac-analysis of empyemas. Phylogenetic tree of unweighted (a) and
weighted (b) UniFrac-analysis of all included pleural empyemas. Each number repre-
sents one sample. CAP, fulfilment of diagnostic criteria for community-acquired
pneumonia (CAP) and identification of bacteria known to cause CAP: Streptococcus
pneumoniae, Staphylococcus aureus, Pseudomonas aeruginosa and Streptococcus
pyogenes.
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abscesses one of the main predisposing pathogenic factors is the
presence of ischaemic or devitalized brain tissue occurring after
incidents such as trauma or cerebrovascular accidents [20]. Blunt
chest trauma may cause damage to the visceral pleura or adjacent
lung parenchyma, leading to the formation of a poorer oxygenated
locus minores resistentiae (e.g. a haematoma or atelectasis) facili-
tating colonization by blood-borne oral microbes.

The retrospective design is a weakness of our study; 18
culture-positive samples were lost due to lack of sample avail-
ability (see Supplementary material, Table S1). Information about
dental status was available from only six patients, and informa-
tion about preceding minor trauma was not systematically
collected. Another limitation is that this is a case study from one
particular area of the world. The oral microbiome varies between
geographical areas [30] and this may influence the bacterial
composition of pleural empyema as well. The findings and

hypotheses proposed in this article should clearly be challenged
in future, prospective studies.

We have shown that a large subgroup of community-acquired
pleural empyemas is caused by a limited set of oral bacteria not
normally involved in pneumonia. We provide microbiological,
anatomical and epidemiological arguments to support that these
pleural empyemas and oral/sinus-derived brain abscesses might be
two sides of the same coin sharing microbial composition, haema-
togenous routes of infection and risk factors. We suggest that the
term ‘primary empyema’ should be reserved for this type of infection
to distinguish it from pleural empyema secondary to other lung
conditions, including classic post-pneumonia empyema and post-
operative empyema. Our finding also suggest that traditional
culture-based methods and even Sanger-based 16S rRNA gene PCR/
sequencing may be insufficient in characterizing the microbial
spectrum of primary empyemas.

Fig. 2. Venn diagram analysis comparing species found in 27 empyemas of poorly described aetiology and 25 brain abscesses with assumed oral/sinus origin. The numbers in
parenthesis are the total number of species found in each group. In the middle column, the first number in parenthesis represents empyemas and the second brain abscesses.
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  SUPPLEMENTARY MATERIAL 

Supplementary Document S1 

Sample preparation  

DNA-extraction included mechanical disruption of bacterial cells using the SeptiFast 

Lysis kit and a MagNA Lyser apparatus followed by DNA extraction and purification on a 

MagNA Pure compact automated extractor (Roche, Mannheim, Germany), as described 

previously [1]. 

Routine Sanger-based 16S rRNA gene PCR/sequencing directly from clinical samples 

Sanger-based 16S rRNA gene PCR/sequencing had been performed on all study 

samples as part of routine clinical practice using a modified version of a previously described 

protocol [2]. The modifications included 5-end improvements of the primers 

(16S_DPO_Short-F: 5’-AGAGTTTGATCMTGGCTCAIIIIIAACGCT-3’ (no LNA-bases) 

and 16S_DPO_Short-R 5’-CGGCTGCTGGCAIIIAITTRGC-3’) and a concomitant reduction 

of annealing temperature from 64 to 60°C. Mixed electropherograms were interpreted using 

RipSeq mixed software (Pathogenomix, Santa Cruz, CA) [1]. 

Massive parallel sequencing of partial 16S rRNA and rpoB genes 

For both the 16S rRNA and rpoB genes, the Illumina protocol for 16S library 

preparation [3] was used, with a few modifications applied to the first round PCR (amplicon 

PCR, pages 6-7 in the original protocol). 16S rRNA gene primers are listed at the end of 

Document S1. They bind to the same area as the original primers in the Illumina protocol, 

targeting the 16S V3 and V4 regions, but were modified to better suit the human microbial 

spectrum. For example, the original “T” in position 3 from the 3-end of the reverse primer 

was replaced with a “K” (T/G) to avoid a mismatch with Cutibacterium acnes.  



For rpoB analysis, two novel broad-range primer pairs were designed one targeting 

clinically important species of Enterobacteriaceae (RpoB_Ent), and the other targeting 

enterococci, staphylococci and streptococci (RpoB_ESS). The primers are listed at the end of 

Document S1. Massive parallel sequencing of the rpoB targets was performed only on 

samples where analysis of the 16S rRNA gene revealed bacteria that could not be 

accurately identified using this approach. Except for the primers, the protocol for rpoB 

sequencing was identical to the modified protocol used for the 16S rRNA gene. The 

TaKaRa-enzyme used in the first PCR was necessary to obtain efficient amplification with 

the rpoB primers. 

 For PCR, we used a LightCycler 480 real-time PCR machine (Roche). The PCR mixture 

consisted of 12.5 μl SYBR Premix Ex Taq (TaKaRa, city, Japan), 8.5 μl PCR-grade water, 1 μl 

of each primer (from a 10 μM solution, giving a final concentration of 0.4 μM in the PCR) and 

2 μl template. For the RpoB_ESS solution we used 1 μl each of the forward primers and 1.5 μl 

of the reverse primer and reduced the amount of water correspondingly to 7 μl. The PCR 

thermal profile included an initial polymerase activation step of 30 s at 95°C followed by 45 

cycles of 20 s at 95°C (melting), 30 s at 60°C (annealing), and 30 s at 72°C (extension). After 

completion, PCR products were spun out of the SmartCycler reaction tubes and used directly 

in downstream steps. The SYBR-green real-time reaction with melting-curve analysis 

eliminated the need for gel-based verification of the PCR-product. 

Negative controls 

For each clinical sample, a negative extraction control consisting of lysis buffer and 

PCR-grade water was processed in parallel. Before sequencing, negative extraction 

controls were mixed into three pools. Each pool of negative controls was sequenced in 

duplicate. A positive extraction control consisting of Salmonella bongori suspended in 

PCR-grade water was also included and sequenced in duplicate.  



 

Sequence data analysis 

After Illumina-sequencing, barcode separated FASTQ-files were processed 

individually using RipSeq NGS software [4] (Pathogenomix, Santa Cruz, CA). For all targets, 

reads shorter than 250 base pairs were removed before de novo clustering into operational 

taxonomic units (OTUs) using a similarity threshold of 99%. OTUs containing less than 50 

sequences were rejected. For unambiguous 16S rRNA gene-based species-level identification, 

we used a cutoff of ≥99.3% homology with a high-quality reference sequence combined with 

a minimum distance of >0.8% to the next alternative species. OTUs obtaining species-level 

homology but with an insufficient distance to the next species were assigned to a species-

group or listed as a slashed result. Homology between 97.0 and 99.3% qualified for genus-

level identification.  

The two rpoB PCRs target separate parts of the rpoB gene with different levels of 

difference between species. Based on observed clustering patterns and intra-species variation 

among GenBank references, we adopted the following rules: For RpoB_ESS we used a cut-

off of ≥97.0% homology with a high-quality reference combined with a minimum distance to 

next species of >2.0% for species-level identification. OTUs with a similarity ≥97.0% but 

with a distance to next species of ≤2.0% were assigned to a group of species (i.e., group-level 

identification). The RpoB_Ent amplicon displayed smaller inter-species distances and lower 

intra-species variation. In addition, the taxonomy for important groups of Enterobacteriaceae 

is still evolving and, as such, it was challenging to identify up-to-date high-quality references. 

For this target, we therefore applied more stringent rules, requiring ≥99% homology with a 

high-quality reference combined with a minimum distance of >1.5% to the next alternative 

species for a specie-level assignment. OTUs with a similarity >99.0% but with a distance to 

next species of ≤1.5% was assigned to a group of species (i.e., group-level identification)  



Background DNA 

Based on sequencing results from the pooled negative controls, we defined a list of the ten 

most abundant contaminating bacteria. Since samples had to be divided into two groups and 

sequenced in separate runs to have enough space on the sequencing chip, we got two lists of 

contaminating bacteria. Starting with the most abundant, the top ten contaminating bacteria 

of the first run were Cutibacterium acnes, Aquabacterium citratiphilum, Ralstonia pickettii, 

Staphylococcus capitis / Staphylococcus caprae / Staphylococcus epidermidis, Pseudomonas 

fluorescens, Phenylobacterium koreense, Hydrotalea flava, Pseudomonas extremorientalis / 

Pseudomonas fluorescens / Pseudomonas poae, Unknown bacteria 6 and Aquabacterium spp. 

The top ten contaminating bacteria of the second run were C. acnes, A. citratiphilum, 

Paracoccus chinensis / Paracoccus marinus, P. koreense, R. pickettii, S. capitis / S. caprae, 

Unknown bacteria 7, H. flava, Staphylococcus saccharolyticus and Afipia broomeae / Afipia 

felis.  

 For the dominant contaminants, there was high consistency across all negative 

controls. The top-ten contaminants were used as indicators for the level of background 

DNA in clinical samples. Bacteria appearing in higher concentrations than any of the top 

ten background bacteria were accepted as valid identifications. Bacteria present in 

concentrations between 10 and 100% of the most abundant background bacterium 

identified in a sample were also accepted as valid identifications, if they were absent from 

the negative controls. Bacteria present in concentrations below 10% of the most abundant 

background species in a sample were rejected as invalid. 

 

 

 



Primers with adapter sequences. Sequences of the target specific portions in capital 

letters 

 

a Positions for 16S based on Escherichia coli (GenBank accession J01859). Positions for 

RpoB_ESS based on Staphylococcus aureus [rpoB coding sequence (CDS); GenBank 

accession X64172]. Positions for RpoB_Ent based on Escherichia coli [rpoB coding sequence 

(CDS); GenBank accession V00340]. 

b Abbreviations: F = forward primer. R = reverse primer. 
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Name Sequence Positiona 

16S-Fb tcgtcggcagcgtcagatgtgtataagagacagCCTACGGGNGGCWGCAG 340-356 

16S-Rb gtctcgtgggctcggagatgtgtataagagacagGACTACCAGGGTATCTAAKCC  784-803 

RpoB_Ent-F tcgtcggcagcgtcagatgtgtataagagacagGAAGGTCCRAAYATCGGTCT 1693-1712 

RpoB_Ent-R gtctcgtgggctcggagatgtgtataagagacagTGCATGTTCGCACCCAT 2041-2057 

RpoB_ESS-F1 tcgtcggcagcgtcagatgtgtataagagacagGCRACAGCRTGTATYCCRTTC 1861-1881 

RpoB_ESS-F2 tcgtcggcagcgtcagatgtgtataagagacagGCDACAGCATGTATTCCWTTC 1861-1881 

RpoB_ESS-R gtctcgtgggctcggagatgtgtataagagacagGTTRTAMCCNTCCCAWGTCAT 2287-2307 



Supplementary Table S1: Samples with growth of bacteria, not included in current 

study because of the lack of availability of residual specimen. 

 
 
 
 
 
 
 
 
 
 
 
 

 

Patient Microbes detected by growth Diagnosis according to medical record 

1 Enterococcus faecalis Endocarditis and empyema 

2 Pseudomonas aeruginosa Pseudomonas empyema 

3 Enterococcus faecium Postoperative empyema; thoracotomy 

4 Staphylococcus aureus Pancreatic cancer with lung metastasis; empyema. 

5 E. faecalis, coagulase negative Staphylococcus 
species, Prevotella bivia, Prevotella disiens 

Endocarditis, operated, postoperative empyema. 

6 Streptococcus intermedius Empyema 

7 S. intermedius Empyema 

8 Prevotella vulgaris, E. faecium Acute pancreatitis; empyema 

9 Streptococcus mitis/oralis Pneumonia and empyema 

10 S. intermedius Pneumonia and empyema 

11 S. aureus Pneumonia and empyema 

12 S. intermedius  Empyema 

13 Escherichia coli, E. faecalis Postoperative empyema; abdominal surgery 

14 S. aureus Liver failure; sepsis; empyema. 

15 E. faecalis, E. faecium Postoperative empyema; abdominal surgery. 

16 E. coli Pneumonia and empyema 

17 Streptococcus anginosus Gastric cancer with lung metastasis and empyema 

18 Streptococcus salivarius, Streptococcus 
parasanguinis, Haemophilus parainfluenzae, Rothia 
mucilangilosa, Prevotella melaninogenica 

Esophageal rupture 



Supplementary Table S2: Comparison between parallel sequencing, Sanger-sequencing 

and culture for all patients 

 
Pleural empyema with a poorly described etiology (n = 27) 
ID 
 

16S rRNA and rpoB gene sequencing - 
sorted by decreasing abundance 

16S rRNA Sanger sequencing (V1-
V3) 

Culture 

02 
 
 
  
  
  

Prevotella oris   
Campylobacter gracilis   
Streptococcus intermediusaa 

Eikenella corrodens   
Fusobacterium nucleatum 
Unknown bacterium 1 
Eikenella sp. (MDA2346-4)   
Alloprevotella tannerae   
Mycoplasma salivarium   
Eubacterium brachy   
Tannerella forsythia   
Parvimonas micra   

P. oris 
C. gracilis 
S. intermedius  
 

Negative 

05 
 
  
  
  
  
  

Escherichia colia 
S. intermediusa 
F. nucleatum 
Klebsiella michiganensisa 
Klebsiella variicolaa 
Parvimonas micra  
Clostridium perfringens   

Escherichia/Cronobacter/Citrobacter 
sp. 
S. intermedius 
 
 

Negative 

06 
 
  
  

F. nucleatum 
S. intermediusa 
E. brachy   
Actinomyces meyeri   

F. nucleatum 
S. intermedius 

S. intermedius 

07 
 
  
  
  
  
 
  
  

Fusobacterium gonidiaformansb 
P. oris   
Leptotrichia amnionii   
P. micra   
Streptococcus anginosusa 
Gemella asaccharolytica   
Gemella bergeriae   
E. corrodens   
Alloprevotella sp. HMT 308 

F. gonidiaformans 
P. oris 

P. micra 
S. anginosus 
E. corrodens 
 

08 S. intermediusa S. intermedius S. intermedius 
09 
 
 

F. nucleatum 
S. intermediusa 
E. brachy   
Eubacterium yurii   
A. meyeri   

F. nucleatum 
S. intermedius 
 

Negative 

15 S. intermediusa S. intermedius Negative 
17 F. nucleatum 

P. micra   
Prevotella pleuritidis   
 

Negative 
 

S. constellatusc 

18 
  

P. micra   
F. nucleatum  
Sneathia sp. 
Prevotella denticola   
P. oris   
Dialister sp. 
A. tannerae   
Prevotella baroniae   
Prevotella buccae   
Colibacter massiliensis   
Dialister pneumosintes   
Porphyromonas asaccharolytica/uenonis   
Streptococcus mitis group 
Campylobacter rectus/showae   

CTCd 
 

P. denticola 
P. baroniae 
P. buccae 
S. constellatus 
Actinomyces sp. 
K. pneumoniaec  
S. aureusc 
 
 



Dialister invisus   
Catonella morbi 
Peptostreptococcaceae (XI)(G-4) sp. HMT 369   
Streptococcus constellatus 
G. bergeriae   
Actinomyces funkei   
Alloprevotella rava   

21 
 

S. constellatus  
Prevotella sp. (HMT 314)   
F. nucleatum 
P. buccae   
Peptostreptococcus stomatis   

S. constellatus 
Prevotella sp. 
F. nucleatum 

Negative 

22 
 

F.  nucleatum 
S.  intermediusa 

F. nucleatum Negative 

25 
 
  

F.  nucleatum   
Prevotella conseptionensis 
E.  brachy   
Porphyromonas endodontalis   
E. yurii   
C. morbi 
C. rectus/showae   

Fusobacterium sp. 
P. endodontalis 

Negative 

30 
 
  
  
  
  

P. micra   
E. brachy   
P. endodontalis   
F. nucleatum 
Treponema maltophilum   
Mycoplasma faucium   
C. rectus/showae   
Peptostreptococcaceae (XI)(G-4) sp. (HMT 369)   

P. micra 
E. brachy 

Negative 

33 
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  

Mycoplasma salivarium   
P. micra   
F. nucleatum 
C. rectus/showae   
P. oris   
P. endodontalis   
Prevotella nigrescens   
E. brachy   
D. pneumosintes   
S.  constellatus 
Prevotella conceptionensis 
Treponema lecithinolyticum   
Eubacterium saphenum   
Catonella sp. (oral clone FL073) 
G. morbillorum   
Mogibacterium timidum   

CTCd Negative 

40 F. nucleatum F. nucleatum Negative 
41 F. nucleatum F. nucleatum Negative 
50 
 

P. pleuritidis   
F.  nucleatum 
P.  micra   
E.  brachy   

P. pleuritidis 
F. nucleatum 
P. micra 
 

F. nucleatum 
P. micra 

51 S. intermediusa S. intermedius S. intermedius 
52 
 
  

F. nucleatum   
S. intermediusa 
A. meyeri   
C. gracilis   

F. nucleatum 
S. intermedius 
 

Negative 

53 S. intermediusa S. intermedius S. intermedius 
55 S. intermediusa S. intermedius Negative 
56 Aggregatibacter aphrophilus   A. aphrophilus Negative 
57 S. intermediusa S. intermedius S. intermedius 
60 
 
  

C. rectus/showae   
F. nucleatum 
P. pleuritidis   
P. endodontalis   
Eubacterium nodatum   
S. constellatus   

CTCd Negative 



T. maltophilum   
P. micra   
E. brachy   
A. meyeri   

61 
 

S. intermediusa 
F. nucleatum 
Filifactor alocis   
P. micra   

S. intermedius  
F. nucleatum 
 

S. intermedius 

63’ S. intermediusa S. intermedius Negative 
64 S. intermediusa S. intermedius Negative 
Post-operative infections (n=12) 

ID  16S rRNA and rpoB gene sequencing - 
sorted by decreasing abundance 

16S rRNA Sanger sequencing (V1-
V3) 

 

14 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Prevotella oris 
Bifidobacterium dentium 
Lactobacillus fermentum 
Veillonella parvula groupe 
Rothia dentocariosa 
Prevotella sp. 
Streptococcus intermediusa 
Streptococcus oralisa 
Alloscardovia omnicolens 
Streptococcus mitisa 
Enterococcus faecalis 
Haemophilus parainfluenzae 
Mycoplasma salivarium 
Rothia mucilaginosa 
Streptococcus parasanguinisa 
Campylobacter curvus 
Porphyromonas sp. (HMT 279) 

P. oris 
V. parvula group 

Negative 

19 
 
 

Raoultella terrigenaa 
Streptococcus sp.f 
Haemophilus haemolyticus/influenzae 

Enterobacter/Raoultella sp. 
Streptococcus cristatus 
H. haemolyticus 

Negative 

24 
 

Serratia marcescens/nematodiphila/urealyticuma 
(Staphylococcus epidermidis)g 

S. marcescens 
S. epidermidis 

S. marcescens 
S. epidermidis 

26 Streptococcus pneumoniaea S. mitis/oralis group Negative 
27 
 
 

S. parasanguinis 
H. parainfluenzae 
Streptococcus cristatus 

CTCa Negative 

28 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Enterobacter aerogenesa 
Anaeroglobus geminatus 
Campylobacter gracilis 
Megasphaera micronuciformis 
Prevotella sp. 
Veillonella sp. 
Parvimonas micra 
M. salivarium 
Campylobacter sp. 
Prevotella denticola 
Porphyromonas sp. (HMT 279) 
P. oris 
S. mitisa 

Prevotella sp. (HMT 314) 
Dialister pneumosintes 
Selenomonas artemidis 
Streptococcus anginosusa 
Prevotella sp. (HMT 313) 
Alloprevotella tannerae 
Slackia exigua 
Veillonella atypica 
Dialister invisus 
Prevotella baroniae 
Selenomonas sp. 
C. curvus 
Selenomonas noxia 
S. oralisa 

E. aerogenes/Raoultella planticola 
A. geminatus 

Negative 



36 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

M. salivarium 
S. parasanguinisa 
H. parainfluenzae 
H. haemolyticus/influenzae 
S. mitisa 
Klebsiella variicolaa 
Gemella haemolysans/sanguinis 
Prevotella veroralis 
Morganella morganii 
Pseudomonas aeruginosa 
Fusobacterium nucleatum 
D. pneumosintes 
P. oris 
Granulicatella adiacens 
Prevotella pallens 
Oribacterium sinus 
Streptococcus gordoniia 
H. haemolyticus 
S. intermediusa 
Campylobacter concisus 
Prevotella salivae 
Atopobium rimae 
Stomatobaculum longum 
Prevotella melaninogenica 
D. invisus 
Lachnoanaerobaculum umaense 
Alloprevotella sp. (HMT 914) 
Unknown bacterium 2 
Actinomyces odontolyticus 
S. oralisa 
Streptococcus infantisa 
S. cristatusa 

Haemophilus sp. 
(Pasteurella pneumotropicah) 

P. aeruginosa 

43 
 

Klebsiella pneumoniae/quasipneumoniaea K. pneumoniae/quasipneumoniae Negative 

44 
 

Staphylococcus aureusa S. aureus Negative 

47 
 
 

Bacteroides fragilis 
Enterococcus faeciuma 
Bacteroides xylanisolvens 

B. fragilis 
E. faecium/hirae 
 

Negative 

48 
 

(Cutibacterium acnes)g 
Escherichia colia 

C. acnes 
E. coli 

C. acnes 



49 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

F. nucleatum 
Enterococcus aviuma 
Citrobacter amalonaticusa 
Klebsiella michiganensisa 
Clostridium bolteae/clostridioforme 
Alistipes onderdonkii 
K. pneumoniae/quasipneumoniaea 
Bacteroides stercoris 
Eggerthella lenta 
Bacteroides uniformis 
Bacteroides dorei 
Parabacteroides goldsteinii 
Barnesiella sp. 
E. colia 
E. faecalis 
Parabacteroides distasonis 
Bacteroides caccae 
Bacteroides ovatus 
Veillonella parvula/dispar 
Parabacteroides distasonis 
Enterobacter cloacae/hormaecheia 
Ruminococcus gnavus 
Clostridium subterminale 
C. gracilis 
Clostridium glycolicum 
Unknown bacterium 4 
Unknown bacterium 5 
H. parainfluenzae 
Clostridium perfringens 
Citrobacter/Kluyvera speices 
B. xylanisolvens 
Clostridium nexile 

Negative K. pneumoniae 

Community acquired pneumonia with typical pneumonia-associated bacteria (n=10)  
ID  16S rRNA and rpoB gene sequencing - 

sorted by decreasing abundance 
16S rRNA Sanger sequencing (V1-
V3) 

 

1 Streptococcus pyogenes S. pyogenes S. pyogenes 
10 S. pneumoniaea S. mitis/oralis group S. pneumoniae 
11 S. pneumoniaea S. mitis/oralis group Negative 
12 S. pneumoniaea S. mitis/oralis group S. pneumoniae 
13 S. pneumoniaea S. mitis/oralis group S. pneumoniae 
16 S. pneumoniaea S. mitis/oralis group Negative 
34 P. aeruginosa P. aeruginosa P. aeruginosa 
38 
 

S. aureusa 
S. pyogenes 

S. aureus 
S. pyogenes 

Negative 

46 S. pneumoniaea S. mitis/oralis group Negative 
59 S. pneumoniaea S. mitis/oralis group Negative 
Metastatic cancer affecting the lung (n=4) 
ID  16S rRNA and rpoB gene sequencing - 

sorted by decreasing abundance 
16S rRNA Sanger sequencing (V1-
V3) 

 

20 
 
 

S. intermediusa 
P. micra 
Fusobacterium periodonticum 

S. intermedius 
P. micra 

Negative 



35 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Finegoldia magna 
H. haemolyticus/influenzae 
Peptostreptococcus stomatis 
P. oris 
Peptoniphilus sp. 
Atopobium parvulum 
Prevotella sp. 
P. micra 
Prevotella sp. (HMT 315) 
Peptoniphilus lacrimalis 
Tannerella forsythia 
Prevotella sp. (HMT 475) 
P. baroniae 
Olsenella uli 
Gemella morbillorum 
Eikenella corrodens 
Streptococcus constellatus 

F. magna 
H. influenzae 

F. magna 
Peptoniphilus sp. 
Prevotella sp. 
 

39 S. aureusa S. aureus Negative 
42 
 
 
 
 

P. denticola 
Streptococcus sp.f 
A. parvulum 
A. odontolyticus 
S. oralisa 

P. denticola Negative 

Sepsis (n=4) 
ID  16S rRNA and rpoB gene sequencing - 

sorted by decreasing abundance 
16S rRNA Sanger sequencing (V1-
V3) 

 

