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Abstract: Objectives: Infections of the ascitic fluid are serious conditions that require rapid diagnosis
and treatment. Ascites is often accompanied by other critical pathologies such as gastrointestinal
bleeding and bowel perforation, and infection increases the risk of mortality in intensive care pa-
tients. Owing to a relatively low success rate of conventional culture methods in identifying the
responsible pathogens, new methods may be helpful to guide antimicrobial therapy and to refine
empirical regimens. Here, we aim to assess outcomes and to identify responsible pathogens in as-
citic fluid infections, in order to improve patients’ care and to guide empirical therapy. Methods:
Between October 2019 and March 2021, we prospectively collected 50 ascitic fluid samples from ICU
patients with suspected infection. Beside standard culture-based microbiology methods, excess
fluid underwent DNA isolation and was analyzed by next- and third-generation sequencing (NGS)
methods. Results: NGS-based methods had higher sensitivity in detecting additional pathogenic
bacteria such as E. faecalis and Klebsiella in 33 out of 50 (66%) ascitic fluid samples compared with
culture-based methods (26%). Anaerobic bacteria were especially identified by sequencing-based
methods in 28 samples (56%), in comparison with only three samples in culture. Analysis of clinical
data showed a correlation between sequencing results and various clinical parameters such as per-
itonitis and hospitalization outcomes. Conclusions: Our results show that, in ascitic fluid infections,
NGS-based methods have a higher sensitivity for the identification of clinically relevant pathogens
than standard microbiological culture diagnostics, especially in detecting hard-to-culture anaerobic
bacteria. Patients with such infections may benefit from the use of NGS methods by the possibility
of earlier and better targeted antimicrobial therapy, which has the potential to lower the high mor-
bidity and mortality in critically ill patients with ascitic bacterial infection.

Keywords: ascitic fluid infections; intensive care unit; next-generation sequencing; nanopore;
anaerobic bacteria; full length 16S rRNA sequencing; molecular diagnostics; metagenomics

1. Introduction

Ascites is the abnormal accumulation of fluid in the abdomen. It is a common condi-
tion in cirrhotic liver disease [1] that may affect up to 50% of compensated liver disease
patients [2]. Other possible causes include heart failure, tuberculosis, pancreatitis, cancer,
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and bowel perforation. Infection of the ascitic fluid is a serious complication associated
with high morbidity and mortality [3]. Abdominal infections are among the most common
infections in the intensive care unit (ICU) [4], and they carry a substantial increase in the
risk of mortality [5,6].

Successful identification of pathogenic organisms in ascitic fluid infections is essen-
tial to guide antimicrobial therapy and to refine antibiotic treatment [7-9]. Precisely tar-
geted treatment will have a positive impact on therapy outcome and reduce the emer-
gence of resistant bacteria as well as the side effects of antibiotic therapy [10,11].

Standard microbiological culture-based diagnostic methods have limitations in the
rapid identification of the causative pathogens in ascitic infections, as they are relatively
slow (they typically take over 2 days) and culture positivity rates remain very low [12-14].
Therapy regimens, therefore, tend to be empiric in nature. A key factor is the low sensi-
tivity of culture for many of the gut organisms, especially anaerobic bacteria, the main
reservoir of bacterial translocations to the abdominal cavity and ascitic fluid [15].

Culture-independent approaches such as next-generation sequencing have enabled
us to explore a wide range of bacteria that are difficult to grow in standard diagnostic
culture [16], and they have illustrated the complex microbial communities in the ascitic
fluid of patients, where they may contribute to infection outcome [17-19]. Despite their
high sensitivity, these platforms require substantial time for the preparation and running
of the test, as results can be only acquired at the end of the sequencing run, and they are
mainly suitable for short read sequencing of specific regions of the 165 rDNA gene. This
approach has been hypothesized to have lower power in inferring genus and species level
taxonomic classification in comparison with the full-length gene [20,21]. The introduction
of newer third-generation sequencing platforms such as Oxford Nanopore sequencing
technology may help overcome these limitations. There, sequencing data can be analyzed
in real-time, even with the additional benefit of the possibility of sequencing long-reads
such as the full 165 rDNA gene [22]. These advantages underline the great potential of
nanopore sequencing for outbreak surveillance [23,24], and the method has shown time
and sensitivity advantages in other diseases [24-26].

Very few studies have compared the performance of short-read Illumina sequencing
against long-read nanopore sequencing in the diagnosis of infections. In our study, we
aimed to explore the association of the clinical characteristics of critically ill patients with
ascitic fluid infections and evaluate the comparative performance of standard microbiol-
ogy diagnostic culture methods with short-read Illumina and long-read nanopore se-
quencing methods.