31 E. coli* E. coli Negative 
37 Lactobacillus casei/rhamnosus/paracesei 

E. faeciuma 
L. rhamnosus 
E. faecium 

Negative 

54 S. aureusa S. aureus S. aureus 
58 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Prevotella timonensis 
Anaerococcus obesiensis 
Bacteroidetes (G-7) sp. (HMT 911) 
Anaerococcus lactolyticus 
Porphyromonas uenonis 
Prevotella disiens 
Anaerococcus murdochii/degenerii 
Peptoniphilus massiliensis 
Prevotella bergensis 
P. lacrimalis 
F. magna 
Peptoniphilus sp. 
Bacteroidales sp. (vaginal isolate KA00251) 
Peptoniphilus coxii 
Peptostreptococcus sp. 
Lachnospiraceae sp. (vaginal isolate KA00044) 

CTCd Negative 

Spontaneous rupture of esophagus (n=2) 
ID  16S rRNA and rpoB gene sequencing - 

sorted by decreasing abundance 
16S rRNA Sanger sequencing (V1-
V3) 

 

23 
 

Streptococcus vestibularisa 
Prevotella sp. (HMT 306) 
S. mitisa 
P. melaninogenica 
Prevotella sp. (HMT 313) 
Streptococcus salivariusa 
G. haemolysans/sanguinis 
S. parasanguinisa 
Prevotella histicola 
H. parainfluenzae 
R. mucilaginosa 
V. atypica 
Veillonella sp. (HMT 780) 
Alloprevotella sp. (HMT 308) 
Veillonella sp. 
S. oralisa 
Aggregatibacter sp. (HMT 458) 

S. salivarius group 
S. mitis/oralis group 

S. vestibularis 
Streptococcus 
mitis/oralis group 
Streptococcus 
salivarius group 
S. oralis 
R. mucilaginosa 
 
 



32 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

S. salivariusa 
S. mitis/pneumoniaea 
G. sanguinis 
Streptococcus sp. (most similar to S. oralis) 
S. infantis 
Mycoplasma faucium 
Ruminococcaceae [G-2] sp. (HMT 085) 
TM7 (G-1) sp. (HMT 352) 
S. mitisa 
Clostridiales (F-1)(G-1) sp. (HMT 093) 
S. vestibularisa 
S. oralisa 
S. gordonii 
S. cristatusa 
S. parasanguinisa 
Prevotella sp. (HMT 306) 
Streptococcus termophilus 
TM7(G-6) sp. (HMT 870) 
G. adiacens 
S. timonensis 
L. rhamnosus/casei/paracasei 
Streptococcus sp. (HMT 056) 
Granulicatella elegans 
Ruminococcaceae [G-1] sp. (HMT 075) 
Stomatobaculum sp. (HMT 097) 
C. concisus 
F. nucleatum 
F. periodonticum 
O. sinus 
Bifidobacterium animalis 

S. salivarius group 
S. mitis/oralis group 

Negative 
 

Hospital acquired pneumonia (n=2) 
ID  16S rRNA and rpoB gene sequencing - 

sorted by decreasing abundance 
16S rRNA Sanger sequencing (V1-
V3) 

 

4 
 

S. aureusa 
 

S. aureus Negative 
 

29 
 

P. aeruginosa 
 

P. aeruginosa P. aeruginosa 

Lemierre syndrome (n=1) 
ID  16S rRNA and rpoB gene sequencing - 

sorted by decreasing abundance 
16S rRNA Sanger sequencing (V1-
V3) 

 

45 
 

P. stomatis 
Fusobacterium necrophorum 
S. anginosus 
P. baroniae 
P. oris 
G. morbillorum 
P. micra 
S. constellatus 
Prevotella intermedia 
D. pneumosintes 
Solobacterium moorei 
Filifactor alocis 
Coriobacteriaceae sp. S9 PR-11 
Bulleidia extructa 
Unknown bacterium 3 

P. stomatis 
F. necrophorum 
S. anginosus 
 

Negative 
 

Francicella tularensis pneumonia (n=1) 
ID  16S rRNA and rpoB gene sequencing - 

sorted by decreasing abundance 
16S rRNA Sanger sequencing (V1-
V3) 

 

62 Francicella tularensis F. tularensis F. tularensis 
Trauma (n=1) 
ID  16S rRNA and rpoB gene sequencing - 

sorted by decreasing abundance 
16S rRNA Sanger sequencing (V1-
V3) 

 

3 S. aureusa S. aureus S. aureus 
 



a rpoB sequencing provided identification at a higher taxonomic level than 16S rRNA gene 

sequencing.  

b Not distinguishable from the horse pathogen Fusobacterium equinum.  

c Growth in blood culture. Not detected by sequencing.  

d Abbreviations: CTC = Mixed chromatogram too complex to allow for interpretation. 
 
e Veillonella parvula/dispar/tobetsuensis/dentocariosa.  

f 95.8% match with Streptoccus cristatus.  

g Not a valid identification according to our criteria. S. epidermidis and C. acnes were also 

among the ten most abundant microbes in the negative controls. 

h Considered a false positive from the theoretical deconvolution of a mixed chromatogram 

using RipSeq mixed software.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplementary Table S3: Species identified at a higher taxonomic level with use of 

partial rpoB compared to partial 16S rRNA gene sequencing (V3-V4) 

 
 

 16S rRNA gene sequencing results rpoB gene sequencing results 

1 Enterococcus avium/raffinosus Enterococcus avium 

2 Enterococcus durans/faecium/hirae  Enterococcus faecium 

3 Staphylococcus aureus/croceolyticus/petrasii/simiae Staphylococcus aureus 

4 Streptococcus intermedius/anginosus Streptococcus anginosus 

5 S. intermedius/anginosus Streptococcus intermedius 

6 Streptococcus mitis/oralis group Streptococcus cristatus 

7 S. mitis/oralis group Streptococcus infantis 

8 S. mitis/oralis group Streptococcus mitis 

9 S. mitis/oralis group Streptococcus mitis/pneumoniaea 

10 S. mitis/oralis group Streptococcus oralis 

11 S. mitis/oralis group Streptococcus pneumoniae 

12 S. mitis/oralis group Streptococcus timonensis 

13 Streptococcus salivarius group Streptococcus salivarius 

14 S. salivarius group Streptococcus thermophilus 

15 S. salivarius group Streptococcus vestibularis 

16 Streptococcus sanguinis group Streptococcus parasanguinis 

17 Citrobacter/Enterobacter species  Citrobacter amalonaticus 

18 Raoultella species/Klebsiella aerogenes Enterobacter aerogenes 

19 Enterobacter asburiae/cloacae/hormaechei Enterobacter cloacae/hormaechei 

20 Escherichia albertii/coli/fergusonii/Shigella species Escherichia coli/Shigella species 

21 Enterobacter cancerogenus/Klebsiella 
michiganensis/oxytoca 

Klebsiella michiganensis 

22 Klebsiella pneumoniae/variicola/quasipneumoniae Klebsiella variicola 

24 K. pneumoniae/variicola/quasipneumoniae Klebsiella pneumoniae/quasipneumoniae 

23 Raoultella species/Klebsiella aerogenes Raoultella terrigena 

25 Serratia marcescens/nematodiphila/Cronobacter 
dublinensis/Escherichia coli 

Serratia marcescens 
/nematodiphila/urealyticum 

 
a Discrimination between S. mitis and S. pneumoniae was possible for all but a single OTU, 

presumably due to lack of relevant mitis-reference in GenBank 

 
 
 
 



 
Supplementary Table S4: Samples and results overview for pleural empyema with a 

well-defined etiology (n=37). 

 
Post-operative infections (n=12) 
ID 
Sex/Age 

Clinical history 16S rRNA and rpoB gene sequencing - 
sorted by decreasing abundance 

Relevant 
comorbidities 

14 
M/72 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Rupture of esophagus after surgical 
treatment of gastric cancer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Prevotella oris 
Bifidobacterium dentium 
Lactobacillus fermentum 
Veillonella parvula groupa 

Rothia dentocariosa 
Prevotella sp. 
Streptococcus intermediusb 

Streptococcus oralisb 
Alloscardovia omnicolens 
Streptococcus mitisb 
Enterococcus faecalis 
Haemophilus parainfluenzae 
Mycoplasma salivarium 
Rothia mucilaginosa 
Streptococcus parasanguinisb 
Campylobacter curvus 
Porphyromonas sp. (HMT 279) 

None 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

19 
F/82 
 

Postoperative infection after 
cholecystectomy. Biloma and pleural 
empyema. 

Raoultella terrigenab 
Streptococcus sp.c 

Haemophilus haemolyticus/influenzae 

Hypertension 

24 
M/71 

Postoperative infection after 
pulmonary resection. 

Serratia 
marcescens/nematodiphila/urealyticumb 
(Staphylococcus epidermidis)e 

PVDd 
Renal failure 
Hypertension 

26 
M/74 

Postoperative infection after 
pulmonary resection. 

Streptococcus pneumoniaeb 
 

CHDd  
COPDd 
Renal failure 

27 
M/48 
 

Anastomotic leakage after 
esophageal surgery 

S. parasanguinis 
H. parainfluenzae 
Streptococcus cristatus 

CHFd 
 
 

28 
F/64 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Esophageal rupture after surgical 
treatment of hiatal hernia. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Enterobacter aerogenesb 
Anaeroglobus geminatus 
Campylobacter gracilis 
Megasphaera micronuciformis 
Prevotella sp. 
Veillonella sp. 
Parvimonas micra 
M. salivarium 
Campylobacter sp. 
Prevotella denticola 
Porphyromonas sp. (HMT 279) 
P. oris 
S. mitisb 
Prevotella sp. (HMT 314) 
Dialister pneumosintes 
Selenomonas artemidis 

None 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Streptococcus anginosusb 
Prevotella sp. (HMT 313) 
Alloprevotella tannerae 
Slackia exigua 
Veillonella atypica 
Dialister invisus 
Prevotella baroniae 
Selenomonas sp. 
C. curvus 
Selenomonas noxia 
S. oralisb 

 

36 
M/65 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Esophageal rupture after endoscopic 
removal of esophageal tumor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

M. salivarium 
S. parasanguinisb 
H. parainfluenzae 
H. haemolyticus/influenzae 
S. mitisb 
Klebsiella variicolab 
Gemella haemolysans/sanguinis 
Prevotella veroralis 
Morganella morganii 
Pseudomonas aeruginosa 
Fusobacterium nucleatum 
D. pneumosintes 
P. oris 
Granulicatella adiacens 
Prevotella pallens 
Oribacterium sinus 
Streptococcus gordoniib 
H. haemolyticus 
S. intermediusb 
Campylobacter concisus 
Prevotella salivae 
Atopobium rimae 
Stomatobaculum longum 
Prevotella melaninogenica 
D. invisus 
Lachnoanaerobaculum umaense 
Alloprevotella sp. (HMT 914) 
Unknown bacterium 2 
Actinomyces odontolyticus 
S. oralisb 
Streptococcus infantisb 
S. cristatusb 

None 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

43 
F/72 

Perforation of gastric bowel after 
surgical treatment of diaphragmatic 
hernia. 

Klebsiella pneumoniae/quasipneumoniaeb COPD 
Hypertension 

44 
M/73 

Postoperative infection after 
bilobectomy. 

Staphylococcus aureusb None 

47 
M/58 
 

Postoperative infection after mitral 
valve surgery 
 

Bacteroides fragilis 
Enterococcus faeciumb 
Bacteroides xylanisolvens 

None 
 
 

48 
M/73 

Postoperative infection after liver 
surgery for metastatic colon cancer. 

(Cutibacterium acnes)e 
Escherichia colib 

None 
 



49 
M/73 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Biliary stricture relieved 
endoscopically. Postoperative 
pleural empyema. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

F. nucleatum 
Enterococcus aviumb 
Citrobacter amalonaticusb 
Klebsiella michiganensisb 
Clostridium bolteae/clostridioforme 
Alistipes onderdonkii 
K. pneumoniae/quasipneumoniaeb 
Bacteroides stercoris 
Eggerthella lenta 
Bacteroides uniformis 
Bacteroides dorei 
Parabacteroides goldsteinii 
Barnesiella sp. 
E. colib 
E. faecalis 
Parabacteroides distasonis 
Bacteroides caccae 
Bacteroides ovatus 
Veillonella parvula/dispar 
Parabacteroides distasonis 
Enterobacter cloacae/hormaecheib 
Ruminococcus gnavus 
Clostridium subterminale 
C. gracilis 
Clostridium glycolicum 
Unknown bacterium 4 
Unknown bacterium 5 
H. parainfluenzae 
Clostridium perfringens 
Citrobacter/Kluyvera speices 
B. xylanisolvens 
Clostridium nexile 

None 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Community acquired pneumonia with typical pneumonia-associated bacteria (n=10) 
ID 
Sex/Age 

Clinical history 16S rRNA and rpoB gene sequencing - 
sorted by decreasing abundance 

Relevant 
comorbidities 

1 
F/69 

Dry cough for 3 weeks. Gradually 
increasing retrosternal chest pain. 
No fever. 5 kg weight loss. 
Admission CTª showed pleural 
effusion and adjacent pneumonia. 

Streptococcus pyogenes None 

10 
M/61 

Cough, chest pain, fever and chills 
for 1 week. Admission CTª showed 
pleural effusion and adjacent 
pneumonia. 

S. pneumoniaeb None 
 

11 
F/70 

Cough and left sided chest pain for 
1-2 weeks prior to hospitalization. 
Admission CTª showed pleural 
effusion and adjacent pneumonia. 

S. pneumoniaeb 
 

None 
 

12 
F/87 

Fever, cough, dyspnea and impaired 
general condition for 3 days prior to 
hospital admission. Chest x-ray 
showed consolidations and pleural 
fluid. Worsening condition despite 
adequate treatment. Death 9 days 
after hospitalization. 

S. pneumoniaeb 
 

CHFd 
RPDd 



13 
M/30 

Cough and impaired general 
condition for 3 weeks. At hospital 
admission respiratory failure. 
Intubated. Admission CTª showed 
pleural effusion and adjacent 
pneumonia. 

S. pneumoniaeb 
 

Asthma 
Injection 
drug use 

16 
F/71 

Persistent infection and impaired 
general condition after completing 3 
weeks of antibiotics for CAP. 
Hospitalized and diagnosed with 
empyema. 

S. pneumoniaeb 
 

Asthma 
Hypertension 
 

34 
M/88 

1-2 weeks fever and dyspnea. 
Hospitalized, diagnosed with and 
treated for CAP. Exacerbation of 
symptoms 10 days after starting 
treatment. CTª-diagnosed lung 
abscess and adjacent pleural 
empyema. 

P. aeruginosa 
 

COPD 
Renal failure 
Hypertension 
 

38 
M/43 

A few weeks of retrosternal chest 
pain. Fever, purulent cough and 
dyspnea in the week before 
hospitalization; hospitalized with 
septic shock and multiorgan failure. 
Intubated. CTª-diagnosed bilateral 
pneumonia and pleural empyema. 

S. aureusb 
S. pyogenes 

None 
 

46 
M/57 

10 days purulent cough, fever, 
dyspnea and chest pain prior to 
hospitalization. 
Admission CTª-diagnosed left-sided 
pleural empyema and adjacent 
consolidation in lung parenchyma. 

S. pneumoniaeb 
 

DMd 

59 
F/75 

Flu-like symptoms for 6 days prior 
to hospitalization. Treated for CAP 
when hospitalized. 4 days after 
hospitalization CTª showed large 
bilateral pneumonia and left-sided 
empyema. 

S. pneumoniaeb 
 

COPDd 
PVDd 
 

Metastatic cancer affecting the lung (n=4) 
ID 
Sex/Age 

Clinical history 16S rRNA and rpoB gene sequencing - 
sorted by decreasing abundance 

Relevant 
comorbidities 

20 
M/80 
 

Metastatic NSCLCª with chronic 
persistent pleural fluid in the right 
hemithorax which developed into a 
pleural empyema. 

S. intermediusb 
P. micra 
Fusobacterium periodonticum 

CHDd 
Asthma 
NSCLC 

35 
M/59 
 
 
 
 
 
 
 
 
 

Metastatic lung cancer. After 
surgery for cerebral metastasis, 
exacerbation of respiratory 
symptoms and infection symptoms. 
CTª of thorax showed lung abscesses 
and pleural empyema. 
 
 
 
 
 

Finegoldia magna 
H. haemolyticus/influenzae 
Peptostreptococcus stomatis 
P. oris 
Peptoniphilus sp. 
Atopobium parvulum 
Prevotella sp. 
P. micra 
Prevotella sp. (HMT 315) 
Peptoniphilus lacrimalis 
Tannerella forsythia 

COPDd 
Alcoholism 
Metastatic 
lung cancer 
Hypertension 
 
 
 
 
 
 



 
 
 
 
 
 

Prevotella sp. (HMT 475) 
P. baroniae 
Olsenella uli 
Gemella morbillorum 
Eikenella corrodens 
Streptococcus constellatus 

 
 
 
 
 

39 
M/50 
 

Metastatic thymoma carcinoma and 
local growth of tumor into 
mediastinum and pleura. Chronic 
persistent pleural fluid which 
developed into pleural empyema. 

S. aureusb 
 
 

Thymoma 
carcinoma 
 

42 
M/79 
 
 
 

Metastatic NSCLCª. Pleural fluid 
adjacent to lung tumor, developing 
into empyema. 
 

P. denticola 
Streptococcus sp.c 
A. parvulum 
A. odontolyticus 
S. oralisb 

NSCLCd 

DMd 
 
 
 

Sepsis (n=4) 
ID 
Sex/Age 

Clinical history 16S rRNA and rpoB gene sequencing - 
sorted by decreasing abundance 

Relevant 
comorbidities 

31 
M/74 

Persistent pleural fluid caused by 
chronic lymphatic leukemia. 
Hospitalized with E. coli sepsis 
followed by pleural empyema 3 
months prior to current event. 
Readmitted to hospital several times 
because of persistent symptoms of 
infection. Current sample taken after 
follow-up CTª-showed persistent 
right empyema. 

E. colib 
 

COPDd 

Chronic 
lymphatic 
leukemia 
 

37 
F/74 

Prolonged course of acute 
pancreatitis. Persistent pleural fluid. 
2 months after hospitalization sepsis 
with Enterococcus faecium 
developing into empyema. 

Lactobacillus casei/rhamnosus/paracesei 
E. faeciumb 

Hypertension 
 

54 
M/74 

14 days of impaired general 
condition. Fever 5 days before 
hospitalization. Sepsis and 
multiorgan failure when 
hospitalized; blood culture positive 
for S. aureus. Probable focus of 
infection determined to be right leg 
wound. During hospital stay 
diagnosed with both empyema and 
spondylodiscitis. 

S. aureusb 
 

Hypertension 
 

58 
F/47 
 
 
 
 
 
 
 
 
 

Injection of drugs in the femoral 
groin leading to infected venous 
thrombus. Spread of bacteria to the 
lungs, developing into lung 
abscesses and adjacent empyema. 
 
 
 
 
 
 

Prevotella timonensis 
Anaerococcus obesiensis 
Bacteroidetes (G-7) sp. (HMT 911) 
Anaerococcus lactolyticus 
Porphyromonas uenonis 
Prevotella disiens 
Anaerococcus murdochii/degenerii 
Peptoniphilus massiliensis 
Prevotella bergensis 
P. lacrimalis 
F. magna 

Injection 
drug use 
 
 
 
 
 
 
 
 
 



 
 
 
 
 

 
 
 
 

Peptoniphilus sp. 
Bacteroidales sp. (vaginal isolate 
KA00251) 
Peptoniphilus coxii 
Peptostreptococcus sp. 
Lachnospiraceae sp. (vaginal isolate 
KA00044) 

 
 
 
 

Spontaneous rupture of esophagus (n=2) 
ID 
Sex/Age 

Clinical history 16S rRNA and rpoB gene sequencing - 
sorted by decreasing abundance 

Relevant 
comorbidities 

23 
M/93 

Acute illness with hematemesis. 
Admission CTª chest showed 
pneumothorax and right pleural 
effusion. Death 2 days after hospital 
admission. 

Streptococcus vestibularisb 

Prevotella sp. (HMT 306) 
S. mitisb 
P. melaninogenica 
Prevotella sp. (HMT 313) 
Streptococcus salivariusb 
G. haemolysans/sanguinis 
S. parasanguinisb 
Prevotella histicola 
H. parainfluenzae 
R. mucilaginosa 
V. atypica 
Veillonella sp. (HMT 780) 
Alloprevotella sp. (HMT 308) 
Veillonella sp. 
S. oralisb 
Aggregatibacter sp. (HMT 458) 

CHDd 

Dementia 

32 
M/58 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Acute illness with abdominal pain. 
Endoscopy showed ulceration and 
perforation of distal esophagus. 
Diagnosed with empyema 4 days 
after hospital admission. 
 
 
 

S. salivariusb 
S. mitis/pneumoniaeb 
G. sanguinis 
Streptococcus sp. (most similar to S. 
oralis) 
S. infantis 
Mycoplasma faucium 
Ruminococcaceae [G-2] sp. (HMT 085) 
TM7 (G-1) sp. (HMT 352) 
S. mitisb 
Clostridiales (F-1)(G-1) sp. (HMT 093) 
S. vestibularisb 
S. oralisb 
S. gordonii 
S. cristatusb 
S. parasanguinisb 
Prevotella sp. (HMT 306) 
Streptococcus termophilus 
TM7(G-6) sp. (HMT 870) 
G. adiacens 
S. timonensis 
L. rhamnosus/casei/paracasei 
Streptococcus sp. (HMT 056) 
Granulicatella elegans 
Ruminococcaceae [G-1] sp. (HMT 075) 
Stomatobaculum sp. (HMT 097) 
C. concisus 
F. nucleatum 

GURSd 

Obesity 
Hypertension 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

F. periodonticum 
O. sinus 
Bifidobacterium animalis 

 
 

Hospital acquired pneumonia (n=2) 
ID 
Sex/Age 

Clinical history 16S rRNA and rpoB gene sequencing - 
sorted by decreasing abundance 

Relevant 
comorbidities 

4 
M/69 

Hospitalized for CAP. Recurrence of 
symptoms 13 days after discharge. 
Readmitted to hospital. X-ray and 
ultrasound of chest showed pleural 
fluid which appeared to be purulent 
when drained. 

S. aureusb 
 

COPDd 
CHDd  
PVDd 
 

29 
M/61 

Admitted to hospital with wound 
infection and sepsis 14 days after 
open fracture of humerus while on 
vacation in Asia. Intubated 4 days 
after hospitalization. Developed 
ventilator assisted pneumonia with 
P. aeruginosa. Empyema developed 
a few days later. 

P. aeruginosa 
 

Asthma 
 

Lemierre syndrome (n=1) 
ID 
Sex/Age 

Clinical history 16S rRNA and rpoB gene sequencing - 
sorted by decreasing abundance 

Relevant 
comorbidities 

45 
M/38 

Lemierre syndrome. Neck abscesses, 
mediastinitis and pleural empyema 
starting from dental focus. 

P. stomatis 
Fusobacterium necrophorum 
S. anginosus 
P. baroniae 
P. oris 
G. morbillorum 
P. micra 
S. constellatus 
Prevotella intermedia 
D. pneumosintes 
Solobacterium moorei 
Filifactor alocis 
Coriobacteriaceae sp. S9 PR-11 
Bulleidia extructa 
Unknown bacterium 3 

Dental 
caries/ 
periodontitis 

Francicella tularensis pneumonia (n=1)  
ID 
Sex/Age 

Clinical history 16S rRNA and rpoB gene sequencing - 
sorted by decreasing abundance 

Relevant 
comorbidities 

62 
M/51 

Low-grade fever for >6 months.  On 
hospital admission diagnosed with 
atypical pneumonia and adjacent 
pleural fluid. Died 11 days after 
hospitalization. 

Francisella tularensis 
 

Alcoholism 
Chronic 
pancreatitis 
 

Trauma (n=1) 
ID 
Sex/Age 

Clinical history 16S rRNA and rpoB gene sequencing - 
sorted by decreasing abundance 

Relevant 
comorbidities 



 
a Veillonella parvula/dispar/tobetsuensis/dentocariosa.  

b rpoB sequencing provided identification at a higher taxonomic level than 16S rRNA gene 

sequencing.  

c 95.8% match with Streptococcus cristatus. 

d Abbreviations: CT = Computer tomography. CAP = Community acquired pneumonia. 

COPD = Chronic obstructive pulmonary disease. DM = Diabetes mellitus. CHF = Congestive 

heart failure. CHD = Coronary heart disease. PVD = Peripheral vascular disease. NSCLC = 

Non-small cell lung cancer. RPD = Restrictive pulmonary disease. GURS = Gastroesophageal 

reflux syndrome. CTC = Mixed chromatogram too complex to allow for interpretation.  

e Not a valid identification according to our criteria. S. epidermidis and C. acnes was also 

among the ten most abundant microbes in the negative controls. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3 
F/73 

Fell on his right chest 3 weeks prior 
to hospitalization. Clinical diagnosis 
of rib fracture. 1 week before 
hospitalization developed gradually 
increasing dyspnea and impaired 
general condition. CTª of thorax at 
hospitalization showed empyema 
and adjacent rib fracture. 

S. aureusb 
 

None 
 
 
 
 
 
 



Supplementary Table S5: Sample and results overview for pleural empyema of poorly 

described etiology (n=27) 

ID 
Sex/ 
Age 

Clinical history Computer 
tomography (CT) 

16S rRNA and rpoB gene sequencing sorted 
by decreasing abundance 

Relevant 
comorbidities/ 
risk factors 

02 
M/51 
 
  
  
  

Possible CAPa. 
Cough and 
intermittent fever 
for 1 month prior 
to hospitalization. 
No effect of pre-
hospital penicillin 
and first-
generation 
cephalosporin.  

Empyema and 
pulmonary 
consolidation 
consistent with 
atelectasis. 

Prevotella oris   
Campylobacter gracilis   
Streptococcus intermediusb 

Eikenella corrodens   
Fusobacterium nucleatum 
Unknown bacterium 1 
Eikenella sp. (MDA2346-4)   
Alloprevotella tannerae   
Mycoplasma salivarium   
Eubacterium brachy   
Tannerella forsythia   
Parvimonas micra   

None 
  
  
  
  

05 
M/70 
  
  
  
  
  

Dry cough and 
impaired general 
condition for 1 
week prior to 
admission. Acute 
exacerbation on 
day of admission.  

Large empyema with 
no apparent infection 
in the lung 
parenchyma. 

Escherichia colib 

S. intermediusb 

F. nucleatum 
Klebsiella michiganensisb 
Klebsiella variicolab 
Parvimonas micra  
Clostridium perfringens   

Hypertension 
  
  
  
  
  

06 
F/69 
  
  
  
  
  

Hemoptysis, night 
sweats and weight 
loss 3 months prior 
to admission. 
Acute exacerbation 
with respiratory 
failure 3 days after 
percutaneous 
biopsy of possible 
lung 
tumor/abscess. 

First CT:  
Possible abscess/ 
tumor in lung 
parenchyma. 
Second CT:  
Large empyema. 
Findings on first CT 
determined to be a 
lung abscess. 

F. nucleatum 
S. intermediusb 
E. brachy   
Actinomyces meyeri   
  
  
  

Injection drug 
use 
COPDª 
  
  
  
  
  

07 
M/66 
  
  
  
  
 
  
  

Possible CAPa. 
Dyspnea and 
cough from 12 
days prior to 
hospitalization.  

Large empyema and 
adjacent pulmonary 
consolidation 
consistent with 
pneumonia. 
 

Fusobacterium gonidiaformansc 

P. oris   
Leptotrichia amnionii   
P. micra   
Streptococcus anginosusb 
Gemella asaccharolytica   
Gemella bergeriae   
E. corrodens   
Alloprevotella sp. HMT 308 

None 
  
  
  
  
  
  
  
 

08 
M/34 
  

Possible CAPa. 
Fell from bicycle 
and hit right 
hemithorax 3 
weeks prior to 
hospital admission. 
Increasing pain in 
right hemithorax. 
Developed fever 
and impaired 
general condition 
prior to admission 

Large right 
empyema and small 
consolidations in 
apes of right lung. 

S. intermediusb 
  
  
  
  
  

Injection drug 
use 
Minor blunt 
trauma 

09 
M/43 
 

Treated for dental 
abscess 4 weeks 
prior to admission. 
2 weeks later 
developed cough, 
fever and pain in 
left chest. After 

First CT: 
Consolidation 
compatible with 
tumor or abscess in 
left lung 
Second CT: rupture 
of lung abscess 

F. nucleatum 
S. intermediusb 
E. brachy   
Eubacterium yurii   
A. meyeri   
  
  

Dental abscess 



admission initially 
treated with 
ampicillin while 
awaiting biopsy. 
10 days later acute 
exacerbation, SIRS 
and respiratory 
failure.  

causing large 
empyema. 

15 
M/81 

Possible CAPa. 
Cough, pain in left 
chest and 
increasing dyspnea 
2 weeks prior to 
admission. on 
admission, SIRS 
and multi-organ 
failure. 

Left empyema. 
Right-sided 
pulmonary 
consolidations 
consistent with 
edema and possible 
parenchymal 
infection. 

S. intermediusb 
  
  
  
  

None 

17 
M/43 
  

Dyspnea and acute 
pain in right chest 
after heavy lifting 
8 days prior. 
Persistent dull pain 
followed by acute 
exacerbation two 
days before 
admission. While 
in hospital also 
diagnosed with 
periodontitis and 
root canal 
infection. 

Large right 
empyema 

F. nucleatum 
P. micra   
Prevotella pleuritidis   
 

Asthma 
Periodontitis/ 
root canal 
infection 

18 
 F/41 

Possible CAPa. 
Exposed to blunt 
violence to head 
and chest 2 weeks 
prior to 
hospitalization. 
Persistent pain in 
left chest. Cough. 
At admission 
impaired general 
condition and 
respiratory failure. 
Noted poor dental 
health. 

Large left empyema. 
Some ground glass 
opacification in lung 
parenchyma on right 
side. 
  
  
  
  
  
  

P. micra   
F. nucleatum  
Sneathia sp. 
Prevotella denticola   
P. oris   
Dialister sp. 
A. tannerae   
Prevotella baroniae   
Prevotella buccae   
Colibacter massiliensis   
Dialister pneumosintes   
Porphyromonas asaccharolytica/uenonis   
Streptococcus mitis group 
Campylobacter rectus/showae   
Dialister invisus   
Catonella morbi 
Peptostreptococcaceae (XI) (G-4) sp. HMT 369   
Streptococcus constellatus 
G. bergeriae   
Actinomyces funkei   
Alloprevotella rava   

Injection drug 
use 
Poor dental 
health 
Minor blunt 
trauma 

21 
M/78 

Possible CAPa. 
Fall accident and 
fracture of left arm 
3 months 
previously. 
Impaired general 
condition, weight 
loss and dyspnea 
up to admission. 
Acute exacerbation 
day before 
admission. 

Right empyema and 
right pulmonary 
consolidations. 

S. constellatus  
Prevotella sp. (HMT 314)   
F. nucleatum 
P. buccae   
Peptostreptococcus stomatis   

COPDª 
Alcoholism 
DMª 
Minor blunt 
trauma 

22 
M/18 

Possible CAPa. 
Fell off a sledge 1-
2 weeks prior to 

Left empyema and 
right-sided 

F.  nucleatum 
S.  intermediusb 
  

Primary ciliary 
dyskinesia 
PDRª 



hospital admission. 
Hit his left chest. 
Impaired general 
condition and pain 
in left hemithorax 
4 days prior to 
admission. 

pulmonary 
consolidations. 

  
  
  

Minor blunt 
trauma 

25 
M/81 
  

Possible CAPa. 
Cough and 
symptoms of upper 
respiratory tract 
infection the last 
month prior to 
hospital admission. 
Acute exacerbation 
with pain in left 
chest. 

Left empyema and 
pulmonary 
consolidations 
consistent with 
atelectasis and/or 
pneumonia. 

F.  nucleatum   
Prevotella conseptionensis 
E.  brachy   
Porphyromonas endodontalis   
E. yurii   
C. morbi 
C. rectus/showae   

CHFª 
CHDª 
Hypertension 

30 
M/57 
  
  
  
  

Possible CAPa. 
Purulent cough 1 
week prior to 
hospital admission. 
  

Left empyema. In 
right lung small (12 
mm diameter) area 
of consolidation. 
  

P. micra   
E. brachy   
P. endodontalis   
F. nucleatum 
Treponema maltophilum   
Mycoplasma faucium   
C. rectus/showae   
Peptostreptococcaceae (XI)(G-4) sp. HMT 369 

Asthma 
Hypertension 
  
  
  
  

33 
M/49 
  
  
  
  
  
  
  
  
  
  
  
  
  
  

Possible CAPa. 
Completed 
treatment for 
presumed CAPª. 8 
days before 
admission. 
Admitted due to 
persistent pain in 
left chest. 

Empyema and 
adjacent pulmonary 
consolidations 
consistent with 
infection. 

Mycoplasma salivarium   
P. micra   
F. nucleatum 
C. rectus/showae   
P. oris   
P. endodontalis   
Prevotella nigrescens   
E. brachy   
D. pneumosintes   
S.  constellatus 
Prevotella conceptionensis 
Treponema lecithinolyticum   
Eubacterium saphenum   
Catonella sp. (oral clone FL073) 
G. morbillorum   
Mogibacterium timidum   

Alcoholism 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

40 
M/48 

Possible CAPa. 
Pain in right chest 
2-3 weeks prior to 
admission. Acute 
exacerbation with 
increasing pain, 
fever and cough on 
day of admission.  

Large empyema. 
Ground glass 
opacification in both 
lungs. 

F. nucleatum 
  
  
  
  

Poor dental 
health 
Hypertension 

41 
M/71 

Impaired general 
condition 2 
months. Weight 
loss, dyspnea and 
pain in right chest. 
Exacerbation few 
days before 
admission; high 
fever and purulent 
cough.  

Empyema and 
possible malignant 
tumor (later 
diagnosed as 
adenocarcinoma). 

F. nucleatum 
  
  
  
  

None 

50 
M/34 

For 6 weeks pain 
in left chest. Acute 
exacerbation 
several days before 
admission; 
Impaired general 
condition, high 
fever and purulent 

Left empyema. 
Pulmonary 
consolidations 
consistent with 
atelectasis adjacent 
to empyema. 

P. pleuritidis   
F.  nucleatum 
P.  micra   
E.  brachy   

Dental abscess 



cough. Dental root 
abscess diagnosed 
while in hospital. 

51 
M/75 
  

Increasing dyspnea 
and chest pain 2 
weeks prior to 
hospital admission. 

Large right 
empyema with 
adjacent atelectasis. 

S. intermediusb 
  

None 

52 
M/44 
  

Pain in right chest, 
cough and fever 12 
days before 
hospital admission. 

Large right 
empyema with 
adjacent atelectasis. 

F. nucleatum   
S. intermediusb 
A. meyeri   
C. gracilis   

None 
  

53 
M/33 

Generalized body 
pain 4 weeks prior 
to hospital 
admission. 
Purulent cough, 
fever/chills for 2-3 
weeks. 

Large left empyema 
with adjacent 
atelectasis. 

S. intermediusb   None 

55 
M/73 

Pain in right chest, 
dyspnea, fever and 
hemoptysis 1 week 
prior to hospital 
admission. 

Large right 
empyema with right-
sided atelectasis. 

S. intermediusb COPDª 
DMª 
Hypertension 

56 
M/70 
  

Acute left sided 
flank pain and 
fever the day 
before admission. 

Large left empyema 
and left lung 
abscesses. 

Aggregatibacter aphrophilus   
  

Pulmonary 
sarcoidosis 
  

57 
M/46 
  

Upper respiratory 
infection and 
cough for a few 
days, followed by 
acute pain in the 
right chest 3 days 
before hospital 
admission. 

Large right 
empyema with 
adjacent atelectasis. 

S. intermediusb 
  

None 

60 
M/49 
  

Possible CAPa. 
Frequent falls. 3 
days before 
admission fell 
down stairs at 
home, following 
which he 
developed pain in 
the right chest and 
increasing 
dyspnea.  

Large right 
empyema with 
adjacent atelectasis 
and pulmonary 
consolidations. 
Ground glass 
opacification in left 
lung. 

C. rectus/showae   
F. nucleatum 
P. pleuritidis   
P. endodontalis   
Eubacterium nodatum   
S. constellatus   
T. maltophilum   
P. micra   
E. brachy   
A. meyeri   

Alcoholism 
DMª 
Epilepsy 
Minor blunt 
trauma 
  

61 
F/44 

Impaired general 
condition for 10 
days. 2 days before 
admission fever, 
dyspnea and left 
chest pain. 

Large left empyema. S. intermediusb 
F. nucleatum 
Filifactor alocis   
P. micra   
 

Hypertension 

63 
M/51 

Two recent fall 
accidents. Pain in 
right chest after 
this. Acute 
exacerbation the 
night before 
admission with 
dyspnea and 
increasing chest 
pain. 

Right empyema. S. intermediusb COPDª 
Injection drug 
use 
Minor blunt 
trauma 

64 
M/85 

Acute chest pain 
and dyspnea. 
Admitted to 
hospital and 
drained large 

Chest X-ray showed 
pleural fluid but no 
pulmonary 
consolidation. 

S. intermediusb None 



amount of pleural 
fluid the same day 
symptoms started.  

 

ªAbbreviations: CAP = Community acquired pneumonia. COPD = Chronic obstructive 

pulmonary disease. DM = Diabetes mellitus. PDR = Psychomotor development retardation. 

CHF = Congestive heart failure. CHD = Coronary heart disease. CTC = Mixed chromatogram 

too complex to allow for interpretation. 

b rpoB sequencing provided identification at a higher taxonomic level than 16S rRNA gene 

sequencing.  

c Not distinguishable from the horse pathogen Fusobacterium equinum. 
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s u m m a r y 

Objectives: Guidelines for antibiotic treatment of acute cholecystitis are based on studies using culture 

techniques for microbial identification. Microbial culture has well described limitations and more com- 

prehensive data on the microbial spectrum may support adjustments of these recommendations. We used 

next generation sequencing to conduct a thorough microbiological characterization of bile-samples from 

patients with moderate and severe acute cholecystitis. 

Methods: We prospectively included patients with moderate and severe acute cholecystitis, undergoing 

percutaneous or perioperative drainage of the gall bladder. Bile samples were analyzed using both culture 

and deep sequencing of bacterial 16S rRNA and rpoB genes and the fungal ITS2-segment. Clinical details 

were evaluated by medical record review. 

Results: Thirty-six patients with moderate and severe acute cholecystitis were included. Bile from 31 

(86%) of these contained bacteria (29) and/or fungi (5) as determined by sequencing. Culture identified 

only 40 (38%) of the 106 microbes identified by sequencing. In none of the 15 polymicrobial samples 

did culture detect all present microbes. Frequently identified bacteria often missed by culture included 

oral streptococci, anaerobic bacteria, enterococci and Enterobacteriaceae other than Klebsiella spp. and 

Escherichia coli . 

Conclusions: Culture techniques display decreased sensitivity for the microbial diagnostics of acute chole- 

cystitis leaving possible pathogens undetected. 

© 2019 The Author(s). Published by Elsevier Ltd on behalf of The British Infection Association. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

Introduction 

Acute cholecystitis is defined as an acute inflammation of the 

gall bladder. It is one of the most common inpatient diagnoses at 

surgical departments 1 , 2 and in more than 90% of patients it arises 

as complications of cholelithiasis (calculous cholecystitis). 1 , 2 Bacte- 

rial growth in bile is reported in 20% to 70% of patients. 3–8 Bacte- 

rial infection is believed to represent a secondary complication and 

not the initiating event of the disease. 2 Infection is considered an 

important negative prognostic factor, and antibiotics are included 

in treatment recommendations for all grades of severity. 4,7,9–11 

∗ Corresponding author. 

E-mail address: ruben.dyrhovden@helse-bergen.no (R. Dyrhovden). 

Empiric treatment with piperacillin/tazobactam or a 

cephalosporin + / − metronidazole is recommended for moder- 

ate and severe acute cholecystitis irrespective of whether there is 

growth by culture. 9–11 The microbiological studies constituting the 

basis for choosing these antibiotic regimens were all performed 

with conventional culture techniques. 10 For other purulent infec- 

tions, recent comparisons of microbial detection by culture versus 

culture-free identification of microbial DNA by next generation 

sequencing (NGS) have demonstrated that conventional culture 

detects only a fraction of the bacteria being present. 12 , 13 The 

lower sensitivity is particularly pronounced for samples containing 

anaerobic bacteria and for samples collected after the initiation of 

antimicrobial therapy. 

Incomplete data on the microbial spectrum associated with 

acute cholecystitis may lead to sub-optimal antibiotic treatment, 

thus worsening patient outcome. A study from Israel found that 
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discordant antibiotic therapy for acute cholecystitis, in most cases 

because of a non-susceptible Enterobacter spp. or Enterococcus spp., 

resulted in a relative risk for in-hospital death of 6.28 compared to 

patients who received concordant therapy. 7 

The aim of the present investigation was to use NGS to conduct 

a thorough microbiological characterization of bile-samples from 

clinically well-characterized patients with acute cholecystitis. We 

further sought to compare the results from culture-free NGS with 

results obtained by conventional microbiological culture and dis- 

cuss discrepancies from a diagnostic and clinical perspective. 

Materials and methods 

We conducted a prospective, single-center study at Haukeland 

University Hospital, Bergen, Norway. The study was approved by 

the regional ethical committee (2015/65). Written informed con- 

sent was obtained from all participants. 

Patients 

From July 2015 to April 2017, we collected bile samples from 36 

patients who underwent treatment with percutaneous (34) or pe- 

rioperative (2) drainage for acute cholecystitis, defined according to 

the Tokyo Guideline 2013 (TG13) criteria for a definite diagnosis. 14 

Clinical details were evaluated by medical record review. Although 

debated, 15 , 16 at Haukeland University Hospital acute mild chole- 

cystitis is treated with observation and/or antibiotics, sometimes 

followed by delayed cholecystectomy 2–4 months later. For mod- 

erate and severe disease percutaneous drainage is the treatment of 

choice. Consequently, only patients with moderate or severe dis- 

ease were available for inclusion, and percutaneous drainage was 

the dominating sampling method. As a patient control group, we 

included bile samples taken at cholecystectomy from 16 patients 

with cholelithiasis and no signs of ongoing gallbladder inflamma- 

tion, operated at Voss Hospital, Voss, Norway. 

Sample material, routine diagnostics and DNA-extraction 

Bile fluid was aseptically collected during surgery or percuta- 

neous drainage and injected into a sterile tube. All samples were 

cultured according to the laboratory’s guidelines; 10 μl sample ma- 

terial was spread on plates of blood agar, lactose agar, and fastid- 

ious anaerobic agar with and without kanamycin and vancomycin. 

An aliquot of bile was inoculated into brain heart infusion (BHI) as 

an enrichment procedure. Blood agars and BHIs were incubated in 

a CO2-enriched atmosphere for 48 h. Lactose agar was incubated 

for 24 h. Anaerobe agars were incubated in an anaerobe atmo- 

sphere for 48 h. Isolates were identified by MALDI-TOF MS Bruker 

Microflex (Bruker Biotyper, Bremen, Germany.) 

DNA was extracted from each sample using a volume of 400 μl 

bile as described previously. 17 The eluate was stored at −80 °C for 
later NGS analysis. 

Massive parallel sequencing of 16S rRNA, ITS2 and rpoB genes 

Sequencing of partial bacterial 16S rRNA and the fungal ITS2- 

segment were performed from all samples. Sequencing of partial 

rpoB -genes were done whenever 16S rRNA sequencing revealed 

bacteria from the Enterobacteriaceae family or from the Enterococ- 

cus, Streptococcus or Staphylococcus genera that could be identified 

at a higher taxonomic level by the selected rpoB -gene segments. 13 

Amplification and sequencing of 16S rRNA- and rpoB -genes was 

performed as described previously using the Illumina MiSeq sys- 

tem (Illumina, Redwood City, CA). 13 For the fungal ITS2-segment 

we used the primers recommended by Khot et al. 18 and otherwise 

followed the protocol as described for 16S rRNA. 13 All primers are 

listed in Supplementary Table S1. 

Negative controls 

Each clinical sample was processed together with a parallel 

negative extraction control consisting of lysis buffer and PCR-grade 

water. Before sequencing, the negative extraction controls were 

mixed into three pools. A positive extraction control consisting of 

Legionella pneumophila suspended in PCR-grade water was also in- 

cluded and sequenced in the same run. 

Sequence data analysis 

After Illumina-sequencing, barcode separated FASTQ-files were 

processed using the RipSeq NGS software 12 (Pathogenomix, Santa 

Cruz, CA) where sequences were de novo clustered into operational 

taxonomic units (OTUs) using a similarity threshold of 99%. OTUs 

containing less than 50 sequences were rejected. 13 Criteria for se- 

quence interpretations are provided in Table 1 . 

Background DNA 

Management of background contaminant bacterial DNA was 

done as described previously. 13 There was a high consistency 

across all negative and positive extraction controls for the domi- 

nant contaminant bacterial species. 

Background contaminant fungal DNA showed a higher variation 

across negative and positive extraction controls. For management 

of background fungal DNA, we defined a list of the ten most abun- 

dant contaminating fungi based on results from negative and pos- 

itive extraction controls. Additionally, the laboratory keeps a list of 

Table 1 

Criteria for sequence interpretations. 

Gene Species Species-group Genus 

16S a ≥99.3% homology with a high-quality reference, 

and minimum distance > 0.7% to the next 

alternative species. 13 

≥99.3% homology with a high-quality reference, 

and minimum distance ≤0.7% to the next 

alternative species. 

> 97.0% homology with a 

high-quality reference 

rpoB_Ent b ≥99.0% homology with a high-quality reference, 

and minimum distance > 1.5% to the next 

alternative species. 13 

≥99.0% homology with a high-quality reference, 

and minimum distance ≤1.5% to the next 

alternative species 

Not applicable 

rpoB_ESS c ≥97.0% homology with a high-quality reference, 

and minimum distance > 2.0% to the next 

alternative species. 13 

≥97.0% homology with a high-quality reference, 

and minimum distance ≤2.0% to the next 

alternative species. 

Not applicable 

ITS-2 ≥99.0% homology with a high-quality reference, 

and minimum distance > 2.0% to the next 

alternative species 

≥99.0% homology with a high-quality reference, 

and minimum distance ≤2.0% to the next 

alternative species 

Not applicable 

a V3-V4 region of 16S rRNA-gene. 
b rpoB-gene sequence targeted at Enterobacteriaceae. 
c rpoB-gene sequence targeted at Staphylococcus, Enterococcus and Streptococcus species. 
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common contaminant fungi based on previous sequencing of neg- 

ative and positive extraction controls. Fungi appearing in higher 

concentrations than any of these contaminants were accepted as 

valid identifications. 

Statistical analysis 

Statistical analyses were performed using SPSS 25 (IBM Corp). 

Clinical and microbial differences between subgroups were ana- 

lyzed with Pearson’s chi squared test for categorical data. For con- 

tinuous data the Student ́s t -test was used for normal distributed 

variables and Mann-Whitney U test for skewed variables. 

Results 

Clinical description of patients 

Thirty-six patients – 19 (53%) males and 17 (47%) females –

were included. The mean age was 70 years (median 72, range 

37–94). Clinical and demographic characteristics together with 

main microbiological findings are presented in Table 2 . Patients 

were categorized as having either moderate (24) or severe (12) 

acute cholecystitis according to the TG18/TG13 severity assess- 

ment criteria 19 (Supplementary Table S2). Compared to the mod- 

erate disease group, patients in the severe disease group were 

older, scored higher on Charlson’s comorbidity index 20 and had 

higher prevalence of Streptococcus spp. and Enterobacteriaceae 

other than Klebsiella spp. and E. coli . Antibiotic treatment had been 

initiated for all patients except one prior to sample collection. 

Piperacillin/Tazobactam was the most frequently administered an- 

tibiotic, being part of or the only antimicrobial treatment for 28 

patients. Eleven patients were diagnosed with local complications 

including marked local inflammation and/or perforated cholecys- 

titis. The microbial findings by both NGS and culture from these 

patients can be found in Supplementary Table S3. Individual clin- 

ical characteristics, microbial findings and antibiotic treatment are 

provided in Supplementary Table S4. One patient died during hos- 

pital stay (Patient number 26, Supplementary Table S4). This pa- 

tient had no detectable microbe in bile, neither by culture nor by 

sequencing. 

Characteristics of the patient-control group are detailed in 

Table 2 . Only three (19%) out of the 16 controls had detectable 

microbes in bile; Streptococcus parasanguinis, Bifidobacterium ani- 

malis and Haemophilus parainfluenzae were identified in one sam- 

ple each. 

Technical sequencing data 

For the 16S rRNA amplicon the mean number of accepted reads 

per sample was 145,155 (range 28,592–404,981, median 115,519) 

after removal of short reads ( < 250 base pairs), small clusters ( < 50 

reads) and chimeras. For the ITS2 amplicon the corresponding 

number was 23,024 (range 5150–47,568, median 15,514). 

Microbial findings 

Thirty-one samples (86%) contained bacteria (29) and/or fungi 

(5) as determined by sequencing ( Table 2 ). Among these, five 

Table 2 

Characteristic, sequencing and culture results for all patients. 