2. Methods
2.1. Study Design and Ethics Statement

The study was carried out in the Medical Center of Freiburg University (the univer-
sity hospital) surgical intensive care unit between October 2019 and March 2021. In pa-
tients who had undergone abdominal paracentesis for exclusion of secondary bacterial
infections, excess ascitic fluid (at least 5 mL) was immediately frozen in —80 °C for meta-
genomic analysis. Samples had a median transport time of 3 h and 56 min. An overview
of the study design can be seen in Supplementary Figure S1. The study was approved by
the Ethics Committee, Medical Center—University of Freiburg, (registration number
246/19), and was registered at ClinicalTrials.gov (NCT04131751). Written informed con-
sent was provided by all participants or their legal representatives, in accordance with the
Declaration of Helsinki.

2.2. Clinical Information Acquisition

Clinical characteristics were extracted from the electronic health record. Medical
charts and records were screened for antibiotic prescription and alcohol/nicotine con-
sumption. We recorded white blood cell count (WBCC), C-reactive protein (CRP), and
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PCT (procalcitonin) levels in the timeframe of the +7 days closest to the abdominal para-
centesis.

2.3. Microbiological Culture-Based Methods and Microscopy

As part of standard care of microbiological diagnostics, ascitic fluid samples were
examined microscopically (Gram staining, detection of granulocytes and bacteria) and
plated on different cultural media such as Columbia blood (Thermo Scientific™ Oxoid™,
Wesel, Germany), chocolate blood, MacConkey, and yeast extract cysteine blood agar
plates (HCB; in-house), followed by incubation for at least 48 h under aerobic and anaer-
obic conditions. Inoculated brain heart infusion broth with 0.093% (w/v) agar was incu-
bated for five days. Identification of growing microorganisms was obtained by matrix-
assisted laser desorption ionisation-time-of-flight mass spectrometry (MALDI-TOF,
Bruker Daltonics, Bremen, Germany).

2.4. Microbial Genomic DNA Preparation

Bacterial DNA was isolated using a QlAamp DNA Mini Kit (Qiagen GmbH, Hilden,
Germany) using a modified protocol. In brief, the bacteria present in the ascitic fluid were
pelleted by centrifugation for 10 min at 5000x g. Pellets were lysed using proteinase K and
microbial cells were disrupted using bead beating BashingBead™ Lysis Tubes (Zymo Re-
search, Irvine, CA, USA) on the Precellys Evolution homogenisator (Bertin Technologies,
Montigny-le-Bretonneux, France) for four rounds of 1 min beating with 2 min breaks on
ice. All isolation steps were controlled using a negative sample that contained only isola-
tion buffer.

2.5. Bacterial Sequencing Using Short-Read 16S rDNA Sequencing

The bacterial hypervariable V1-V2 region was amplified from DNA templates
(2200 ng) using the primers 27F and 338R under the following conditions: 30 s at 98 °C;
3040 cycles of 9s at 98 °C, 30s at 56 °C, and 30s at 72 °C; final extension for 10 min at
72 °C, using the Phusion® Hot Start Il DNA High-Fidelity DNA Polymerase. In parallel to
negative controls, a standard bacterial and fungal mock community (Zymo Research, Irvine,
CA, USA) was used as a positive control in all PCRs and sequencing runs [27]. PCR prod-
ucts were enzymatically purified and barcodes containing Illumina sequencing adapters
were added in a second PCR reaction using the Quick-16S NGS Library Prep Kit (Zymo
Research, Irvine, CA, USA). PCR products were quantified on a 1.5% agarose gel and
Qubit 4.0. fluorometer (Thermo Fisher Scientific, Waltham, MA, USA), then pooled to gen-
erate equimolar subpools. Where required, the final pooled library was extracted from
agarose gel with the Qiagen MinElute Gel Extraction Kit (Qiagen GmbH, Hilden, Ger-
many), then purified with Select-a-Size DNA Clean & Concentrator (Zymo Research, Irvine,
CA, USA) according to the manufacturer’s protocol. Pooled libraries were quantified by a
NEBNext library quantification kit (New England BioLabs GmbH, Frankfurt am Main,
Germany) and analyzed on a QiaXcel advanced system (Qiagen GmbH, Hilden, Ger-
many). The final library was sequenced using the MiSeq v2 reagent kit (500 cycles) (Illu-
mina Inc., San Diego, CA, USA) on a MiSeq system with 10% PhiX spike-in.

2.6. Bacterial Sequencing Using Long-Read 165 rDNA Sequencing

The PCRs were conducted using the primer pair (27F and 1492R) spanning the whole
16S rRNA gene sequence. Sequences of the primers used in this study can be found in
Supplementary Table S1. The library preparation kit (SQK-RAB204, Oxford Nanopore
Technologies Inc., Oxford, UK) was used following the manufacturer’s protocols. Ampli-
fied fragments were checked on 1.5% agarose gels and PCR products (45 pL each) were
purified using 30 uL of Agencourt AMPure XP beads (Beckman Coulter Inc., Beverly, MA,
USA), and eluted in 10 pL of buffer solution (10 mM Tris-HCl pH 8.0, with 50 mM NacCl).
Purified DNA was quantified using Qubit as above, and 5-50 fmol of pooled libraries
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were prepared for Oxford nanopore MinlON sequencing by adding 1 pL of rapid adapter
before sequencing. Prepared libraries were loaded on FLO-MIN106D R9.4 flow cells and
sequenced for around 48 h or until not enough pores were available for sequencing.