Patient group 

Demographic and clinical characteristics 

Number of patients 36 

Male 19 (53%) 

Mean age (SD; median; min–max), years 70 (16; 72; 37–94) 

Community-acquired 30 (83%) 

Mean CCI a (SD; median; min–max) 1,7 (1,9; 1,0; 0–8) 

Gall bladder stone 30 (83%) 

Bile duct stone 10 (28%) 

Concomitant acute cholangitis 8 (22%) 

Ongoing antibiotic therapy 35 (97%) 

Severity grade: 

Moderate 24 (67%) 

Severe 12 (33%) 

Sequencing and culture results 

Samples with detected microbes by sequencing 31 (86%) 

Samples with growth in bile culture 26 (72%) 

Samples with detected bacteria by sequencing 29 (81%) 

Samples with detected fungi by sequencing 5 (14%) 

Polymicrobial samples by sequencing 15 (42%) 

Major groups of bacteria detected by sequencing: 

Samples with Klebsiella spp. 11 

Samples with E. coli 10 

Samples with Enterobacteriaceae other than 

Klebsiella spp. and Escherichia coli 

7 

Samples with Enterococcus spp. 7 

Samples with Streptococcus spp. 13 

Samples with anaerobic bacteria 10 

Patient control-group 

Number of patients 16 

Male 6 (38%) 

Mean age (SD; median; min–max), years 53 (18; 55; 20–79) 

Mean CCI a (SD; median; min–max) 0,25 (0,5; 0; 0–1) 

Samples with detected microbes by sequencing 

and/or culture 

3 

Species detected 

Bifidobacterium animalis (detected by) 1 (sequencing and culture) 

Streptococcus parasanguinis (detected by) 1 (sequencing and culture) 

Haemophilus parainfluenzae (detected by) 1 (sequencing) 

a CCI = Charlsons comorbidity index. 
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Table 3 

Species identified at a higher taxonomic level with use of partial rpoB -gene compared to partial 16S rRNA gene sequencing (V3–V4). 

16S rRNA gene sequencing results rpoB- gene sequencing results 

1 Citrobacter werkmanii/Citrobacter freundii/Citrobacter braakii/Citrobacter pasteurii/Kluyvera 

ascorbata 

Citrobacter sp. 

2 Klebsiella michiganensis/Enterobacter ludwigii/Enterobacter asburiae/Enterobcater 

cloacae/Enterobacter kobei/Citrobacter freundii/Salmonella enterica 

Enterobacter asburiae/Enterobacter 

cloacae/Enterobacter kobei 

3 Enterobacter asburiae/Enterobacter cloacae/Enterobacter hormaechei/Klebsiella 

michiganensis/Klebsiella oxytoca/Klebsiella pneumoniae/Klebsiella quasipneumoniae 

Enterobacter cloacae/Enterobacter hormaechei 

4 Enterococcus gallinarum /Enterococcus casseliflavus Enterococcus casseliflavus 

5 Enterococcus durans/Enterococcus faecium/Enterococcus hirae Enterococcus faecium 

6 Escherichia coli/Escherichia albertii/Escherichia fergusonii/Shigella species Escherichia coli/Shigella sp. 

7 Hafnia alvei/Hafnia paralvei/Ewingella americana Hafnia alvei 

8 Klebsiella michiganensis/Klebsiella oxytoca/Enterobacter asburiae/Enterobacter 

cloacae/Enterobacter hormaechei 

Klebsiella michiganensis 

9 Klebsiella michiganensis/Klebsiella oxytoca/Enterobacter asburiae/Enterobacter 

hormaechei/Enterobacter cloacae/Salmonella enterica 

Klebsiella oxytoca 

10 Klebsiella aerogenes/Enterobacter asburiae/E. cancerogenes/Enterobacter cloacae/Enterobacter 

hormaechei/Enterobacter ludwigii/Enterobacter xiangfangensis/Klebsiella 

pneumoniae/Klebsiella oxytoca/Klebsiella michiganensis/Klebsiella variicola 

Klebsiella pneumoniae/Klebsiella 

quasipneumoniae 

11 Klebsiella pneumoniae/Klebsiella variicola Klebsiella variicola 

12 Proteus hauseri/Proteus penneri/Proteus vulgaris Proteus vulgaris 

13 Salmonella enterica/Enterobacter cloacae/Enterobacter kobei/Enterobacter ludwigii/Citrobacter 

amalonaticus/Klebsiella michiganensis 

Salmonella enterica 

14 Streptococcus anginosus/Streptococcus intermedius Streptococcus anginosus 

15 Streptococcus gordonii/Streptococcus cristatus Streptococcus gordonii 

16 Streptococcus mitis/oralis group Streptococcus mitis 

17 Streptococcus mitis/oralis group Streptococcus oralis 

18 Streptococcus sanguinis group Streptococcus parasanguinis 

19 Streptococcus salivarius group Streptococcus salivarius 

20 Streptococcus sanguinis group Streptococcus sanguinis 

21 Streptococcus salivarius group Streptococcus thermophilus 

samples were culture negative. From the 106 microbial detections 

made by sequencing (100 bacteria and 6 fungi), only 40 were cul- 

tured (38%). The 100 bacteria detected by sequencing represented 

53 different species of which 38 were identified to the species 

level, 14 to a species group level, and 1 to the genus level. The rpoB 

gene improved identification for 21 species ( Table 3 ). Two bacte- 

rial identifications were made by culture alone, one Klebsiella pneu- 

moniae and one Staphylococcus epidermidis . A detailed comparison 

of identifications made by sequencing versus culture is provided 

in Table 4 . Table 5 provides an overview of the bacterial genera 

found in each patient and the proportion of samples containing 

each genus. In patients with polymicrobial infections culture failed 

to detect one or more microbes in all 15 samples (Supplementary 

Table S4). For the monomicrobial infections, there was a higher 

concordance (81%) between culture and sequencing. Only three of 

the 16 monomicrobial samples were culture negative (Supplemen- 

tary Table S4). 

Six fungi were identified by sequencing ( Table 4 ) whereof one, 

a Candida albicans , was also cultured. Two samples were mo- 

nomicrobial containing C. albicans ; one severe postoperative acal- 

culous cholecystitis after pancreatic cancer surgery who also had 

C. albicans in blood culture, and one community-acquired calcu- 

lous cholecystitis of moderate severity. The other identified fungi, 

Saccharomyces cerevisiae (2), C. albicans (1) and Candida humilis (1) 

were part of poly-microbial infections (Supplementary Table S4). 

Only the patient with severe postoperative acalculous cholecystitis 

received antifungal treatment. 

Blood culture samples were collected from 24 patients whereof 

five had a detectable bacteremia (Supplementary Table S4). Antibi- 

ograms of all bacteria cultured from bile or in blood culture are 

provided in Supplementary Table S5. 

Discussion 

To the best of our knowledge, this is the first study that uses 

NGS for microbial characterization of bile samples from patients 

with acute cholecystitis, with the exception of a small study on six 

patients. 21 This is also the first study to describe the bacteriology 

of severe acute cholecystitis according to the TG18/TG13 severity 

grading. 5 , 8 

Although bactobilia is considered a negative prognostic factor in 

acute cholecystitis, there is, with the exception of the aforemen- 

tioned Israeli study, 7 little evidence on the clinical importance of 

the individual bacterial species. In many of the polymicrobial sam- 

ples in our study, the relative abundance of the identified bacteria 

varied widely ( Table 5 ). Some might dismiss the clinical relevance 

of low abundance species in complex infections, in particular if 

found be sequencing only. However, several of the bacteria iden- 

tified were anaerobic, fastidious, slow growing and/or antibiotics- 

affected, and their failure to survive and grow in the laboratory 

does not mean that they are eradicated from the infection site nor 

that they are of lower clinical relevance. We would also like to 

point out that abundant growth does not necessarily reflect in- 

vivo dominance but might as well reflect a microbe’s ability to 

thrive and compete during transportation and cultivation. We have 

frequently observed, also in this study, that bacteria with abun- 

dant growth constitute only minor parts of the population as de- 

termined by sequencing or that a dominant microbe as determined 

by sequencing fails to grow. In our opinion, the clinical relevance 

of individual bacteria in complex infections should not be con- 

sidered based on relative quantifications or by method of detec- 

tion. Rather, such inference should be based on in-depth ecological 

knowledge of each type of infection, including microbial dynam- 

ics over time, microbial aggregate formation, metabolic interdepen- 

dencies and synergisms. 22 , 23 Complete microbial characterizations 

as provided in this study represent the first step in obtaining such 

knowledge but needs to be followed up by both experimental stud- 

ies and larger clinical studies. 

Except for Klebsiella spp. and E. coli , we found that 50% of 

species in the Enterobacteriaceae family, including species from 

the genera Citrobacter, Enterobacter, Proteus, Hafnia, Salmonella, Ser- 

ratia, Morganella and Raoultella remained undiscovered by culture 
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Table 4 

Identified bacteria and fungi from bile samples by sequencing compared to conventional culture. 

Total number of identifications 

by sequencing (% of all 

microbial detections) 

Growth by culture 

Total identifications 106 40 

Gram negative a 41 (39%) 23 

Klebsiella 11 (10%) 9 

pneumoniae/quasipneumoniae 3 3 

Michiganensis c 3 2 

Oxytoca c 3 2 

Variicola c 2 2 

Escherichia coli b , c 10 (9%) 9 

Campylobacter 4 (4%) 0 

Concisus 1 0 

Concisus/mucosalis 1 0 

Curvus 1 0 

Rectus/showae 1 0 

Citrobacter 3 (3%) 1 

Species c 2 1 

Amalonaticus/farmeri 1 0 

Haemophilus parainfluenzae 3 (3%) 0 

Enterobacter 2 (2%) 1 

Asburiae/cloacae/kobei c 1 1 

Cloacae/hormaechei c 1 0 

Morganella morganii 2 (2%) 1 

Hafnia alvei c 1 (1%) 0 

Proteus vulgaris 1 (1%) 1 

Pseudomonas aeruginosa/otidis 1 (1%) 1 

Raoultella ornithinolytica/planticola 1 (1%) 0 

Salmonella enterica c 1 (1%) 0 

Serratia marcescens 1 (1%) 0 

Gram positive a 35 (33%) 14 

Streptococcus 15 (14%) 6 

Anginosus c 3 1 

Salivarius c 3 2 

Sanguinis c 2 1 

Gordonii 1 1 

Massiliensis 1 1 

Mitis c 1 0 

Mutans 1 0 

Oralis c 1 0 

Parasanguinis c 1 0 

Termophilus c 1 0 

Enterococcus 11 (10%) 5 

Faecalis 4 2 

Faecium 
c 4 2 

Avium/raffinosus c 2 1 

Casseliflavus c 1 0 

Lactobacillus casei/paracasei/rhamnosus 4 (4%) 3 

Actinomyces 5 (5%) 0 

Gerencseriae 1 0 

Naeslundii/oris 1 0 

Naeslundii/oris/johnsonii 1 0 

sp. (oral taxon 848) 1 0 

Turicensis 1 0 

Anaerobic 24 (23%) 2 

Clostridium perfringens 5 (5%) 2 

Fusobacterium nucleatum 5 (5%) 0 

Bifdobacterium 4 (4%) 0 

Animalis 2 0 

Dentium 1 0 

Longum 1 0 

Veillonella 3 (3%) 0 

Dispar/parvula 2 0 

Parvula/tobetsuensis/dentocariosa 1 0 

Intestinibacter bartletti 3 (3%) 0 

Slackia exigua 1 (1%) 0 

Dialister invisius 1 (1%) 0 

Bilophila wadsworthia 1 (1%) 0 

Propionibacterium acidifaciens 1 (1%) 0 

Fungus 6 (6%) 1 

Candida 4 (4%) 1 

Albicans 3 1 

Humilis 1 0 

Saccharomyces cerevisiae 2 (2%) 0 

a One K. pneumoniae and one S. epidermidis detected exclusively by culture is not included in table. 
b Not distinguishable from Shigella spp . 
c rpoB sequencing provided identification at a higher taxonomic level than 16S rRNA gene sequencing. 
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( Table 4 ). These bacteria are generally considered clinically rele- 

vant and there is evidence to support their role in the pathogen- 

esis of acute cholecystitis. 24 For Enterobacter spp. there is also a 

possible association with a poorer patient outcome. 7 The capability 

of acquiring or inducing antibiotic resistance, and a high frequency 

of multi-resistant clones among some Enterobacteriaceae, increases 

the likely clinical benefit of identifying these bacteria. 25 

Only five out of eleven enterococci were found by conven- 

tional culture ( Table 4 and Supplementary Table S4). The clini- 

cal significance of enterococci in acute cholecystitis and in intra- 

abdominal infections in general remains uncertain. Most empiric 

guidelines for antibiotic treatment of acute cholecystitis do not 

include specific enterococcal coverage, 9 , 11 except for the Tokyo 

Guidelines’ recommendation of adding vancomycin for severe 

cholecystitis. 10 However, in complicated acute cholecystitis and/or 

severely ill patients it is recommended to use microbiology cul- 

ture results to guide antimicrobial treatment. 10 , 11 , 26 This implies 

that if the enterococci found only by sequencing in our cohort 

had also been found by culture, it might have led to an ad- 

justment of antibiotic treatment. As mentioned, failure to cul- 

ture microbes does not mean that they have been eradicated 

from the infection site. Future studies addressing the relevance of 

enterococci should therefore not rely on culture-based diagnos- 

tics alone but also include molecular approaches like sequencing 

or PCR. 

Anaerobic bacteria may be sub-optimally covered by 

monotherapy with a third-generation cephalosporin whereas 

Piperacillin/tazobactam provides good coverage of anaerobic bac- 

teria. In this study, NGS detected 24 anaerobic bacteria from 

10 samples whereof only two (8%) were also detected by cul- 

ture ( Table 4 ). The two most common anaerobe species were 

Clostridium perfringens and Fusobacterium nucleatum. Clostridium 

perfringens is known for its pathogenicity and its ability to cause 

emphysematous cholecystitis. Fusobacterium nucleatum has to the 

best of our knowledge not previously been reported in acute 

cholecystitis but is considered an important anaerobe pathogen 

in both odontogenic infections, pleural empyemas and brain 

abscesses. 12 , 13 

In healthy individuals, the bile is considered to be sterile, 27–29 

but gallstone disease might lead to bacterial colonization. Culture- 

based studies report bacteria in between 9% and 54% of patients 

with gallstone disease without infection. 6 , 28 , 29 Two NGS-based 

studies addressing this issue report conflicting results. One study 

found a very high rate of colonization (100%) and suggest the ex- 

istence of a bile core microbiome comprising 208 Operational Tax- 

onomic Units (OTUs)/species. 30 Another study found the rate of 

colonization to be 13% with a mean bacterial diversity of 5 OTUs 

per sample. 31 Both studies fail to explain how they addressed the 

problem of contaminant background DNA, chimera formation and 

sequencing noise. These are fundamental challenges in microbiome 

studies and will significantly inflate microbial diversity if not con- 

sidered properly. 32 , 33 In our patient control group only three (19%) 

bile samples were colonized, each with a single bacterial species 

( Table 2 ), providing little support for the existence of a bile micro- 

biome. 

Some limitations to this study should be noted. It is a single 

center investigation with a relatively low number of patients, and 

the general validity of our results therefore needs confirmation by 

other studies. The patients in our cohort were also of higher mean 

age than in historic studies on moderate and severe cholecysti- 

tis which may in part explain the higher rate of bactobilia ob- 

served. 4 , 5 , 29 Due to the severity of the disease, antibiotic treatment 

had been initiated for most patients prior to sample collection. Al- 

though bacterial DNA is very stable in undrained purulent infec- 

tions this might still have impacted the observed relative abun- 

dancies of species in the polymicrobial infections. 

We have shown that culture-based methods alone are insuf- 

ficient in the microbiological diagnostics of moderate and severe 

acute cholecystitis, leaving more than 60% of the microbes unde- 

tected. The clinical consequences of not detecting or treating all 

these bacteria should be further addressed in future studies as 

should eventual consequences for empiric treatment recommenda- 

tions. Yet, clinicians should be aware of the risk of leaving clini- 

cal important bacteria untreated if antimicrobial treatment is cus- 

tomized based on culture results only. For anaerobic bacteria, the 

low recovery rate may imply that anaerobic coverage should be 

considered regardless of a negative anaerobic culture. This and 

other studies emphasize the need for rapid and reliable culture- 

independent microbial detection and susceptibility testing in diag- 

nostic microbiology. 
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Supplementary Table S1: Primers with adapter sequences. Sequences of the target specific 

portions in capital letters 

 

a Positions for 16S based on Escherichia coli (GenBank accession J01859). Positions for 

RpoB_ESS based on Staphylococcus aureus [rpoB coding sequence (CDS); GenBank 

accession X64172]. Positions for RpoB_Ent based on Escherichia coli [rpoB coding sequence 

(CDS); GenBank accession V00340].  

b Abbreviations: F = forward primer. R = reverse primer. 

c Not applicable. Both F and R primers are flanking the ITS2-segment and is located at 5.8S 

and 28S respectively.

Name Sequence Positiona 

16S-Fb tcgtcggcagcgtcagatgtgtataagagacagCCTACGGGNGGCWGCAG 340-356 

16S-Rb gtctcgtgggctcggagatgtgtataagagacagGACTACCAGGGTATCTAAKCC  784-803 

ITS2-F tcgtcggcagcgtcagatgtgtataagagacagGTGAATCATCGARTCTTTGAA  NAc 

ITS2-R gtctcgtgggctcggagatgtgtataagagacagTATGCTTAAGTTCAGCGGGTA  NAc 

RpoB_Ent-F tcgtcggcagcgtcagatgtgtataagagacagGAAGGTCCRAAYATCGGTCT 1693-1712 

RpoB_Ent-R gtctcgtgggctcggagatgtgtataagagacagTGCATGTTCGCACCCAT 2041-2057 

RpoB_ESS-F1 tcgtcggcagcgtcagatgtgtataagagacagGCRACAGCRTGTATYCCRTTC 1861-1881 

RpoB_ESS-F2 tcgtcggcagcgtcagatgtgtataagagacagGCDACAGCATGTATTCCWTTC 1861-1881 

RpoB_ESS-R gtctcgtgggctcggagatgtgtataagagacagGTTRTAMCCNTCCCAWGTCAT 2287-2307 



Supplementary Table S2: Characteristics of patients according to the Tokyo 

Guidelines severity grading 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Pearson's chi-squared test for categorical variables. Students t-test for continuous, 

normal distributed variables. Mann-Whitney U-test for continuous, skewed variables. 

b Charlsons comorbidity index 

 

  

    Grade II Grade III  
   Moderate Severe pa 

Demographic and clinical characteristics    
 Number of patients 24 12  
 Male 11 8 0,24 
 Mean age (SD; median; min-max), years 66 (17; 68; 37-94) 79 (13; 84; 51-92) 0,03 
 Community-acquired 20 10 1,0 
 CCIb (SD; median; min-max) 1,1 (1,3; 1,0; 0-5) 3,0 (2,3; 2,5; 0-8) 0,01 
 Gall bladder stone 21 9 0,34 
 Bile duct stone 8 2 0,29 
 Concomitant acute cholangitis 5 3 0,78 
 Growth in blood culture (of tested) 2 (15) 4 (9) 0,09 
 Ongoing antibiotic therapy 24 11  
 In-hospital death 1 0  
 Severity grading parameters:    

  Cardiovascular dysfunction 0 3  
  Neurological dysfunction 0 4  
  Respiratory dysfunction 0 10  
  Renal dysfunction 0 2  
  Hepatic dysfunction 0 3  
  WBC > 18 10^9/L 14 6  
  Palpable tender mass 3 2  
  Duration > 72 hours 24 10  
  Marked local inflammation 4 2  
      

Sequencing and culture results    
 Detected microbes by sequencing 19 12 0,09 
 Growth in bile culture 16 10  
 Detected bacteria by sequencing 18 11 0,23 
 Detected fungi by sequencing 2 3 0,73 
 Polymicrobial sample by sequencing 8 7 0,15 
 Major groups of bacteria detected by  

Sequencing:    

  Enterobacteriaceae other than 
Klebsiella spp. and Escherichia coli 2 5 0,02 

  Klebsiella spp. 5 6 0,07 
  Escherichia coli 9 1 0,07 
  Enterococcus spp. 4 3 0,55 
  Streptococcus spp. 5 8 0,01 
  Anaerobic 6 4 0,6 



Supplementary Table S3: Microbial findings by NGS and culture in patients with local 

complications 

ID Local complications 

16S rRNA, rpoB gene and ITS 
sequencing - sorted by decreasing 
abundancea Culture 

4 Biliary peritonitis Escherichia coli b E. coli ag 

8 Pericholecystic abscess Klebsiella pneumoniae / Klebsiella 
quasipneumoniaeb 

K. pneumoniae c, ag 

12 Pericholecystic abscess Fusobacterium nucleatum   E. coliag 

  Streptococcus massiliensis   S. massiliensis mg 

  E. coli b  
  Bilophila wadsworthia    
  Klebsiella oxytoca b  
  Enterococcus faecalis    
15 Perforated cholecystitis Klebsiella michiganensis b K. oxytoca c, ag 

  Enterobacter cloacae / 
Enterobacter hormaechei b 

 

  Raoultella ornithinolytica /  
Raoultella planticola 

  Actinomyces naeslundii /  
Actinomyces oris 

  Bifidobacterium animalis    
  Lactobacillus rhamnosus /  

Lactobacillus casei /  
Lactobacillus paracasei 

  Streptococcus mutans    
  Campylobacter concisus /  

Campylobacter mucosalis   
17 Perforated cholecystitis K.pneumoniae / K. 

quasipneumoniaeb 
K. pneumoniae c, ag 

20 Gangrenous 
cholecystitis  

Clostridium perfringens C. perfringens  
 Saccharomyces cerevisiae   
21 Biliary peritonitis Enterobacter asburiae / E. cloacae 

/ Enterobacter kobei b 
Enterobacter cloacae 
complex mg 

23 Gangrenous 
cholecystitis  

F. nucleatum   K. pneumoniaec, ag 

 Proteus vulgaris b P. vulgaris ag 

  Veillonella parvula / Veillonella 
dispar 

E. faecium ag 

  K. pneumoniae / K. 
quasipneumoniae b 

 



  Enterococcus faecium b  
  Enterococcus avium / Enterococcus 

raffinosus b 
 

  C. perfringens    
  Morganella morganii    
  Campylobacter curvus    
  Citrobacter sp. b  
  B. animalis    
  Dialister invisus    
  I. bartlettii    
  Streptococcus salivarius b  
  S. cerevisiae  
  Candida humilis    
27 Perforated cholecystitis E. coli b E. coli mg 

   S. epidermidis e,  mg 

32 Perforated cholecystitis C. perfringens   L. rhamnosus sg 

  L. rhamnosus / L. casei / L. 
paracasei 

 

  E. coli b  
  I. bartlettii    
35 Perforated cholecystitis Streptococcus anginosusb Negative 
  Haemophilus parainfluenzae    

 

a It was not possible to compute the relative abundance of fungi compared to bacteria since they were 

identified in different PCR reactions. Fungi are therefore listed at the end of each list of microbes. 

b rpoB sequencing provided identification at a higher taxonomic level than 16S rRNA gene 

sequencing.  

c MALDI/TOF spectra database does not contain K. michiganensis nor K. quasipneumoniae. These 

two species will consequently most probably be reported as a K. pneumoniae when analyzed with 

MALDI-TOF.  

e S. epidermidis most likely represents contamination as it was found by culture only 

ag abundant growth, mg medium abundant growth, sg sparse growth  



Supplementary Table S4: Clinical characteristics of all patients and comparison 

between parallel sequencing and culture for all patients  

 
ID 
Sex/
Age 
 

Hospital (HA) / 
community (CA) 
acquired infection, 
severity grading, 
calculous/acalculous, 
bile duct stone present, 
marked local 
inflammation, etiology, 
other relevant 
concomitant diseases, 
sampling method. 

16S rRNA, rpoB gene 
and ITS sequencing 
- sorted by decreasing 
abundancea 

Culture Growth in 
blood culture 

Antibiotic 
treatment 
before 
sampling. 
Ongoing (O) 
treatment 
and 
treatment 
last 14 days 
(L) 

1 
F/37 

CA, grade 2, acalculous, 
no bile duct stone, no 
marked local inflammation, 
inflammation in common 
bile duct probable cause of 
cholecystitis, concomitant 
acute cholangitis, PTHC 

Escherichia coli b 

Streptococcus oralis b 

Klebsiella michiganensis b 

Enterococcus casseliflavus 
b 

Streptococcus 
thermophilus b 

Actinomyces turicensis   
Veillonella parvula / 
Veillonella tobetsuensis / 
Veillonella dentocariosa 
Enterococcus faecium b 

Fusobacterium nucleatum   
Citrobacter amalonaticus / 
Citrobacter farmeri 
Candida albicans 

E. coli mg Negative O = iv PIT  
 

2 
F/92 

CA, grade 3, calculous, no 
bile duct stone, no marked 
local inflammation, 
cholelithiasis probable 
cause of cholecystitis, 
PTHC. 

Streptococcus salivarius b S. salivarius ag Negative O = iv CTA 
and MET. 

3 
M/69 

HA, grade 3, acalculous, 
no bile duct stone, no 
marked local inflammation, 
postoperative cholecystitis 
10 days after cancer 
surgery for pancreatic 
adenocarcinoma, PTHC. 

Candida albicans Negative C. albicans Peroperative 
treatment with 
MET and dox. 
7 days before 
sampling  

4 
F/63 

HA, grade 2, calculous, no 
bile duct stone, perforated 
cholecystitis with biliary 
peritonitis, cholelithiasis 
probable cause of 
cholecystitis, concomitant 
biliary acute pancreatitis 
and chronic cholecystitis, 
PTHC. 

E. coli b E. coli ag Negative O = iv CTA 
and MET. 



5 
M/71 

HA, grade 2, calculous, 
bile duct stone present, no 
marked local inflammation, 
cholelithiasis probable 
cause of cholecystitis, 
already hospitalized for a 
spinal cord injury when 
cholecystitis occurs, 
concomitant acute 
cholangitis, PTHC. 

Negative Negative Negative O = iv PIT, 
L = po TRS 

6 
M/53 

CA, grade 2, calculous, 
bile duct stone present, no 
marked local inflammation, 
cholelithiasis probable 
cause of cholecystitis, 
PTHC. 

Negative Negative Not taken O = iv PIT 

7 
M/92 

CA, grade 3, calculous, no 
bile duct stone, no marked 
local inflammation, 
cholelithiasis probable 
cause of infection, PTHC. 

E. coli b 

Klebsiella oxytoca b 

Streptococcus 
parasanguinis b 

E. coli ag 

K. oxytoca / 
Raoultella 
ornithinolytica ag 

Negative O = iv PIT 
and MET. 

8 
F/77 

CA, grade 2, calculous, no 
bile duct stone, 
pericholecystic abscess, 
cholelithiasis probable 
cause of cholecystitis, 
concomitant chronic 
cholecystitis, PTHC. 

Klebsiella pneumoniae / 
Klebsiella 
quasipneumoniaeb 

K. pneumoniae c, 

ag 
Negative O = iv PIT, L 

= po MET and 
TRS  

9 
F/51 

HA, grade 3, calculous, no 
bile duct stone, no marked 
local inflammation, 
common bile duct stent 
probable cause of 
cholecystitis, concomitant 
acute cholangitis, PTHC. 

K. oxytoca   
Enterococcus avium / 
Enterococcus raffinosus b 

Pseudomonas aeruginosa   
Citrobacter sp. b 

E. faecium b 
Hafnia alvei b 

Citrobacter 
species ag 

K. oxytoca ag  
K. pneumoniae 
ag 
P. aeruginosa ag 
E. raffinosus ag 

Negative O = iv PIT 

10 
F/50 

CA, grade 2, calculous, no 
bile duct stone, no marked 
local inflammation, 
cholelithiasis probable 
cause of cholecystitis, 
PTHC, perioperative. 

Streptococcus mitis b Negative Not taken O = iv PIT 
L = po MET 
and TRS 

11 
F/57 

CA, grade 2, calculous, no 
bile duct stone, no marked 
local inflammation, 
cholelithiasis probable 
cause of cholecystitis, 
PTHC. 

C. albicans C. albicansag Negative O = iv PIT 
and po MET 
and TRS 

12 
M/50 

CA, grade 2, acalculous, 
no bile duct stone, 
pericholecystic abscess, 
unknown etiology, 
concomitant chronic 
pancreatitis, PTHC. 

F. nucleatum   
Streptococcus massiliensis   
E. coli b 

Bilophila wadsworthia   
K. oxytoca b 

Enterococcus faecalis   

E. coliag 
S. massiliensis 
mg 

Negative O = iv PIT 



13 
F/67 

CA, grade 2, calculous, no 
bile duct stone, no marked 
local inflammation, 
cholelithiasis probable 
cause of cholecystitis, 
PTHC. 

Negative Negative Negative O = iv PIT, 
MET, gent 
and penc. 

14 
F/92 

HA, grade 2, calculous, no 
bile duct stone, no marked 
local inflammation, 
cholelithiasis probable 
cause of cholecystitis, 
recently hospitalized for 
surgical treatment of 
femoral neck fracture, 
PTHC. 

Negative Negative Not taken O = iv PIT 

15 
M/85 

CA, grade 3, acalculous, 
no bile duct stone, 
perforated cholecystitis, 
unknown etiology, PTHC. 

K. michiganensis b 

Enterobacter cloacae / 
Enterobacter hormaechei b 
R. ornithinolytica / 
Raoultella planticola 
Actinomyces naeslundii / 
Actinomyces oris 
Bifidobacterium animalis   
Lactobacillus rhamnosus / 
Lactobacillus casei / 
Lactobacillus paracasei 
Streptococcus mutans   
Campylobacter concisus / 
Campylobacter mucosalis   

K. oxytoca c, ag Not taken O = iv PIT 
L = po MET 
and TRS. 

16 
F/82 

CA, grade 3, calculous, no 
bile duct stone, no marked 
local inflammation, 
cholelithiasis probable 
cause of cholecystitis, 
PTHC. 

S. salivarius b S. salivarius sg Not taken O = iv PIT 
and po MET 
and TRS. 

17 
M/53 

CA, grade 2, calculous, no 
bile duct stone, perforated 
cholecystitis, cholelithiasis 
probable cause of 
cholecystitis, PTHC. 

K. pneumoniae / K. 
quasipneumoniae b 

K. pneumoniae c, 

ag 
K. pneumoniae O = iv PIT 

L = po MET 
and TRS 

18 
M/51 

CA, grade 2, calculous, 
bile duct stone present, no 
marked local inflammation, 
cholelithiasis probable 
cause of cholecystitis, 
PTHC. 

E. coli b E. coli ag Negative O = iv PIT 

19 
M/88 

CA, grade 3, calculous, 
bile duct stone present, no 
marked local inflammation, 
cholelithiasis probable 
cause of cholecystitis, 
concomitant acute 
cholangitis and acute 
pancreatitis, PTHC. 

E. faecalis  
K. variicola b 
Intestinibacter bartlettii   

E. faecalis ag  
K. pneumoniae d, 

sg 
 

K. pneumoniaed O = iv PIT 
and IMI. 



20 
M/68 

CA, grade 2, calculous, no 
bile duct stone, 
gangrenous cholecystitis, 
cholelithiasis probable 
cause of cholecystitis, 
perioperative. 

Clostridium perfringens 
Saccharomyces cerevisiae  

C. perfringens ag Not taken O = iv CLI 
and CTA. 
 

21 
M87 

CA, grade 3, calculous, no 
bile duct stone, perforated 
cholecystitis with biliary 
peritonitis, cholelithiasis 
probable cause of 
cholecystitis, concomitant 
chronic cholecystitis, 
PTHC. 

E. asburiae / E. cloacae / 
E. Kobei b 

Enterobacter 
cloacae complex 
mg 

Negative O = iv PIT 
and po MET 
and TRS. 

22 
M/87 

CA, grade 2, calculous, no 
bile duct stone, no marked 
local inflammation, 
cholelithiasis probable 
cause of cholecystitis, 
PTHC. 

Streptococcus anginosus b 
Slackia exigua   
L. rhamnosus / L. casei / L. 
paracasei 
F. nucleatum   
A. naeslundii / A. oris / 
Actinomyces johnsonii 
Propionibacterium 
acidifaciens   
Streptococcus sanguinis b 
Veillonella dispar / V. 
parvula   
Campylobacter rectus / 
Campylobacter showae   
Bifidobacterium longum   
Actinomyces gerencseriae   
Haemophilus 
parainfluenzae   
Bifidobacterium dentium   
Actinomyces sp. (oral 
taxon 848)   

Streptococcus 
anginosus ag 
Lactobacillus 
paracasei na 

 

S. anginosus O = iv PIT 

23 
M/72 

CA, grade 3, acalculous, 
no bile duct stone, 
gangrenous cholecystitis, 
unknown etiology, PTHC. 

F. nucleatum   
Proteus vulgaris b 
V. parvula / V. dispar 
K. pneumoniae / K. 
quasipneumoniae b 
E. faecium b 
E. avium / E. raffinosus b 
C. perfringens   
Morganella morganii   
Campylobacter curvus   
Citrobacter sp. b 
B. animalis   
Dialister invisus   
I. bartlettii   
S. salivarius b 
S. cerevisiae 
Candida humilis   

K. pneumoniaec, 

ag 

P. vulgaris ag 
E. faecium ag 

K. pneumoniaec 

E. faecium 
O = iv PIT 

24 
F/41 

CA, grade 2, calculous, no 
bile duct stone, no marked 
local inflammation, 
cholelithiasis probable 
cause of cholecystitis, 
PTHC. 

L. rhamnosus / L. casei / L. 
paracasei 

L. rhamnosus ag Negative O = iv PIT 



25 
M/76 

CA, grade 2, calculous, no 
bile duct stone, no marked 
local inflammation, 
cholelithiasis probable 
cause of cholecystitis, 
PTHC. 

K. michiganensis b 
E. faecium b 
C. concisus   
M. morganii   
E. faecalis b  
Serratia marcescens   

K. oxytocac,  ag 

M. morganii ag 
E. faecium ag 

Negative O = iv PIT 

26 
M/85 

CA, grade 2, acalculous, 
no bile duct stone, no 
marked local inflammation, 
unknown etiology, 
concomitant acute 
cholangitis, PTHC. 

Negative Negative Negative O = iv PIT 

27 
F/94 

CA, grade 2, calculous, 
bile duct stone present, 
perforated cholecystitis, 
cholelithiasis probable 
cause of cholecystitis, 
PTHC. 

E. coli b E. coli mg 

S. epidermidis e,  

mg 

Negative O = iv CTA 
L = po CIP 

28 
F/53 

CA, grade 2, calculous, no 
bile duct stone, no marked 
local inflammation, 
cholelithiasis probable 
cause of cholecystitis. 

H. parainfluenzae   Negative Not taken O = iv PIT 
and po MET 
and TRS 

29 
F/48 

CA, grade 2, calculous, no 
bile duct stone, no marked 
local inflammation, 
cholelithiasis probable 
cause of cholecystitis, 
PTHC. 

E. coli b E. coli sg Not taken O = po MET, 
TRS and CIP. 

30 
M/60 

CA, grade 3, calculous, no 
bile duct stone, no marked 
local inflammation, 
cholelithiasis probable 
cause of cholecystitis. 

S. anginosus b 
Salmonella enterica b 

Negative Negative O = iv PIT 
L = po MET, 
TRS and 
AMO. 

31 
M/77 

CA, grade 3, calculous, no 
bile duct stone, no marked 
local inflammation, 
cholelithiasis probable 
cause of cholecystitis, 
PTHC. 

Streptococcus gordonii b S. gordonii  sg Not taken O = iv PIT 

32 
F/87 

CA, grade 2, calculous, 
bile duct stone present, 
perforated cholecystitis, 
cholelithiasis probable 
cause of cholecystitis, 
concomitant acute 
cholangitis, PTHC. 

C. perfringens   
L. rhamnosus / L. casei / L. 
paracasei 
E. coli b 
I. bartlettii   

L. rhamnosus sg Not taken O = iv PIT 

33 
M/89 

CA, grade 2, calculous, 
bile duct stone present, no 
marked local inflammation, 
cholelithiasis probable 
cause of cholecystitis, 
PTHC. 

E. coli b 
E. faecalis   
C. perfringens   

E. coli ag 
E. faecalis ag 

Not taken O = iv PIT 
L = MET and 
TRS 



 
 
a It was not possible to compute the relative abundance of fungi compared to bacteria since they were 

identified in different PCR reactions. Fungi are therefore listed at the end of each list of microbes. 

b rpoB sequencing provided identification at a higher taxonomic level than 16S rRNA gene 

sequencing.  

c MALDI/TOF spectra database do not contain K. michiganensis or K. quasipneumoniae. These two 

species will most likely be reported as a K. pneumoniae when analyzed with MALDI-TOF.  

d MALDI/TOF spectra of K. pneumoniae isolate were reanalyzed with an updated database with 

Klebsiella variicola included. The isolate was re-classified as Klebsiella variicola according to 

MALDI/TOF results.   

e S. epidermidis most likely represents contamination as it was found by culture only 

Abbreviations: AMO amoxicillin, CTA cefotaxime, CIP ciprofloxacin, CLI clindamycin, IMI imipenem, 

MET metronidazol, PIT piperacillin/tazobactam, TRS trimetoprim/sulfamethoxazole,  iv intravenous, po 

per oral. 

ag abundant growth, mg medium abundant growth, sg sparse growth  

34 HA, grade 2, calculous, 
bile duct stone present, no 
marked local inflammation, 
cholelithiasis probable 
cause of cholecystitis. 
Hospitalized over long time 
because of a spinal cord 
injury, PTHC. 

E. coli b E. coli ag Negative O = iv CTA 
and MET 

35 
F/72 

CA, grade 2, calculous, 
bile duct stone present, 
perforated cholecystitis, 
cholelithiasis probable 
cause of cholecystitis, 
concomitant acute 
cholangitis, PTHC. 

S. anginosusb 
H. parainfluenzae   

Negative Not taken O = iv MET 
and CIP 

36 
F/89 

CA, grade 3, calculous, 
bile duct stone present, no 
marked local inflammation, 
cholelithiasis probable 
cause of cholecystitis, 
concomitant acute 
cholangitis, PTHC. 

K. variicolab 
C. perfringens   
F. nucleatum   
S. sanguinisb 

K. pneumoniaed, 

ag 

C. perfringens ag 

C. perfringens 
K. pneumoniaed 

O = iv PIT 
L = MET and 
TRS 



Supplementary Table S5: Antibiogram of bacteria identified by bile or blood culture 

ID  Bile culture Blood culture Antibiogram 

1 Escherichia coli Negative AMP S(23), PIT S(28), CUR S(27), CTA S(32), 
CTZ S(27), GEN S(22), CIP S(29), TRS S(30), 
MER S(36) 

2 Streptococcus salivarius Negative BEN S(0,125), CLI S(0,125) 

3 Negative Candida albicans AMB S(0,125), FLC S(0,064), AFG S(0,016) 

4 E. coli Negative AMP S(19), PIT S(25), CUR S(22), CTA S(27), 
CTZ S(24), GEN S(21), CIP S(34), TRS S(28), 
MER S(33) 

5 Negative Negative  

6 Negative Negative  

7 E. coli Negative Not available 

 Klebsiella oxytoca /  
Raoultella ornithinolytica 

Not available 

8 Klebsiella pneumoniae Negative AMP R(6), PIT S(22), CUR S(19), CTA S(25), 
CTZ S(25), GEN S(20), CIP S(23), TRS S(16), 
MER S(29) 

9 Citrobacter species Negative AMP R(18), PIT S(28), CUR S(25), CTA 
S(28), CTZ S(25), GEN S(21), CIP S(37), TRS 
R(6), MER S(37) 

 K. oxytoca   AMP R(6), PIT I(19), CUR R(11), CTA S(21), 
CTZ S(23), GEN S(18), CIP S(31), TRS R(6), 
MER S(34) 

 K. pneumoniae  AMP R(6), PIT R(14), CUR S(22), CTA S(27), 
CTZ S(22), GEN S(17), CIP S(29), TRS R(6), 
MER S(30) 

 Pseudomonas aeruginosa  PIT S(4), CTZ S(2), AZT I(4), MER S(0,25), 
TOB S(0,5), CIP R(2) 

 Enterococcus raffinosus   AMP R(6), VAN S, LIN S(27) 

10 Negative Not taken  

11 C. albicans Negative Not available 

12 E. coli Negative AMP S(17), PIT S(24), CUR S(23), CTA S(28), 
CTZ S(26), GEN S(20), CIP S(31), TRS S(28), 
MER S(31) 

 Streptococcus massiliensis  Not available 

13 Negative Negative  

14 Negative Not taken  

15 K. oxytoca Not taken AMP R(6), PIT R(23), CUR S(20), CTA S(27), 
CTZ S(27), GEN S(20), CIP S(34), TRS S(28), 
MER S(30) 

16 S. salivarius Not taken BEN S(0,125), CLI S(0,032) 

17 K. pneumoniae  AMP R(6), PIT S(21), CUR R(14), CTA S(26), 
CTZ S(26), GEN S(21), CIP S(29), TRS S(26), 
MER S(31) 

  K. pneumoniae AMP R(10), PIT S(26), CUR S(27), CTA 
S(32), CTZ S(28), GEN S(25), CIP S(31), TRS 
S(29), MER S(31) 

18 E. coli Negative AMP S(18), PIT S(25), CUR S(22), CTA 
(S(28), CTZ S(27), GEN S(18), CIP S(33), 
TRS S(20), MER S(35) 



19 K. pneumoniaec  AMP R(16), PIT S(27), CUR S(26), CTA 
S(29), CTZ S(26), GEN S(19), CIP S(38), TRS 
S(26), MER S(31) 

 Enterococcus faecalis  AMP S(14), VAN S, LIN S(23) 

  K. pneumoniaec AMP R(16), PIT S(26), CUR S(27) CTA S(31), 
CTZ S(28), GEN S(19), CIP S(34), TRS S(28), 
MER S(30) 

20 Clostridium perfringens Not taken BEN S(0,064), PIT S(0,064), CLI S(1), MET 
S(4) 

21 Enterobacter cloacae 
complex 

Negative AMP R(6), PIT I(18), CUR R(10), CTA R(16), 
CTZ R(18), GEN S(22), CIP S(32), TRS S(28), 
MER S(29) 

22 Lactobacillus paracasei  Not available 

 Streptococcus anginosus  Not available 
 Streptococcous sanguinis  BEN S(0,016), CLI S(0,016) 

  S. anginosus BEN S(0,032), CUR S(0,064), CTA S(0,064), 
CLI S(0,032) 

23 K. pneumoniae  AMP R(9), PIT S(22), CUR S(27), CTA S(28), 
CTZ S(30), GEN S(18), CIP S(29), TRS S(24), 
MER S(27) 

 Proteus vulgaris  AMP R(24), PIT S(31), CUR S(27), CTA 
S(31), CTZ S(30), GEN S(23), CIP S(37), TRS 
S(28), MER S(30) 

 Enterococcus faecium  AMP S(18), VAN S, LIN S(25) 

  K. pneumoniae AMP R, PIT S(23), CUR S(24), CTA S(26), 
CTZ S(25), GEN S(22), CIP S(30), TRS S(21), 
MER S(26) 

  E. faecium AMP S(18), IMI S(21), GEN S(23), TIG S(24) 
VAN S, LIN S(24) 

24 L. rhamnosus Negative Not available 

25 K. oxytoca Negative AMP R(9), PIT S(25), CUR S(26), CTA S(31), 
CTZ S(30), GEN S(20), CIP S(33), TRS S(25), 
MER S(33) 

 Morganella morganii  AMP R(6), PIT S(29), CUR S(22), CTA S(33), 
CTZ S(31), GEN S(22), CIP S(38), TRS S(27), 
MER S(32) 

 E. faecium  AMP R(06) VAN S, LIN S(29) 

26 Negative Negative  

27 E. coli Negative AMP R(6), PIT S(23), CUR S(21), CTA S(29), 
CTZ S(26), GEN S(19), CIP R(9), TRS R(6), 
MER S(35) 

 Staphylococcus epidermidisd  Not available 

28 Negative Not taken  

29 E. coli Not taken AMP S(17), PIT S(24), CUR S(21), CTA S(27), 
CTZ S(25), GEN S(19), CIP S(31), TRS S(29), 
MER S(31) 

30 Negative Negative  

31 Streptococcus gordonii Not taken BEN S(0,008), CLI S(0,032) 

32 L. rhamnosus Not taken Not available 

33 E. coli Not taken AMP S(20), PIT S(26), CUR S(23), CTA S(30), 
CTZ S(27), GEN S(21), CIP S(37), TRS S(33), 
MER S(35) 

 E. faecalis  AMP S(17), VAN S, LIN S(23) 



34 E. Coli Negative AMP S(18), PIT S(22), CUR S(21), CTA S(27), 
CTZ S(25), GEN S(19), CIP S(30), TRS S(26), 
MER S(31) 

35 Negative Not taken  

36 K. pneumoniaec  AMP R(6), PIT S(22), CUR S(24), CTA S(28), 
CTZ S(26), GEN S(20), CIP S(29), TRS S(25), 
MER S(30) 

 C. perfringens  BEN S(0,064), PIT S(0,064), CLI S(0,5), MET 
S(0,5) 

  K. pneumoniaec AMP R(8), PIT S(22), CUR S(24), CTA S(29), 
CTZ S(25), GEN S(20), CIP S(29), TRS S(24), 
MER S(32) 

  C. perfringens BEN S(0,064), PIT S(0,064), CLI S(0,5), MET 
S(0,5), MER S(0,016) 

 

Abbreviations: AFG anidulafungin, AMB amphotericin B, AMO amoxicillin, AMP ampicillin, AZT 

aztreonam, BEN benzylpenicillin, CTA cefotaxime, CTZ ceftazidime, CUR cefuroxime, CIP 

ciprofloxacin, CLI clindamycin, FLC fluconazol, GEN gentamicin, IMI imipenem, LIN linezolid, MER 

meropenem, MET metronidazol, PIT piperacillin/tazobactam, TOB tobramycin, TRS 

trimetoprim/sulfamethoxazole, VAN vancomycin 
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Managing Contamination and Diverse Bacterial Loads in 16S
rRNA Deep Sequencing of Clinical Samples: Implications of the
Law of Small Numbers

Ruben Dyrhovden,a Martin Rippin,b* Kjell Kåre Øvrebø,c,d Randi M. Nygaard,a Elling Ulvestad,a,d Øyvind Kommedala,d

aDepartment of Microbiology, Haukeland University Hospital, Bergen, Norway
bSection for Bioinformatics, Haukeland University Hospital, Bergen, Norway
cDepartment of Surgery, Haukeland University Hospital, Bergen, Norway
dDepartment of Clinical Science, University of Bergen, Bergen, Norway

ABSTRACT In this article, we investigate patterns of microbial DNA contamination
in targeted 16S rRNA amplicon sequencing (16S deep sequencing) and demonstrate
how this can be used to filter background bacterial DNA in diagnostic microbiology.
We also investigate the importance of sequencing depth. We first determined the
patterns of contamination by performing repeat 16S deep sequencing of negative
and positive extraction controls. This process identified a few bacterial species domi-
nating across all replicates but also a high intersample variability among low abun-
dance contaminant species in replicates split before PCR amplification. Replicates
split after PCR amplification yielded almost identical sequencing results. On the basis
of these observations, we suggest using the abundance of the most dominant con-
taminant species to define a threshold in each clinical sample from where identifica-
tions with lower abundances possibly represent contamination. We evaluated this
approach by sequencing of a diluted, staggered mock community and of bile sam-
ples from 41 patients with acute cholangitis and noninfectious bile duct stenosis.
All clinical samples were sequenced twice using different sequencing depths. We
were able to demonstrate the following: (i) The high intersample variability
between sequencing replicates is caused by events occurring before or during the
PCR amplification step. (ii) Knowledge about the most dominant contaminant spe-
cies can be used to establish sample-specific cutoffs for reliable identifications. (iii)
Below the level of the most abundant contaminant, it rapidly becomes very
demanding to reliably discriminate between background and true findings. (iv)
Adequate sequencing depth can be claimed only when the analysis also picks up
background contamination.

IMPORTANCE There has been a gradual increase in 16S deep sequencing studies on
infectious disease materials. Management of bacterial DNA contamination is a major
challenge in such diagnostics, particularly in low biomass samples. Reporting a con-
taminant species as a relevant pathogen may cause unnecessary antibiotic treatment
or even falsely classify a noninfectious condition as a bacterial infection. Yet, there
are few studies on how to filter contamination in clinical microbiology. Here, we
demonstrate that sequencing of extraction controls will not reveal the full spectrum
of contaminants that could occur in the associated clinical samples. Only the most
abundant contaminant species were consistently detected, and we present how this
can be used to set sample specific thresholds for reliable identifications. We believe
this work can facilitate the implementation of 16S deep sequencing in diagnostic
laboratories. The new data we provide on the patterns of microbial DNA contamina-
tion is also important for microbiome research.
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KEYWORDS 16S rRNA, acute cholangitis, contamination, NGS, targeted amplicon
sequencing, rpoB

Microbial DNA contamination from extraction kits and other PCR and sequencing
reagents (background bacterial DNA) is a major challenge in 16S rRNA amplicon

sequencing (16S deep sequencing) of polymicrobial infections (1, 2). Several studies
have demonstrated the risk for erroneously interpreting contaminating DNA as bacte-
ria originating from the sample (1, 3–5). In clinical microbiology, reporting a contami-
nant species as a relevant pathogen may cause unnecessary antibiotic treatment or
even falsely classify a noninfectious condition as a bacterial infection. Unfortunately,
many of the studies on infectious disease materials do not address background con-
tamination (6–8), and among those that do, the approaches vary. The most used
method is to sequence extraction controls along with the samples and remove those
bacteria from the sample reports which were also found in the controls (9–12).
However, the sensitivity of this method is reduced if bacteria truly present in clinical
samples are also present in the negative controls (2). Further, the specificity of this
approach relies on the assumption that sequencing of the negative controls provides
an exhaustive identification of contaminants.

Within microbiota research, a range of methods have been developed to diminish the
problem of background contamination (1, 2, 4, 13, 14), but many of these approaches are
not easily transferable to diagnostic laboratories. Despite the common aim of describing
bacterial flora, clinical microbiologists and microbiota researchers have partly divergent
challenges and goals. In microbiota research, typically large sets of the same sample type
are analyzed in multiple batches over a limited period. Combined with extensive use of
negative and positive controls, and even multiple sequencing techniques (14), this allows
labs to use pattern recognition and statistical calculations to filter their data sets (4).
Although they make considerable effort to ensure the overall quality of a data set, there
is less focus on the individual sample, and identifications are usually limited to the genus
level or above. In clinical microbiology, there is a broad spectrum of sample types with
highly divergent bacterial concentrations and compositions, and background contamina-
tion will vary over time with different batches of reagents and consumables. The focus is
always the individual patient and species level identification is normally required. Finally,
time to results and cost are crucial matters, limiting the room for extensive assessments
of background contamination.

Accurate filtering of background contamination is more critical in weakly positive
samples, where it constitutes a larger portion of the total bacterial DNA (1, 2).
Sequencing depth is another essential factor, in particular for strongly positive, polymi-
crobial samples where the use of too few reads may result in failure to detect low
abundance species. In clinical microbiology, especially in samples from normally sterile
body sites, the detection of a bacterium at any concentration is a priori considered
potentially relevant. A sample from a polymicrobial infection must be considered a
snapshot of a potentially dynamic process, and species present at low abundances in
the sample can flourish at the site of infection at a later stage, especially if antibiotic
treatment is directed only against the dominant flora. Also, the relative microbial abun-
dances in a sample cannot be assumed to be representative of the entire site of infec-
tion. For example, the abundance of a given species in pus aspirated from the necrotic,
anaerobic center of an abscess is not necessarily representative of the abundance of
the same species in the more oxygenated periphery on the transition to intact tissue.
Despite these issues, there has been little attention to the relationship between
sequencing depth and sensitivity.

In this study, we aim to describe and evaluate simple and transparent approaches
for dealing with contamination in 16S deep sequencing in clinical microbiology. We
base our suggestions on the observation that the presence of a few dominant contam-
inant species is highly consistent across all controls, while in the same controls the
presence of less dominant contaminant species seems to vary (15, 16). We use these
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most abundant contaminant species and their abundances in the corresponding clini-
cal samples to set sample-specific cutoffs for the number of reads needed to reliably
classify a species as a noncontaminant. We perform repeat sequencing of a set of
extraction controls, both before and after the 16S rRNA PCR amplification step, to
underpin our approach and to demonstrate sensitivity limitations that remain even in
deep sequencing. We further test the approach on a diluted, standardized staggered
mock community and on prospectively collected bile samples from patients with acute
cholangitis or noninfectious bile duct stenosis. To demonstrate the importance of
sequencing depth, all patient samples were sequenced twice with different sequenc-
ing depths in each replicate.

RESULTS
Experiment 1. Repeat sequencing of extraction controls. (i) Experimental design.

We first sought to understand the mechanisms behind the observed phenomenon
that the presence of a few dominant contaminant species is highly consistent across
all controls, while the presence of less dominant contaminant species seems to vary
(15, 16). To investigate this, we analyzed a set of extraction controls in a separate
sequencing run (Fig. 1). Three different samples were analyzed, two negative extrac-
tion controls (NEC1 and NEC2), consisting of PCR-grade water and lysis buffer, and one
weakly positive extraction control (PEC) containing Legionella pneumophila. To isolate
the impact of the PCR amplification of the sample template (amplicon PCR) from the
impact of the following index PCR and sequencing procedure, each of the three con-
trols was split into five replicates before the amplicon PCR (hereafter named “PCR repli-
cates”). One PCR replicate from each of the three controls was further split into five
replicates before sequencing (hereafter named “sequencing replicates”). All PCR and
sequencing replicates were then indexed and sequenced in the same run. We used the
results from this part of the study to formulate criteria for filtration of sequencing data
from clinical samples, which we further evaluated on a staggered mock community
and a collection of bile samples.

(ii) Results. The Venn diagrams in Fig. 2 illustrate the higher diversity between PCR
replicates compared to the sequencing replicates. Among the five PCR replicates of
one sample, most species were present in only a single replicate. Only four (NEC1 and

FIG 1 Illustration of workflow for PCR amplification and sequencing of the three extraction controls.
(A) All three samples were split into five replicates before 16S rRNA amplicon PCR, resulting in five
PCR replicates from each original sample after the PCR. (B) From each of the three groups of PCR
replicates, one of the five replicates was then split into five new replicates. (C) Index PCR and
sequencing were than performed for both PCR replicates and sequencing replicates on the same
sequencing run. One PEC sequencing replicate was lost due to technicalities, leaving 15 PCR
replicates and 14 sequencing replicates eligible for postsequencing analysis.
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NEC2 PCR replicates) or five (PEC PCR replicates) species were found in all five repli-
cates. In contrast, there were no differences between sequencing replicates originating
from the same PCR except for a single species missing in one replicate. This bacterium,
a Phenylobacterium sp., was also present in the latter replicate but by less than 50 reads
and consequently below our cutoff for a valid identification.

A few species dominated all replicates, whereas the majority of contaminants
appeared at relatively low abundances. The most abundant bacterium in each replicate
was represented by 19 to 33% of the total number of valid reads (Fig. 3). In all repli-
cates, Ralstonia pickettii and Cutibacterium acnes were the two most dominant species.
These were also the only bacteria present in all replicates from all groups.

In Fig. 4, we have defined a “frequency threshold rate” (FTR) as a percentage of the
most dominant contaminant bacteria in each replicate measured in the number of
sequencing reads. For example, if the most abundant contaminant bacterium is pres-
ent in 10,000 reads, then the 20% FTR is 2,000 reads. Figure 4 shows a steep decrease
in the number of bacterial identifications with an abundance above the FTR as the rate
increases from 0% to 50%, from.55 bacteria to#5 bacteria in each group of

FIG 2 Venn diagram of bacterial identifications in PCR replicates (A to C) and sequencing replicates (D to F), showing a high diversity between the PCR
replicates originating from the same sample, in contrast to the high similarity between the sequencing replicates originating from the same PCR. (A) Fifty-
five different bacteria were found in all five NEC1 PCR replicates combined. Only 4 (7%) identifications were shared between all five replicates, while 35
(64%) were found in only 1 of the 5 replicates. (B) Fifty-six different bacteria were found in all NEC2 PCR replicates in total. Only 4 (7%) identifications were
detected in all five replicates, and 39 (70%) identifications were found in only a single replicate. (C) Fifty-eight different bacteria were found in all PEC PCR
replicates in total. Five (9%) bacterial identifications were shared across all five replicates, including Legionella pneumophila, which was the positive control.
Forty-two (72%) identifications were detected in only a single replicate. (D and E) Bacterial identifications were identical in all sequencing replicates of both
NEC1 and NEC2. (F) Bacterial identifications were identical in all sequencing replicates of PEC except for one Phenylobacterium species which was identified
in only three out of the four replicates.
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FIG 3 BacterialAQ:fig composition in PCR (A to C) and sequencing (D to F) replicates of the extraction controls. A few species dominated in all
replicates. (A to C) The replicates from each sample show a high degree of variability. Only two species were present in every PCR replicate
from all three samples: Ralstonia picketti and Cutibacterium acnes. These two species were also the most abundant species in all PCR
replicates. (D to F) Bacterial identifications were identical in all sequencing replicates of NEC1 and NEC2, while one Phenylobacterium species
was identified in only three out of the four replicates of PEC. In those three replicates containing Phenylobacterium, it appeared with the
lowest number of reads (105, 51, and 90) and relative abundance (0.03%, 0.02%, and 0.04% of total number of reads, respectively) of all
bacterial identifications.
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FIG 3AQ:fig (Continued)
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replicates. The plot also shows the correlation between the FTR and the similarity
between the PCR replicates. The chance for the same bacterial species to be found in
all PCR replicates increases as the relative abundance of that bacterium increases. For
NEC1, bacteria with abundances above 50% of the dominant contaminant were pres-
ent in all replicates. The corresponding thresholds for NEC2 and PEC were 80% and
70%, respectively.

On the basis of these findings, we suggest the following criteria for filtering bacte-
rial contaminants in clinical samples. (i) Any bacterium appearing with a higher abun-
dance than the top five abundant contaminants, as determined by the sequencing of
negative and positive extraction controls, is accepted as a valid identification, even if it
occurs as a low abundance species in the controls. (ii) Bacteria present in frequencies
between 20% and 100% of the most abundant contaminant are accepted as likely valid
identifications, but only if they are also absent from all the negative controls. (iii)
Bacteria present in frequencies below 20% of the most abundant contaminant are
always rejected as invalid. (iv) In samples where none of the top five abundant contam-
inants are detected, all identifications are accepted as valid.

Detailed data from these experiments, including technical sequencing results and
sample diversity measures, is provided in Table S1 of the supplemental material.
Operational taxonomy unit (OTU) lists for all extraction control replicates can be found
in Table S2.

Experiment 2. Sequencing of a staggered mock community. (i) Experimental
design. Our next experiment included sequencing of a staggered mock community to-
gether with negative and positive extraction controls. The aims of this experiment
were twofold: (i) to assess the actual abundance of the contaminants detected in our
negative controls and to determine at what level the observed high variability in PCR
replicates occur and (ii) to assess the sensitivity and specificity of our suggested criteria
for filtering bacterial contaminants and to compare it to other common methods for
contaminant filtering.

We performed deep sequencing of three different dilutions of the staggered mock
community: a 1:10 dilution, representing a high bacterial load sample (16S PCR

FIG 4 Graph showing the correlation between a chosen frequency threshold rate and the resulting
number of accepted bacterial identifications and similarity between PCR replicates. The x axis shows
the frequency threshold rate (FTR) calculated as a percentage of the most dominant contaminant
bacteria in each replicate measured in the number of sequencing reads. The left y axis shows the
total number of accepted bacterial species for all five PCR replicates for each control when only
bacteria represented by more reads than the chosen FTR were accepted. The right y axis shows the
mean sample to sample Jaccard index of the five PCR replicates when only bacteria represented by
more reads than the chosen FTR cutoff were accepted.
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threshold cycle [CT] value of 11.2), and a 1:105 and a 1:106 dilution, representing low
bacterial load samples (16S PCR CT values of 27.3 and 31.7, respectively). The theoreti-
cal composition of bacterial cells and the estimated 16S rRNA copy counts in each of
these dilutions is presented in Table S3. The 1:10 dilution was split into two PCR repli-
cates (1:10_1 and 1:10_2) and the 1:105 dilution and 1:106 were split into four PCR repli-
cates each (1:105_1 to 1:105_4 and 1:106_1 to 1:106_4) before the PCR amplification
step. A negative and a positive extraction control were split into five PCR replicates
each before the PCR amplification step and sequenced together with the mock com-
munity samples.

(ii) Results. (a) Mock community result variability. The total number of accepted
reads from the mock community samples after quality filtering was 3,606,622. Each
sample had between 186,375 and 586,295 reads, and the relative proportion of DNA
contaminants increased with subsequent dilutions (Fig. 5A). No contaminant microbes
were identified in the high bacterial load sample (Fig. 5A). In the replicates from the
1:105 dilution, contamination constituted 2 to 3% of the total number of reads,

FIG 5 Analysis of mock community dilutions. (A) Number of reads per sample and distribution of reads from mock community
and DNA contaminants. The absolute and relative amount of reads from DNA contaminants increases with the subsequent
dilutions. (B) Identified mock microbes in each of the three dilutions investigated, and the variation (range) in relative abundance
of each identified bacteria between the different PCR replicates within each dilution. The species identified in the most diluted
sample showed a higher variation in relative abundance between PCR replicates.
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increasing to 24 to 32% in the 1:106 dilution replicates. Figure 5B shows the variation
in relative abundance between the PCR replicates for each identified mock community
bacterium and how the variability increases in the higher dilutions. Twelve of the 15
bacterial species present in the mock community were identified in each of the 1:10
diluted replicates, representing 100% of the identified OTUs in both samples. The three
mock community species that were not detected were those with the lowest abundan-
ces, ranging from 0.00009% to 0.0065% of the total microbial content of the mock
community (Table S3). In the 1:105 dilution, the same 12 bacterial species were identi-
fied in two out of four PCR replicates, while the least abundant of these species,
Methanobrevibacter smithii, remained undetectable in two PCR replicates. In the 1:106

dilutions, the 11 most abundant mock community species were identified in all four
PCR replicates. An OTU table for all mock community PCR replicates and extraction
controls is provided in Table S4.

(b) Assessment of the abundance of laboratory contamination. The absolute abun-
dances of all OTUs found in the first replicate of the 1:105 and 1:106 dilutions are pre-
sented in Fig. 6. Using the calculated concentration of mock community species as a
reference, we see that the most dominating contaminants appeared at concentrations
around 10 16S copies per 2ml template, corresponding to about 500 cells per ml in the
original sample (Table S3). The less abundant contaminants appeared in concentra-
tions close to or less than a single 16S copy per 2ml PCR template, approaching the
lower limit of detection in the PCR. This corresponded to an initial concentration of up
to 100 bacterial cells per ml sample (Table S3).

(c) Composition of the five negative and five positive extraction control replicates. The
mean number of species identified in each of the extraction controls were 18 (range,
12 to 23) with C. acnes and R. picketti being the only species consistently detected in
all negative and positive extraction control replicates. As in experiment 1, these two
species were the most dominant contaminants in all replicates, and we observed the
same high diversity between PCR replicates originating from the same extraction con-
trol. Eighty-three different species were found in the 10 replicates combined
(Table S4). The mean Jaccard distance was 0.80 (range, 0.65 to 0.87) for the negative
extraction control replicates and 0.76 (range, 0.65 to 0.81) for the positive extraction
control replicates. Forty out of 58 species from the negative extraction controls were
found in a single replicate only. The corresponding number for the positive extraction
control replicates was 35 out of 52.

(d) Filtering contaminants based on our suggested criteria versus other common meth-
ods for contaminant filtering. For the first replicate of the 1:105 and 1:106 mock commu-
nity dilutions, five different methods for removing contaminants were evaluated: (i)
our suggested criteria, (ii) removing all OTUs found in one preselected negative and
one preselected positive extraction control replicate, (iii) removing all OTUs found in
all five negative extraction control PCR replicates and all five positive extraction control
PCR replicates, and (iv and v) use of Decontam prevalence-based contaminant identifi-
cation, including both the isContaminant and the isNotContaminant function which are
both recommended for low biomass samples (4). Results are presented in Fig. 7.
Filtering using our suggested criteria had a sensitivity and specificity for the identifica-
tion of mock community bacteria in the two dilutions combined of 83% and 97% with
an overall test accuracy of 93%. One out of 39 contaminants were wrongly classified as
a mock community microbe, and four mock community microbes were wrongly classi-
fied as contamination (M. smithii in the 1:105 dilution, and Bifidobacterium adolescentis,
Clostridioides difficile, and Akkermansia muciniphila in the 1:106 dilution). Filtering using
a single preselected negative and positive extraction control gave a sensitivity of
100%, a specificity of 39%, and a test accuracy of 61%. Filtering using all 10 extraction
controls had a sensitivity of 100%, a specificity of 64%, and a test accuracy of 77%.
Filtering using Decontam isContaminant function had a sensitivity of 100%, a specificity
of 39%, and a test accuracy of 61%. Filtering using Decontam isNotContaminant func-
tion increased specificity to 77%, giving a test accuracy of 86%.
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FIG 6 The abundance of all species found in the first replicate of the 1:105 and 1:106 dilutions. The theoretical numbers of 16S
copies of each mock community species in 2 ml PCR template are shown as white numbers on blue rectangles. The most

(Continued on next page)
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Sequencing of bile samples from patients with acute cholangitis and bile duct
stenosis. Forty-one patients with either acute cholangitis (n=15) or noninfectious bile
duct stenosis caused by bile duct stones (n=26) were analyzed. Patient characteristics
together with culture and sequencing results are summarized in Table 1. Bacterial
loads were categorized as high in 15 samples, moderate in 8, and low in 18 (Table 2).
Each sample was split into two replicates before 16S rRNA sequencing and were
sequenced using different sequencing depths (16S rRNA replicate 1 and 16S rRNA rep-
licate 2). Table 3 gives an overview of technical sequencing results for the two sets of
replicates. Five sequencing runs were performed to include all samples.

(a) Identifying and filtering bacterial contaminants in the 16S rRNA replicates. The
combined number of extraction controls analyzed in all clinical sequencing runs were
18. An OTU table for all these is provided as Table S5. The top five abundant species in
each extraction control in each of the sequencing runs were identified. If any of these
were found in a clinical sample, the most abundant of them defined a level from where
contamination could be expected to occur in that sample and were used to filter con-
taminants as described for experiment 1. Based on this, OTUs were categorized as ei-
ther valid, likely valid, or contaminant. One or more of the most abundant contaminant
species from the controls were identified in 22 and 24 of the 41 samples in the two
16S PCR replicate runs, respectively (Table 2). As shown in Table 2, detection of con-
taminant bacteria was inversely correlated with the bacterial load of the samples.

FIG 7 Comparison of five different methods for filtering DNA contaminants for a 1:105 and 1:106

dilution replicate of the mock community. Method 1 is our suggested method. Method 2 is filter all
OTUs found in one NEC and PEC. Method 3 is filter OTUs found in all 10 extraction controls. Method
4 is Decontam prevalence based isContamintant function. Method 5 is Decontam prevalence-based
isNotContaminant function.

FIG 6 Legend (Continued)
dominating contaminants were found in the same concentration as mock microbes with a theoretical concentration of
approximately 10 16S copies per 2 ml PCR template. This corresponds to approximately 100 cells per ml in the original sample,
or about 500 16S copies per 100 ml extracted DNA. The less abundant contaminants appear in the same concentration as mock
microbes with a theoretical concentration close to or less than only a single 16S copy per 2 ml PCR template. This corresponds
to an initial concentration of less than 100 bacterial cells per ml sample.
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(b) Comparison of 16S rRNA PCR replicates from the clinical samples. The total number
of accepted identifications for all samples in 16S replicate 1 was 209 (173 valid and 36
likely valid). The corresponding number for replicate 2 was 295 (239 valid and 56 likely
valid). The mean species richness was significantly higher in replicate 2 (Table 3).
Figure S1 in the supplemental material shows a prevalence bar chart per sample for 16S
rRNA replicate 2, categorized according to our filtering criteria. Verifications by other
methods (culture, corresponding 16S rRNA replicate, or rpoB sequencing) are also indi-
cated in the figure. An OTU table for all samples in both replicates is provided in Table S6.

Discrepancies between the two replicates were observed for 22 (53.7%) of the 41
samples (Fig. 8). Ninety-four bacterial identifications, from now on called singletons,

TABLE 1 General characteristics, culture, and sequencing results of all included patients

Characteristic, culture, or sequencing result

No. (%) of patients or indicated value for characteristic or result

Acute cholangitis Noninfectious bile duct stenosis
No. of patients 15 26

General characteristics
Male 9 (60) 7 (27)
Mean age, yrs 73 54
SD; median; range 10; 71; 58–95 17; 51; 20–83

Previous biliary interventions 5 (33) 10 (39)
ERCP with papillotomy 4 (27) 3 (12)
ERCP without papillotomy 0 1 (4)
Choledocus stent still in place 1 (7) 0
Choledocus stent removed 0 1 (4)
Cholecystectomy 0 7 (27)

Ongoing antibiotic therapy at time of sampling 14 (93) 2 (8)
Concomitant acute pancreatitis 1 (7) 0
Concomitant acute cholecystitis 3 (20) 0

Culture and sequencing results
CT valuea for sample, mean 19.8 25,6
SD; median; range 5,1; 19.2; 12.5–27.9 7.5; 28.4; 12.2–33.4

CT valuea for NECb, mean 32.7 33.4
SD; median; range 1.3; 32.9; 29.7–34.6 1.1; 33.7; 31.3–35.5

Growth in blood culture (of tested) 4 (7)
Samples with detected bacteria by sequencingc 15 (100) 21 (81)
Samples with growth of bacteria in bile culture 14 (93) 17 (65)
Polybacterial samples by culture 8 (53) 9 (35
Polybacterial samples by sequencingc 14 (93) 15 (58%)
Mean species richness by sequencingc 5,7 8,1
SD; median; range 3.1; 6.0; 1–13 12.8; 3.0; 0–59

Mean species richness by culture 2.1 1.7
SD; median; range 1.4; 2,0; 1–6 1.8; 1,0; 0–5

aCycle threshold of SYBR green real-time 16S rRNA PCR.
bNegative extraction control.
cAll valid and likely valid identifications included, irrespective of whether they were identified in only one or in both of the two 16S rRNA replicates.

TABLE 2 Samples where contaminant bacteria were identified, categorized by the bacterial
load of the sample

Bacterial load of sample

No. of samples where contaminant bacteria
were identified

Replicate 1 Replicate 2
High (n= 15) 0 0
Moderate (n=8) 4 6
Low (n=18) 18 18

Total (n= 41) 22 24
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were made in only one replicate (Fig. 8 and Table S6). As expected, most singleton
findings were found in the replicate with the highest sequencing depth (Fig. 8), and all
singleton findings were among bacteria with either a low relative abundance or from
samples with a low bacterial load (Table S6).

TABLE 3 Overview of the two 16S rRNA sequencing replicates of the 41 bile samples

Characteristic(s) 16S rRNA replicate 1 16S rRNA replicate 2 P valuec

Valid reads,a mean (median) 67,608 (50,999) 229,904 (198,331) ,0.001
Range 16,179–221,713 52,068–583,052

Accepted reads when identified contaminants excluded, mean (median) 53,289 (33,192) 185,522 (166,919) ,0.001
Range 0–221,713 0–583,052

Total no. of bacterial identificationsb 208 291
Mean no. of bacterial identifications per sampleb (median) 5.1 (3.0) 7.2 (4.0) ,0.001
Range 0–26 0–59

aAccepted reads per sample after quality filtering.
bAfter exclusion of identified contaminants.
cStudent’s t test for continuous, normal distributed variables. Mann-Whitney U-test for continuous, skewed variables.

FIG 8 Venn diagram for each clinical sample, comparing the bacterial findings in the two
sequencing replicates. There were discrepancies in bacterial findings between the two replicates for
22 (53.7%) of the 41 samples. Ninety-four bacterial identifications were made in only one of the two
replicates. Out of these, 90 (96%) were found in the sample with the highest sequencing depth.
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(c) Microbial findings in bile samples. When summarizing the microbial findings, we
included all valid and likely valid identifications from both replicates. A summary of all
bacterial findings, grouped at the genus level, is presented in Table 4.

All samples from patients with acute cholangitis contained bacteria as determined
by both culture and sequencing (Table 1 and Fig. S1). For patients with noninfectious
bile duct stenosis, 21 out of 26 (81%) samples contained bacteria as determined by
sequencing. Among these, four samples were culture negative.

Compared to culture, sequencing found a much higher species richness in most
samples (Tables 1 and 4). In the acute cholangitis group, 84 microbial identifications
were made by sequencing whereof only 26 (30%) were cultured (Table 4). One identifi-
cation, Granilucatella adiacens, was made solely by culture. In the group of noninfec-
tious bile duct stone patients, 215 identifications were made by sequencing, whereof
only 40 (19%) were cultured. Four unique identifications, one Staphylococcus epidermi-
dis, one Staphylococcus warneri, one Corynebacterium pseudodiphtericum, and one
Enterococcus faecalis were made by culture only.

DISCUSSION

In this study, we investigate patterns of microbial contamination in targeted ampli-
con sequencing and their implications for postsequencing filtering of results. We dem-
onstrate how the most dominant contaminant species can be used to establish sam-
ple-specific cutoffs for reliable identifications. We also show how sample bacterial load
and sequencing depth affect sequencing results.

Sequencing of negative controls does not reveal all contaminants.Most current
approaches for identifying and filtering contaminant bacteria rely on the assumption
that sequencing of appropriate extraction controls will reveal the full spectrum of
background contaminants that could possibly occur in the associated clinical samples
(1–4). Our results contradict this assumption. We found that less than 10% of the con-
taminant species were detectable in all five replicates from the same negative control
when split before the PCR amplification step (Fig. 2).

Recently, Erb-Downward et al. described the same PCR replicate variability (17).
They suggested that the phenomenon occurred because of sequencing errors, possibly
due to underloading of the flow cell and very low cluster densities. On the basis of
data from both pre- and post-PCR replicates, we provide an alternative hypothesis,
that the major contributor to the variation between pre-PCR replicates is the random
inclusion of low abundance contaminant microbial DNA during pipetting of the PCR
template. While a few contaminants, having a relatively higher concentration, will
always be part of the PCR template, the majority of contaminants will be present at
such low concentrations that they will only occasionally be included. They are under
the law of small numbers (18), where a random sample is not likely to reflect the popu-
lation from which it is drawn, and the similarity between different samples is low. This
would explain why we robustly detect the most abundant contaminant taxa across all
samples and extraction controls in a sequencing run, whereas the presence and iden-
tity of less abundant background contaminants vary from sample to sample (Fig. 3; see
also Tables S1, S2, and S4 in the supplemental material). Further, the negative-control
replicates that were split after the 16S PCR, i.e., after massive amplification of any low
abundance target and therefore with expected low intersample variability, showed a
very high homogeneity (Fig. 2 and Tables S1 and S2). The latter finding contradicts the
hypothesis by Erb-Downward et al. (17). It is essential to acknowledge the difference
between pre- and postamplification replicates, and only the latter is useful for address-
ing the reproducibility of the sequencing technology itself.

Lower limit of detection. When the DNA input of a given species in a sample is
getting close to one copy per PCR, it will, like the low abundance contaminants, be
under the law of small numbers. This thus constitutes a lower limit of detection for 16S
deep sequencing as a method. Our sequencing of the mock community illustrates this
point. From the 1:105 dilution, we identified M. smithii in only 2 out of four PCR
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TABLE 4 Identified bacteria by sequencing compared to conventional culture

Condition, parameter, and bacterial speciesa

Identifications by 16S rRNA sequencing Growth by culture

Total no. % of all microbial detections No. % of identified by 16S rRNA sequencing
Acute cholangitis (15 patients)
Total no. of identifications 84 26 31
Gram negative 27 32 9 33
Klebsiella spp. 8 9.5 2 25
Escherichia coli 7 8.3 6 86
Campylobacter spp. 3 3.6
Enterobacter spp. 2 2.4
Haemophilus parainfluenzae 2 2.4
Aggregatibacter spp. 2 2.4
Hafnia alvei 1 1.2 1 100
Moraxella osloensis 1 1.2
Serratia odorifera 1 1.2

Gram positive 42 50 15 35
Enterococcus spp. 11 13.1 9 82
Streptococcus spp. 10 11.9 3 30
Lactobacillus spp. 6 7.1 1 17
Actinomyces spp. 4 4.8
Granulicatella adiacens 2 2.4
Rothia mucilaginosa 2 2.4
Staphylococcus spp. 2 2.4 1 50
Abiotrophia defectiva 1 1.2
Bacillus halodurans 1 1.2
Cellulosimicrobium sp. 1 1.2 1 100
Corynebacterium provencense 1 1.2
Kocuria sp. 1 1.2

Anaerobic 15 18 2 14
Fusobacterium spp. 4 4.8
Veillonella spp. 4 4.8
Clostridium perfringens 4 3.6 2 67
Bifidobacterium dentium 1 1.2
Cutibacterium avidum 1 1.2
Finegoldia magna 1 1.2
Intestinibacter bartlettii 1 1.2

Noninfectious bile duct stenosis (26 patients)
Total no. of identifications 215 40 19
Gram negative 44 21 16 36
Escherichia spp. 7 3.3 6 86
Klebsiella spp. 7 3.3 5 71
Haemophilus spp. 6 2.8 1 17
Campylobacter spp. 3 1.4
Enterobacter spp. 3 1.4
Neisseria spp. 3 1.4
Citrobacter/Cronobacter 2 0.9
Pseudomonas aeruginosa 2 0.9
Aeromonas sp. 1 0.5 2 200
Bergeyella sp. (HMT-322) 1 0.5
Capnocytophaga gingivalis 1 0.5
Citrobacter amalonaticus 1 0.5 1 100
Hafnia alvei 1 0.5
Hymenobacter sp. 1 0.5
Kluyvera ascorbata 1 0.5
Pluralibacter gergoviae 1 0.5
Proteus sp. 1 0.5
Pseudolabrys sp. 1 0.5
Serratia marcescens 1 0.5 1 100

Gram positive 75 35 21 28
Streptococcus spp. 35 16.3 8 23
Actinomyces spp. 13 6.0 2 15
Enterococcus spp. 7 3.3 6 86
Granulicatella adiacens 4 1.9

(Continued on next page)
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replicates. The theoretical abundance of M. smithii in the 1:105 dilution was 67 cells per
ml, corresponding to a little less than one copy in 2ml PCR template (Table S3).

Comparison of filtering methods. The major strength of our method for filtering
contaminants is its high specificity, found to be 97% when evaluated on mock commu-
nity dilutions (Fig. 7). As expected, the use of a single negative and positive extraction
control had a very low specificity (39%) (method 2; Fig. 7). The law of small numbers
implies that increasing the number of extraction controls should provide a more com-
plete description of the background contaminants, and including OTUs found in all 10
extraction controls (method 3; Fig. 7) did result in filtering of more true contaminants.
However, many of the low abundance contaminants were still not flagged, and the
specificity of this method remained low (64%).

Our findings might explain why promising postanalytic methods for removing con-
taminants, like the R-package Decontam, still display reduced specificity in low

TABLE 4 (Continued)

Condition, parameter, and bacterial speciesa

Identifications by 16S rRNA sequencing Growth by culture

Total no. % of all microbial detections No. % of identified by 16S rRNA sequencing
Rothia mucilaginosa 4 1.9 2 50
Saccharibacteria (TM7) spp. 4 1.9
Staphylococcus spp. 3 1.4 2 67
Gemella spp. 2 0.9
Corynebacterium sp. 1 0.5
Kocuria palustris 1 0.5
Leuconostoc lactis 1 0.5 1 100

Anaerobic 96 45 3 3
Veillonella spp. 18 8.4
Prevotella spp. 14 6.5 1 7
Fusobacterium spp. 7 3.3
Oribacterium spp. 6 2.8
Leptotrichia spp. 5 2.3
Clostridium spp. 5 2.3 1 20
Bifidobacterium spp. 4 1.9
Stomatobaculum longum 3 1.4
Peptostreptococcus spp. 3 1.4
Atopobium parvulum 2 0.9
Bacteroides spp. 2 0.9 1 50
Lachnoanaerobaculum spp. 2 0.9
Megasphaera micronuciformis 2 0.9
Alloprevotella tannerae 1 0.5
Alloscardovia omnicolens 1 0.5
Anaerococcus vaginalis 1 0.5
Bilophila wadsworthia 1 0.5
Catabacter hongkongensis 1 0.5
Catonella morbi 1 0.5
Colibacter massiliensis 1 0.5
Cryptobacterium curtum 1 0.5
Dialister pneumosintes 1 0.5
Eggerthella lenta 1 0.5
Eubacterium sulci 1 0.5
Finegoldia magna 1 0.5
Fretibacterium fastidiosum 1 0.5
Lachnospiraceae (G-2) sp. 1 0.5
Mogibacterium sp. 1 0.5
Parasutterella excrementihominis 1 0.5
Parvimonas micra 1 0.5
Porphyromonas pasteri 1 0.5
Selenomonas sp. 1 0.5
Slackia exigua 1 0.5
Solobacterium moorei 1 0.5
Veillonellaceae [G-1] sp. 1 0.5

aMicrobes that could be identified only to a species group or genus level are listed at the genus level. For microbes that could be identified to the species level, and where
there were no other species identified within the same genus, the species name is listed.
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biomass/highly diluted samples (4, 5, 13). Decontam filtering of contaminant taxa had
a specificity of 39% and 77%, respectively, in our mock community experiments
(Fig. 7). The prevalence-based method in Decontam, which is recommended for low
biomass samples (4), relies on the assumption that contaminating taxa are likely to
have a higher prevalence in control samples than in true samples. Our results indicate
that this assumption may be true only for the more abundant contaminant bacteria.
Low abundance contaminant taxa that appear randomly in the negative extraction
controls might not be recognized as contaminants.

The sensitivity of our suggested filtering method on the diluted mock communities
was 83%. The mock community microbes wrongly classified as contaminants were
those present in concentrations close to the absolute lower limit of detection, having a
theoretical copy number ranging from ,1 to 9 copies per 2ml PCR template. Thus, this
delineates the lower limit of detection for our filtering method. Many of the bile sam-
ples from the noninfectious patients also had low bacterial loads. They contained bac-
teria known to be part of the human oral microbiota, possibly reflecting contamination
of the sampling catheter during the endoscopic retrograde cholangiopancreatography
(ERCP) procedure. In some of these samples (e.g., samples 23 and 28 [see Fig. S1 in the
supplemental material]), due to the low bacterial loads, many human oral bacteria
were categorized as background contaminants by our filtering approach.

A major concern when subtracting all findings in the negative controls (1, 2, 13) is
the situation where a species truly present in the sample is also found in the bacterial
background. Our method allows for correct classification of these as relevant if they
are represented by more reads than the most abundant contaminants. For the specific
situation where the infection is caused by a species that is also among the dominant
contaminants, one must look at alternative approaches. It is possible to calculate a
sample-specific cutoff for differentiating between true and contaminant bacteria by
using a combination of sequencing depth (number of reads) and the CT values of the
sample and the corresponding negative control in the 16S rRNA PCR (DCT) (19).
Although specific, this approach has a lower sensitivity.

Another suggested approach for contaminant filtering is to have an expert review
of the samples and remove taxa that are considered biologically unexpected (1, 20).
This method will however fall short if contaminant species are also biologically plau-
sible, like many of the species identified in our extraction controls (e.g. Anaerococcus
sp., Actinomyces sp., Corynebacterium sp., Cutibacterium acnes, Staphylococcus sp.,
Finegoldia magna, Haemophilus sp., Pseudomonas sp., Prevotella sp., Streptococcus sp.,
and Moraxella sp.) (Tables S2 and S4). However, combining our suggested filtering
method with expert removal of biologically unexpected findings could possibly fur-
ther increase the accuracy of results. In such a setting, clinically plausible findings
below the cutoff of a valid identification could also be reported, but with more cau-
tion and as part of a broader clinical assessment.

Using the most abundant contaminant to establish a cutoff for likely valid identifi-
cations represents a dynamic approach taking into account both sequencing depth
and the relative level of contamination in each individual sample. This is in contrast to
some approaches based on a fixed cutoff, either a specified read count or a specified
proportion of the total number of sequencing reads in each sample (21, 22). Such
approaches will not be expedient for filtering samples with diverse bacterial loads or
with dissimilar sequencing depths.

Setting the lower cutoff for acceptable bacterial identifications. We removed
any species represented by less than 20% of the reads of the most abundant contami-
nant. This was a pragmatic cutoff, based on the observation that, with our reagents,
inclusion of random background contaminants seemed to increase exponentially
below this threshold (Fig. 4). However, as seen in Fig. 4, contaminants could occasion-
ally occur at abundances up to 80% of the dominant background bacteria. We must
therefore assume that some of the bacteria defined as “likely valid” in our clinical sam-
ples could represent contaminants. A likely example of this is the soil bacterium
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Hymenobacter sp., found in sample 41 with an abundance of 33% compared to the
most abundant contaminant (Fig. S1).

The relative number of reads representing a given bacterium in a sample will fluctu-
ate somewhat from sequencing run to sequencing run. Such variations will be more
pronounced among low abundance bacteria since they, like the background contami-
nants, are more affected by random differences in the number of target DNAs pipetted
for the amplification PCR. This is illustrated by the repeat sequencing of mock commu-
nity dilutions, where the interreplicate variations in relative species abundances were
higher in the most diluted samples (Fig. 5B). Low abundance species will therefore be
vulnerable for accidentally falling below the cutoff in some runs, explaining why alto-
gether 27 bacteria were validly detected in only one of the 16S rRNA replicates among
the “low bacterial load” bile samples (Fig. 8).

The relationship between bacterial load, sequencing depth, and diagnostic
sensitivity. Background contamination is described as mainly constituting a challenge
in low biomass samples, and many studies report the inverse relationship between the
bacterial load of a sample and the relative abundance of contaminating DNA (1–3, 5).
We will argue that the absence of contaminant species in data from a high biomass
sample is actually an indication of inadequate sequencing depth. If you are not seeing
any contaminants, there may remain undiscovered species with lower abundances
that you could have detected using a higher number of reads (as in our sequencing of
the 1:10 dilution of the mock community). This is well exemplified by our repeated 16S
rRNA sequencing of clinical samples, where all except 1 out of 62 singleton findings
were made in the replicate with the highest sequencing depth (Fig. 8). All these extra
identifications were also, as expected, among the low abundance species in their sam-
ples with relative abundances of,1% of the total number of accepted bacterial reads
(Fig. S1). Sample 38 (moderate bacterial load, CT value of 22.5) represented the most
extreme example (Fig. S1). For this sample, the number of accepted reads increased
from 17,966 reads in the first replicate to 188,744 in the second. With this increase, we
were able to identify 32 additional species and, as an indication of sufficient depth,
small amounts of contamination (113 reads/0.001% with Ralstonia picketti). The high
number of reads needed for robust description of polymicrobial clinical infections is
emphasized by our data. For samples with moderate to high bacterial loads, even a
sequencing depth of hundreds of thousands reads was frequently insufficient to start
seeing contaminant bacteria (Table 2 and Fig. S1).

Cross-contamination. Another possible source of contamination in target ampli-
con sequencing is cross-contamination between samples (2). The level of cross-con-
tamination is difficult to determine with certainty. To minimize the risk of sequencing
noise and cross-contamination disturbing our results, we rejected all OTU clusters con-
taining less than 50 sequences. This is a similar or even more strict criterion than other
studies have used (9, 19, 22–24).

Limitations.We believe the general principles outlined in the study will be transfer-
able to other clinical labs. However, background contamination will vary between labs,
between extraction kits and PCR reagents, and even between batches of the same
extraction kits and PCR reagents (2). Every lab should analyze and monitor the pattern
of contamination in their own sequencing results if adopting our approach for filtering
of contaminants and adjust their filtering cutoffs according to their findings.
Adjustments could include, e.g., the number of “top contaminants” or the “frequency
threshold rate.”

Conclusion. In this study, we demonstrate the limitations of simply using microbial
identifications in negative controls as the basis for filtering background bacterial con-
tamination. The main concern regarding this strategy until now has been that the neg-
ative controls may contain bacteria that are also truly present in the clinical samples or
that the negative controls may be contaminated with DNA from the clinical samples
during the sequencing process (1, 2, 13) and that true findings therefore will be dis-
carded as contaminants. We demonstrate that due to the law of small numbers, the

Dyrhovden et al. ®

May/June 2021 Volume 12 Issue 3 e00598-21 mbio.asm.org 18

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 1

6 
Fe

br
ua

ry
 2

02
3 

by
 2

00
1:

46
51

:d
40

e:
0:

48
6f

:a
b7

5:
a6

7:
96

55
.



risk of accepting contaminants as true findings should be of equal concern using this
strategy.

We suggest using the most abundant background contaminant species to define a
level in each sample from where identifications might represent contamination. Below
this level, again due to the law of small numbers, it rapidly becomes very demanding
to discriminate between background and true findings. The most abundant contami-
nant DNA can also serve to evaluate sequencing depth. Adequate sequencing depth
can be claimed only when the analysis also picks up background contamination.

MATERIALS ANDMETHODS
Inclusion of patients and collection of bile samples. This was a prospective, single-center study

performed at Haukeland University Hospital, Bergen, Norway. The study was approved by the regional
ethical committee (2015/65). Written informed consent was obtained from all participants.

From July 2015 to April 2017, bile samples were collected from all patients undergoing endoscopic
retrograde cholangiopancreatography (ERCP). Patients diagnosed with either acute calculous cholangi-
tis, defined according to the Tokyo Guidelines 2013 (25) (TG13) criteria for a definite diagnosis or nonin-
fectious bile duct stone were included for further analysis.

Bile samples were immediately placed in sterile sample glass and sent to the laboratory for analysis
after sampling. Upon arrival to the laboratory, DNA was extracted directly from 400ml of bile as
described previously (15, 16, 26). The eluate was stored at 280°C for later deep sequencing analysis. All
samples were also routinely cultured according to our previously described laboratory guidelines (16).

Endoscopic retrograde cholangiography and pancreatography procedure. The intestine was
rinsed with a solution of water and Minifom before procedure. ERCP was performed with the patient in
the supine position. The patient was sedated with midazolam and pethidine, and if needed supple-
mented with buscopan for bowel relaxation. A side-viewing, sterilized, endoscope (Evis Exera III
Duodenovideoscope, Olympus TJF – Q190V, Olympus) was used. Wire guided selective bile duct cannu-
lation was performed with use of a guidewire (Dreamwire 0.035 in., 260 cm; Boston Scientific, Costa Rica)
passed through a sterile sphincterotome catheter (Jagtome RX 44; Boston Scientific, Costa Rica). The
position in the bile duct was confirmed by X-ray to identify the position of the catheter and guide wire
before aspiration of approximately 2 to 5ml bile. If there was any concern about the location of the
guidewire, the sphincterotome was gently advanced over the guidewire, and a small amount of contrast
was injected to delineate the anatomy. If there were any difficulties with cannulation of the ampulla of
Vater, normal saline was injected to dilate the bile duct. Normal saline injections was also used to flush
the bile ducts if bile aspiration attempts yielded little or no fluid in return on the catheter.

Mock community dilution. A staggered mock community from ZymoBIOMIC were used
(ZymoBIOMICS Gut Microbiome Standard, catalog no. D6331; Zymo Research Corp., Irvine, CA, USA).
This mock community consists of 19 bacterial strains representing 15 bacterial species (Faecalibacterium
prausnitzii, Veillonella rogosae, Roseburia hominis, Bacteroides fragilis, Prevotella corporis, Bifidobacterium
adolescentis, Fusobacterium nucleatum, Lactobacillus fermentum, Clostridioides difficile, Akkermansia muci-
niphila, Methanobrevibacter smithii, Salmonella enterica, Enterococcus faecalis, Clostridium perfringens, and
Escherichia coli strains JM109, B-3008, B-2207, B-766, and B-1109) and two fungal species (Saccharomyces
cerevisiae and Candida albicans). The mock community was diluted with microbial DNA-free water
(Qiagen) in seven rounds of a serial 10-fold dilution prior to DNA extraction. The dilutions were analyzed
with a SYBR green real-time 16S rRNA PCR using a previously described protocol (15) to obtain a semi-
quantitative measure of the bacterial load of each dilution. A dilution with high bacterial load (1:10) and
two different dilutions with low bacterial load (1:105 and 1:106) were selected for further analysis.
Negative and positive extraction controls were included and followed all processing steps.

Gene targets. In all bile samples, mock community samples, and extraction control samples, the 16S
rRNA gene V3-V4 region was sequenced (see Table S8 in the supplemental material). For selected bile
samples, a part of the rpoB gene were also sequenced in a separate sequencing run to obtain a higher
taxonomic resolution for Enterobacteriaceae, Enterococcus, Streptococcus, and Staphylococcus species
identified by the 16S rRNA sequencing (16). Species identified at a higher taxonomic level with partial
rpoB gene sequencing compared to partial 16S rRNA gene sequencing (V3-V4) are listed in Table S7. All
primers used were the same as described previously (16), except for a modification of one of the two for-
ward RpoB_ESS primers to obtain better coverage of Enterococcus raffinosus (Table S8). All primers are
listed in Table S8.

Sequencing procedure. The Illumina Miseq system (Illumina, Redwood City, CA) was used for
sequencing. The sequencing protocol was a modified version of the of the Illumina 16S Metagenomic
Library Preparation protocol (27) as described previously (15, 16). Briefly, the sequencing workflow
included the following stages. The target genes were amplified in an amplicon PCR using the same tem-
perature profile for all targets. An overview of the PCR mixture for the different gene targets and the
temperature profile of the amplicon PCR is provided in Table S8. After PCR cleanup of the amplicon PCR
product with use of AMPure XP beads, the next step was attachment of dual indices and Illumina
sequencing adapters in an index PCR. The index PCR product underwent a similar cleanup, followed by
a fluorometric quantification of the DNA content of each sample using Qubit 3.0 fluorometer (Fisher
Scientific) and the QubitR dsDNA (double-stranded DNA) HS (high-sensitivity) assay kit (0.2 to 100 ng).
Samples were then diluted using 10mM Tris (pH 8.5) to reach a final concentration of 4 nM, before they
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were pooled together into a final library pool that was denatured, diluted, and mixed with a Phix control
before loaded on the Miseq system as described in the Illumina protocol (27).

For the 16S rRNA amplicon sequencing of bile samples, each sample was split into two replicates
(16S rRNA replicate 1 and 16S rRNA replicate 2) after DNA extraction and then processed in different
PCR amplification and sequencing runs. The second replicate from each sample was sequenced with
fewer samples per sequencing run to obtain a higher sequencing depth.

Assessing the bacterial load in the bile samples. A semiquantitative measure of bacterial load in
each sample was calculated using the CT value from the SYBR green real-time 16S rRNA PCR, following
the same protocol as for the mock community experiment. According to their CT value, samples were
categorized as having either high bacterial load (CT values ranging from lowest to 19), moderate bacte-
rial load (CT values ranging from 20 to 24) or low bacterial load (CT values ranging from 25 to highest).

Extraction controls. Each sample was processed together with a parallel negative extraction control
consisting of lysis buffer and PCR-grade water. For the bile samples, all negative extraction controls
were mixed into two or three pools before sequencing, depending on the number of samples included
in the sequencing run. In addition, a weakly positive extraction control consisting of Legionella pneumo-
phila suspended in PCR-grade water was included.

Postsequencing processing. The Miseq Reporter software was used for removing primers,
demultiplexing, and generating FASTQ files for each sample. AdapterRemoval 2.2.2 (28) was used for
trimming adapter sequences and low-quality bases and to merge the forward and reverse FASTQ
files of each sample, using the following command: AdapterRemoval –file1 ,reads_1.fq. --file2
,reads_2.fq. --basename ,mymergedfile. --threads 7 –trimns –trimqualities –minquality 20 –col-
lapse – adapter-list ,adapters..txt –gzip.

Downstream analysis was then performed using the RipSeq next-generation sequencing (NGS) soft-
ware (Pathogenomix, Santa Cruz, CA) (15, 16) (de novo clustering into operational taxonomic units
[OTUs] using a 99% similarity threshold). A chimera check was performed with the RipSeq online tool.

Taxonomic assignment. OTUs were assigned using the RipSeq online BLAST search against the
RipSeqs curated database “Pathogenomics Prime 16S” (16S), “Pathogenomix rpoB_ESS,” ”Pathogenomix
rpoB_Ent,” and “GenBank Bacteria 1 – All bacterial targets, Valid Species and Pubmed” (rpoB). OTUs that
did not match a reference sequence using these RipSeq curated databases were manually assigned by
performing a BLAST search against the GenBank NCBI database and the Human Oral Microbiome
Database (www.homd.org). OTUs mapping to the same reference species were merged.

Criteria used for taxonomy assignments for both 16S rRNA and rpoB gene were the same as
described previously (16) (for 16S rRNA species-level identification, $99.3% homology with a high-qual-
ity reference, and minimum distance .0.7% to the next alternative species). OTUs obtaining species-
level homology but with an insufficient distance to the next species were assigned to a species group or
listed as a slashed result. OTUs that did not assign to any known species were indicated as “Unknown
bacteria #.” A full list of all species groups and of the best BLAST search match in GenBank NCBI data-
base for all OTUs termed as “Unknown bacteria #” is found in Table S9.

Secondary filtration of sequencing results. A lower cutoff for the number of representative
sequences required to retain an OTU is recommended as a secondary filtration to diminish problems
related to sequencing noise and cross-contamination of samples (9, 19, 22–24, 29). We rejected OTUs
represented by fewer than 50 reads. Further filtering of bacterial background DNA from the sequencing
results is outlined in Results.

Statistical analysis. Statistical analyses were performed using SPSS 25 (IBM Corp.) and the R pro-
gramming language (30). Clinical and microbial characteristics of categorical and continuous data were
analyzed with Pearson’s chi-squared test and Student’s t test, respectively. Mann-Whitney U-test was
used for continuous, skewed variables. Figures illustrating microbial distribution were produced using
the R-packages “VennDiagram” (31) version 1.6.0 and “ggplot2” (32) version 3.2.1. Diversity analyses
were performed using the R-package “phyloseq” (33) version 1.30.0. Rarefaction of data used in diversity
measures was performed using the phyloseq package in R with the following arguments: rarefy_even_depth
(Otu_table, sample.size = min(sample_sums(Otu_table)), rngseed = TRUE, replace = TRUE, verbose = TRUE).

Data availability. The source data from experiment 1 and experiment 2 have been deposited in the
European Nucleotide Archive (ENA) at EMBL-EBI under accession number PRJEB44556 (https://www.ebi
.ac.uk/ena/browser/view/PRJEB44556).

Other source data of this study are available from the corresponding author upon request. Not all
patient data are publicly available due to restrictions from the Regional Ethical Committee.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, PDF file, 0.5 MB.
TABLE S1, PDF file, 0.2 MB.
TABLE S2, XLSX file, 0.02 MB.
TABLE S3, PDF file, 0.2 MB.
TABLE S4, XLSX file, 0.02 MB.
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Supplementary Figure S1:

Barchart illustrating the sequencing result of each bile sample in 16S rRNA replicate 2. Number
of reads per OTU are given on a log-transformed scale. Bars for species with an abundance
above the top abundant contaminant is categorized as ”Valid” and colored dark blue. Bars for
species with an abundance between 20 to 100% of the top abundant contaminant is categorized
as ”Likely valid” and colored light blue. Bars with an abundance below 20% of the top abundant
contaminant is categorized as ”Contaminant” and colored red.
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NPedobacter quisquiliarum

Moraxella osloensis

Bulleidia extructa

Sphingomonas alpina group

Aquabacterium parvum

Pseudomonas fluorescens group

Micrococcus antarcticus group

Hydrotalea flava

Shewanella xiamenensis

Brevundimonas bullata / halotolerans

Unknown bacteria 1

Prevotella pallens

Veillonella atypica

Peptostreptococcus stomatis

Meiothermus silvanus

Prevotella histicola / jejuni

Leptotrichia sp. HMT−221

Paenibacillus fonticola

Streptococcus parasanguinis / sinensis

Unknown bacteria 20

Acinetobacter johnsonii

Pseudomonas veronii group

Staphylococcus capitis group

Acinetobacter lwoffii

Unknown bacteria 3

Ralstonia pickettii

Cutibacterium acnes

Prevotella baroniae

Streptococcus anginosus

Streptococcus salivarius group

Streptococcus mitis group

Streptococcus parasanguinis group

Rothia mucilaginosa

Prevotella oris

Fusobacterium necrophorum

Staphylococcus saprophyticus

100 101 102 103 104 105

Reads per OTU

Contaminant Likely Valid Valid

16S−PCR Ct−value: 30.9 | Number of valid reads: 76201
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NEnterobacter cloacae complex / Klebsiella sp.

Hydrotalea flava**

Aquabacterium parvum

Eubacterium sulci

Acinetobacter guillouiae

Bergeyella sp. HMT−322

Actinomyces lingnae oral taxon 181

Actinomyces naeslundii group

Selenomonas sputigena

Pseudomonas vranovensis group

Streptococcus sanguinis

Scardovia wiggsiae

Actinomyces lingnae

Streptomyces sp.

Micrococcus antarcticus group

Fretibacterium sp. HMT−359

Corynebacterium durum

Parvimonas micra

Pseudomonas azotoformans group

Leptotrichia sp. HMT−221

Campylobacter concisus

Gemella haemolysans group

Staphylococcus capitis group

Staphylococcus warneri / pasteuri

Haemophilus quentini

Caulobacter sp. HMT−002

Eubacterium brachy

Bacillus haynesii group

Streptococcus lactarius / peroris

Staphylococcus haemolyticus group

Pseudomonas versuta / asturiensis

Streptococcus anginosus

*Paenibacillus fonticola *

Selenomonas felix

Actinomyces sp.

*Acinetobacter johnsonii *

Fusobacterium periodonticum

Pseudomonas veronii group

Pseudomonas fluorescens group

Acinetobacter lwoffii

Ralstonia pickettii

Cutibacterium acnes

TM7(G−1) sp. HMT−352

Bifidobacterium longum

Granulicatella adiacens

Prevotella melaninogenica

Prevotella histicola

Megasphaera micronuciformis

Atopobium parvulum

Oribacterium sinus

Streptococcus mitis/oralis group

Veillonella dispar / parvula

Actinomyces graevenitzii

Rothia mucilaginosa

Streptococcus salivarius group

Veillonella atypica

Oribacterium asaccharolyticum

Stomatobaculum longum

Schaalia odontolytica

Lachnoanaerobaculum orale / saburreum

Leptotrichia sp. (HMT−417)

Streptococcus parasanguinis

100 101 102 103 104 105

Reads per OTU

Contaminant Likely Valid Valid

16S−PCR Ct−value: 29.9 | Number of valid reads: 97083
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NStreptococcus lactarius / peroris

Streptococcus parasanguinis group

Pseudomonas meliae group

Caulobacter sp. HMT−002

Hydrotalea flava

Alcaligenes faecalis / aquatilis

Enterobacter cloacae complex / Klebsiella sp.

Staphylococcus equorum

Pseudomonas deceptionensis group

Burkholderia contaminans group

Rothia dentocariosa

Brevundimonas olei / diminuta

Flexivirga alba

Paracoccus aestuarii group

Pseudomonas antarctica group

Aquabacterium sp.

Streptococcus anginosus / constellatus

Unknown bacteria 21

Acinetobacter johnsonii

Peptoniphilus gorbachii group

Pseudomonas veronii group

Staphylococcus hominis group

Streptococcus anginosus / intermedius

Paenibacillus fonticola

Anaerococcus sp. HMT−290

Streptococcus parasanguinis / sinensis

Pseudomonas azotoformans group

Streptococcus mitis group

Unknown bacteria 1

Meiothermus silvanus

Ralstonia pickettii

Pseudomonas fluorescens group

Staphylococcus capitis group

Acinetobacter lwoffii

Cutibacterium acnes

100 101 102 103 104 105

Reads per OTU

Contaminant

16S−PCR Ct−value: 33.3 | Number of valid reads: 84713
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NAcinetobacter lwoffii

Unknown bacteria 1

Streptococcus lactarius / peroris

Capnocytophaga gingivalis

Pseudomonas fluorescens group

Acinetobacter johnsonii

Pseudomonas deceptionensis group

Pseudomonas antarctica group

Paenibacillus fonticola

Ralstonia pickettii

Staphylococcus capitis group

Cutibacterium acnes

Bergeyella sp. (HMT−322)

Streptococcus salivarius group

Neisseria flava group

Streptococcus infantis / pseudopneumoniae

Gemella haemolysans group

Veillonella atypica

Veillonella parvula group

Streptococcus parasanguinis

Stomatobaculum longum

Prevotella nanceiensis

Fusobacterium periodonticum

Streptococcus mitis

Actinomyces sp. (sp4−iso−1_H03x4)

Granulicatella adiacens

Prevotella histicola

Streptococcus infantis

Rothia mucilaginosa

Veillonella dispar / parvula

Haemophilus parainfluenzae

Prevotella melaninogenica

Porphyromonas pasteri

Neisseria flavescense group

100 101 102 103 104 105

Reads per OTU

Contaminant Likely Valid Valid

16S−PCR Ct−value: 26.8 | Number of valid reads: 94801
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16S−PCR Ct−value: 25.8 | Number of valid reads: 198331

Streptococcus salivarius

Cutibacterium acnes

Pseudomonas fluorescens group

Pseudomonas veronii group

Pseudomonas azotoformans group

Acinetobacter johnsonii

Microcella putealis group

Ralstonia pickettii

Aquabacterium sp.

Unknown bacteria 1

Pseudomonas versuta / asturiensis

100 101 102 103 104 105 106

Reads per OTU

Contaminant Valid



Sample 27

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

NPseudomonas versuta / asturiensis

Acinetobacter haemolyticus

Pseudomonas azotoformans group

Anaerococcus octavius

Acinetobacter ursingii / septicus

Parvimonas micra

Corynebacterium tuberculostearicum

Staphylococcus capitis group

Actinomyces graevenitzii

Alcaligenes faecalis / aquatilis

Porphyromonas pasteri

Acinetobacter guillouiae

Schaalia odontolytica

Acinetobacter radioresistens

Pseudomonas veronii group

Streptococcus parasanguinis / sinensis

Corynebacterium aurimucosum group

Pseudomonas fluorescens group

Cutibacterium granulosum

Hydrotalea flava

Paenibacillus fonticola

*Acinetobacter johnsonii *

Unknown bacteria 1

Moraxella osloensis

Micrococcus antarcticus group

Microbacterium marinum group

Leptotrichia sp.

Acinetobacter lwoffii

Ralstonia pickettii

Cutibacterium acnes

Oribacterium parvum

100 101 102 103 104 105

Reads per OTU

Contaminant Likely Valid

16S−PCR Ct−value: 33.3 | Number of valid reads: 122790
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NMelaminivora alkalimesophila

Unknown bacteria 26

Shewanella xiamenensis

Paenibacillus sp.

Raoultella ornithinolytica / planticola

Acinetobacter baumanni

Luteimonas dalianensis

Streptococcus lactarius / peroris

Pseudomonas versuta / asturiensis

Alkalihalobacillus halodurans / okuhidensis*

Atopobium parvulum

Actinomyces lingnae oral taxon 181

Unknown bacteria 25

Pseudomonas deceptionensis group

Unknown bacteria 24

Rhodoplanes sp.

Corynebacterium tuberculostearicum

Gemmata sp.

Paenibacillus fonticola

Unknown bacteria 23

Pseudomonas veronii group

Unknown bacteria 22

Ralstonia pickettii

Acinetobacter johnsonii

Pseudomonas azotoformans group

Oribacterium asaccharolyticum

Actinotalea sp.

Veillonella atypica

Haemophilus parainfluenzae

Aquabacterium sp.

Streptococcus mitis group

Rothia mucilaginosa

Veillonella dispar / parvula*

Hydrotalea flava

Pseudomonas fluorescens group

Acinetobacter lwoffii

Staphylococcus capitis group

Cutibacterium acnes

Klebsiella variicola

Streptococcus salivarius

Pseudolabrys sp.

Streptococcus parasanguinis

Escherichia coli / Shigella sp.

100 101 102 103 104 105

Reads per OTU

Contaminant Likely Valid Valid

16S−PCR Ct−value: 30.6 | Number of valid reads: 101113
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Staphylococcus aureus

Streptococcus anginosus

Streptococcus sanguinis

100 101 102 103 104 105 106

Reads per OTU

Valid

16S−PCR Ct−value: 16.3 | Number of valid reads: 583052
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Staphylococcus aureus

Streptococcus anginosus

Streptococcus sanguinis

100 101 102 103 104 105 106

Reads per OTU

Valid

16S−PCR Ct−value: 16.3 | Number of valid reads: 583052
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NAcinetobacter soli

Pseudomonas meliae group

Pseudomonas vranovensis group

Pseudomonas argentinensis group

Cupriavidus basilensis / numazuensis

Achromobacter aegrifaciens group

Enterobacteraceae group

Anaerococcus sp. HMT−290

Pseudomonas deceptionensis group

Acinetobacter oryzae / johnsonii

Paracoccus laeviglucosivorans group

Moraxella catarrhalis / nonliquefaciens

Streptococcus sanguinis

Corynebacterium fastidiosum group

Pseudomonas corrugata group

Anaerococcus octavius

Hydrotalea flava

Haemophilus parainfluenzae

Prevotella melaninogenica

Prevotella oris

Unknown bacteria 27

Sphingomonas alpina group

Peptococcus sp. HMT−167

Pseudomonas veronii group

Anaerococcus prevotii / tetradius / marasmi

Pseudomonas versuta / asturiensis

Caulobacter sp. HMT−002

Aquabacterium sp.

Pseudomonas azotoformans group

Meiothermus silvanus

Paenibacillus fonticola

Staphylococcus capitis group

Pseudomonas fluorescens group

Ralstonia pickettii

Cutibacterium acnes

100 101 102 103 104 105

Reads per OTU

Contaminant

16S−PCR Ct−value: 32.8 | Number of valid reads: 241529
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NHydrotalea flava

Aquabacterium sp.

Prevotella melaninogenica

Bosea sp.

Micrococcus antarcticus group

Empedobacter falsenii

Veillonella dispar / parvula

Veillonella atypica

Phenylobacterium sp.

Moraxella osloensis

Prevotella histicola / jejuni

Staphylococcus capitis group

Pseudomonas azotoformans group

Cutibacterium acnes

Pseudomonas veronii group

Pseudomonas fluorescens group

Ralstonia pickettii

Streptococcus salivarius

100 101 102 103 104 105 106

Reads per OTU

Contaminant Valid

16S−PCR Ct−value: 21.1 | Number of valid reads: 534013
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Enterococcus faecium

Klebsiella oxytoca

Escherichia coli / Shigella sp.

Citrobacter amalonaticus

Bilophila wadsworthia

Enterobacteriaceae group

Citrobacter koseri / Cronobacter dubliniensis / sakazakii

Pluralibacter gergoviae

Catabacter hongkongensis

Cutibacterium acnes

100 101 102 103 104 105 106

Reads per OTU

Contaminant Valid

16S−PCR Ct−value: 21.3 | Number of valid reads: 423836
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NPseudomonas asplenii group

Pseudomonas argentinensis group

Pseudomonas meliae group

Stenotrophomonas maltophilia / pavanii

Actinomyces naeslundii group

Acinetobacter haemolyticus

Micrococcus antarcticus group

Pseudomonas corrugate group

Cutibacterium granulosum

Alkalihalobacillus halodurans / okuhidensis

Aeromicrobium fastidiosum group

Microcella putealis group

Paenibacillus fonticola

Meiothermus silvanus

Pseudomonas azotoformans group

Pseudomonas deceptionensis group

Staphylococcus capitis group

Pseudomonas veronii group

Pseudomonas fluorescens group

Hydrotalea flava

Unknown bacteria 1

Cutibacterium acnes

Ralstonia pickettii

Finegoldia magna

100 101 102 103 104 105

Reads per OTU

Contaminant Likely Valid

16S−PCR Ct−value: 31.7 | Number of valid reads: 284675
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Enterococcus faecium

Serratia marcescens

Veillonella parvula group

Bifidobacterium bifidum

Clostridium baratii / sardniniense

Clostridium perfringens

Escherichia coli / Shigella sp.

100 101 102 103 104 105 106

Reads per OTU

Valid

16S−PCR Ct−value: 12.9 | Number of valid reads: 249750
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R

R

R
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N

N

N

N

N

N

N

N
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N

N
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N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

16S−PCR Ct−value: 33 | Number of valid reads: 311709

Clostridium perfringens

Escherichia sp. / Shigella sp.

Bacteroides vulgatus

Cutibacterium acnes

Ralstonia pickettii

Pseudomonas azotoformans group

Pseudomonas fluorescens group

Unknown bacteria 3

Pseudomonas veronii group

Staphylococcus capitis group

Unknown bacteria 28

Paenibacillus fonticola

Unknown bacteria 30

Sphingomonas sp.

Acinetobacter haemolyticus

Brevundimonas sp.

Micrococcus antarcticus group

Unknown bacteria 29

Acinetobacter johnsonii

Bifidobacterium longum

Corynebacterium tuberculostearicum

Rhodopseudomonas sp.

Microcella putealis group

Aquabacterium sp.

Variovorax boronicumulans

Pseudomonas grimontii group

Rugosibacter aromaticivorans

Sediminibacterium sp.

Pseudomonas deceptionensis group

Pseudomonas versuta / asturiensis

Cereibacter changlensis

Pseudomonas meliae group

Pseudomonas asplenii group

Pseudomonas corrugata group

Pseudomonas argentinensis group

100 101 102 103 104 105

Reads per OTU

Contaminant Likely Valid Valid
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R

R
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N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

NOxalicibacterium solurbis / horti

Alloprevotella sp. HMT−914

Corynebacterium jeddahense

Massilia suwonensis group

Nocardioides cavernae / flavus

Haemophilus pittmaniae

Streptococcus parasanguinis group

Aquabacterium sp.

Psychrobacter sanguinis / piechaudii

Blastococcus aggregatus

Unknown bacteria 31

Hymenobacter sp.

Prevotella sp.

Oribacterium asaccharolyticum

Hydrotalea flava

Peptoniphilus gorbachii group

Phascolarctobacterium faecium

Unknown bacteria 1

Ralstonia pickettii

Staphylococcus capitis group

Cutibacterium acnes

100 101 102 103 104 105

Reads per OTU

Contaminant

16S−PCR Ct−value: 33.4 | Number of valid reads: 289331
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C

C

C
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N

N

N

N

N

N

N
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N

N

N

N

N

N
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N
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N

N

N

N

N

N

N

N
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NCutibacterium acnes

Ralstonia pickettii

Streptococcus lactarius group

Selenomonas sp. (HMT−136) / (HMT−149)

Haemophilus quentini

Haemophilus sputorum

Streptococcus sp. (HMT−056)

Cryptobacterium curtum

Oribacterium sinus

Streptococcus intermedius

Saccharibacteria TM7(G−3) sp. (HMT−351)

Parvimonas micra

Neisseria subflava

Actinomyces sp. (sp4−iso−1_H03x4)

Catonella morbi

Veillonella parvula group

Prevotella salivae

Leptotrichia sp. (HMT−221)

Peptostreptococcus stomatis

Oribacterium parvum

Gemella haemolysans group

Haemophilus parainfluenzae

Saccharibacteria TM7(G−6) sp. (HMT−870)

Bifidobacterium longum

Mogibacterium diversum group

Leptotrichia sp. (HMT−215)

Megasphaera micronuciformis

Solobacterium moorei

Fusobacterium periodonticum

Fusobacterium nucleatum

Alloscardovia omnicolens

Actinomyces graevenitzii

Leptotrichia sp. (HMT−417)

Actinomyces lingnae

Staphylococcus aureus

Veillonella sp. (HMT 917)

Eubacterium sulci

Granulicatella adiacens

Oribacterium asaccharolyticum

Stomatobaculum longum

Prevotella pallens

Lachnospiraceae [G−2]

Rothia mucilaginosa

Streptococcus mitis group

Lachnoanaerobaculum orale / saburreum

Saccharibacteria TM7(G−1) sp. (HMT−352)

Schaalia odontolytica

Prevotella histicola /* jejuni*

Prevotella sp. (HMT−306)

Veillonella dispar / parvula

Atopobium parvulum

Actinomyces bouchesdurhonensis

Veillonella atypica

Streptococcus parasanguinis

Streptococcus salivarius

100 101 102 103 104 105

Reads per OTU

Contaminant Likely Valid Valid

16S−PCR Ct−value: 22.4 | Number of valid reads: 188962



Sample 39
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C

C

C

C

N

N

N

N

N

N

NKlebsiella pneumoniae

Veillonella parvula / tobetsuensis

Veillonella dispar / parvula

Enterococcus casseliflavus

Aeromonas veronii group

Clostridium perfringens

Escherichia coli / Shigella sp.

100 101 102 103 104 105

Reads per OTU

Valid

16S−PCR Ct−value: 17 | Number of valid reads: 145773
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N

16S−PCR Ct−value: 14.4 | Number of valid reads: 342012

Enterobacter hormaechei / cloacae

Enterococcus faecalis

Klebsiella grimontii

Fusobacterium nucleatum

Klebsiella pneumoniae / quasipneumoniae

Clostridium perfringens

Pseudomonas aeruginosa

Enterococcus gilvus

Streptococcus sanguinis

Actinomyces naeslundii group

Veillonella dispar / parvula

Campylobacter rectus / showae

100 101 102 103 104 105

Reads per OTU

Valid
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N
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N

16S−PCR Ct−value: 32.3 | Number of valid reads: 173034

Hymenobacter sp.

Ralstonia pickettii

Cutibacterium acnes

Unknown bacteria 1

Staphylococcus hominis group

Hydrotalea flava

Staphylococcus capitis group

Paenibacillus fonticola

Unknown bacteria 3

Mesorhizobium sp.

Unknown bacteria 32

Streptococcus mitis group

Luteimonas sp.

Aquabacterium sp.

Phycicoccus bigeumensis group

Psychrobacter sanguinis / piechaudii

Curvibacter sp.

Paracoccus aestuarii group

Meiothermus silvanus

Curvibacter delicatus

Phenylobacterium sp.

100 101 102 103 104 105

Reads per OTU

Contaminant Likely Valid
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Supplementary Table S3: Theoretical microbial composition and theoretical abundance of 
each bacteria for different mock community dilutions used in Experiment 2 
 
A) Undiluted mock community. Data from producer of the staggered mock community. 
 

Theoretical composition (%)  

Theoretical 
abundance of each 

microbe 

Species 
Genomic 
DNA 16S Only Cell Number  Cell (n) per ml 

Faecalibacterium prausnitzii 14 17,63 14,82  583908000 
Veillonella rogosae 14 15,87 20,01  788394000 
Roseburia hominis 14 9,89 12,47  491318000 
Bacteroides fragilis 14 9,94 8,36  329384000 
Prevotella corporis 6 4,98 6,28  247432000 
Bifidobacterium adolescentis 6 8,78 8,86  349084000 
Fusobacterium nucleatum 6 7,49 7,56  297864000 
Lactobacillus fermentum 6 9,63 9,71  382574000 
Clostridioides difficile 1,5 2,62 1,10  43340000 
Akkermansia muciniphila 1,5 0,97 1,62  63828000 
Methanobrevibacter smithii 0,1 0,066 0,17  6698000 
Salmonella enterica 0,01 0,009 0,01  256100 
Enterococcus faecalis 0,001 0,0009 0,00  43340 
Clostridium perfringens 0,0001 0,0002 0,00  3546 
Escherichia coli 14 12,12 8,73  343962000 
Saccharomyces cerevisiae 1,4 N/A 0,16  6304000 
Candida albicans 1,5 N/A 0,16  6304000 

Sum 100  100  3940696986 

      

B) 1:10 dilution of mock community  
 Theoretical abundance of each bacteria 

Species 
Cell (n) per 
ml 

Cell (n) input 
in DNA 
extraction: 

16S copies in 100 µl 
extraction eluate 

16S copies in 2 µl 
extraction eluate 

Faecalibacterium prausnitzii 58390800 14597700 87586200  1751724 
Veillonella rogosae 78839400 19709850 78839400  1576788 
Roseburia hominis 49131800 12282950 49131800  982636 
Bacteroides fragilis 32938400 8234600 49407600  988152 
Prevotella corporis 24743200 6185800 24743200  494864 
Bifidobacterium adolescentis 34908400 8727100 43635500  872710 
Fusobacterium nucleatum 29786400 7446600 37233000  744660 
Lactobacillus fermentum 38257400 9564350 47821750  956435 
Clostridioides difficile 4334000 1083500 13002000  260040 
Akkermansia muciniphila 6382800 1595700 4787100  95742 
Methanobrevibacter smithii 669800 167450 334900  6698 
Salmonella enterica 25610 6403 44818  896 
Enterococcus faecalis 4334 1084 4334  87 
Clostridium perfringens 355 89 887  18 



Escherichia coli 34396200 8599050 60193350  1203867 

Sum 392808899 98202225 496765838  9935317 

      

C) 1:105 dilution of mock community 

 Theoretical abundance of each bacteria 

Species 
Cell (n) per 
ml 

Cell input in 
DNA extration: 

16S copies in 100 µl 
extraction eulate 

16S copies in 2 µl 
extraction eluate 

Faecalibacterium prausnitzii 5839 1460 8759  175 
Veillonella rogosae 7884 1971 7884  158 
Roseburia hominis 4913 1228 4913  98 
Bacteroides fragilis 3294 823 4941  99 
Prevotella corporis 2474 619 2474  49 
Bifidobacterium adolescentis 3491 873 4364  87 
Fusobacterium nucleatum 2979 745 3723  74 
Lactobacillus fermentum 3826 956 4782  96 
Clostridioides difficile 433 108 1300  26 
Akkermansia muciniphila 638 160 479  10 
Methanobrevibacter smithii 67 17 33  0,7 
Salmonella enterica 2,6 0,6 4,5  0,1 
Enterococcus faecalis 0 0 0  0,0 
Clostridium perfringens 0 0 0  0,0 
Escherichia coli 3440 860 6019  120 

Sum 39281 9820 49677  994 

      

D) 1:106 dilution of mock community 

 Theoretical abundance of each bacteria 

Species 
Cell (n) per 
ml 

Cell input in 
DNA extration: 

16S copies in 100 µl 
extraction eulate 

16S copies in 2 µl 
extraction eluate 

Faecalibacterium prausnitzii 584 146 876  17,5 
Veillonella rogosae 788 197 788  15,8 
Roseburia hominis 491 123 491  9,8 
Bacteroides fragilis 329 82 494  9,9 
Prevotella corporis 247 62 247  4,9 
Bifidobacterium adolescentis 349 87 436  8,7 
Fusobacterium nucleatum 298 74 372  7,4 
Lactobacillus fermentum 383 96 478  9,6 
Clostridioides difficile 43 11 130  2,6 
Akkermansia muciniphila 64 16 48  1,0 
Methanobrevibacter smithii 7 2 3  0,1 
Salmonella enterica 0 0 0  0,0 
Enterococcus faecalis 0 0 0  0,0 
Clostridium perfringens 0 0 0  0,0 



Escherichia coli 344 86 602  12,0 

Sum 3928 982 4968  99 
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