2.7. Sequencing Analysis Pipeline

Raw fastq files’ read quality was assessed using FastQC [28] and MultiQC [29]. Illu-
mina short-read raw data were trimmed from sequencing adapters using cutadapt [30].
Further quality control, trimming, and analysis of short-reads were done using the
DADA? analysis pipeline [31] and visualized using multiple packages in the R program-
ming language on Linux environment [32,33]. Amplicon sequence variants (ASVs) were
extracted from DADA2 and were assigned to taxonomy ranks using the Genome Taxon-
omy Database [34] and BLAST [35]. Long-read sequencing data acquisition and base-
calling were performed using the Nanopore MinKNOW program, and initially assessed
for quality using NanoPlot [36] and MultiQC. Taxonomy classification and quality control
analysis of long-read sequences were performed using the BugSeq workflow [37,38].

2.8. Data Visualization and Statistics

Visualization and clustering of the samples were performed using heatmap methods
implemented in the R packages pheatmap [39], ClustVis [40], and ggplot2 [41]. Statistics
and graphs were made using GraphPad Prism V7 (GraphPad Software Inc., San Diego,
CA, USA). Bars represent the mean and error bars show the standard error of the mean.
Chi-squared and Fisher’s exact tests were used to assess the statistical difference between
the groups for categorical variables. The Kruskal-Wallis test was used for significance
testing of the differences between groups for continuous variables. All results were inter-
preted by two experienced clinical microbiologists for clinical relevance and identification
of non-pathogenic skin flora or potential contaminants.

3. Results
3.1. Characteristics of the Study Cohort

After exclusion of non-eligible patients, a total of 50 patients were prospectively in-
cluded in our study. To examine possible clinical correlations between patient character-
istics and the identified organisms, patients were sub-grouped into three main categories:
patients in whose sample both culture and sequencing yielded positive results, patients
for whom only sequencing analysis detected bacteria, and patients whose samples were
negative in both tests. The characteristics of the study cohort are shown in Table 1. Patients
who were negative both in sequencing and culture had a lower white blood cell count,
lower CRP, and overall a slightly better outcome, hinting at a possible active role for the
microbes found by sequencing (Figure 1a—c). They also tended to have fewer granulocytes
observed microscopically in their samples. Peritonitis and intestinal ischemia seem to be
more common among the first two groups and not in the culture/16S rDNA negative
group, indicating that sequencing could play an important role in the diagnosis and treat-
ment of critically ill patients with secondary bacterial infections in these conditions, where
only sequencing, but not cultural methods, identified potential pathogenic bacteria (7 of
50 patients in peritonitis). After grouping the patients based on their clinical characteris-
tics using principle component analysis (PCA), all samples positive in sequencing clus-
tered together, regardless of their culture status, but separate from sequencing negative
samples (Figure 1d), suggesting a clinical correlation between the microbes found in se-
quencing and patients’ characteristics and outcome.
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Table 1. Characteristics of the study cohort.
Culture/16s-pos Culture-neg/16s-pos Culture/16s-neg p-Value
N 13 22 14
Age (years) 63 (52.5-73) 72 (53.75-79) 62 (55.5-71) 0.45
Sex (male) 10 (77%) 12 (55%) 11 (79%) 0.23
Leucocytes (Tsd) 17.84 (9.85-25.98) 12.03 (8.733-22.1) 15.95 (10.63-17.79) 0.74
CRP 126 (61.65-293.9) 141.1 (78.4-197.2) 103.3 (61.15-144.8) 0.47
PCT 1.02 (0.715-1.715) 2.575 (0.415-7.983) 1.35 (0.3875—4.323) 0.56
Alcoholism 1(8%) 6 (32%) 2 (17%) 0.27
Smoking 3 (23%) 9 (45%) 2 (18%) 0.22
Granulocytes (microscopic) 3 (1.5-3) 2.5 (1-3) 1.5 (1-2.25) 0.22
Hospital stay a(f;e)r paracenthesis 27.5 (10.5-35) 14.5 (10.75-29.5) 12.5 (8.75-28) 0.48
pifieifge;f:e(z) 4(1.5-85) 4(1.75-12) 2 (0.75-5.75) 0.33
6-day evaluation 3.5(3-4) 4(3-4) 3 (3-3.25) 0.31
ICU discharge (alive) 10 (77%) 17 (77%) 14 (100%) 0.15
Intestinal ischemia 2 (15%) 6 (27%) 0 (0%) 0.1
Tumor 6 (46%) 13 (59%) 9 (64%) 0.62
Peritonitis 8 (62%) 7 (32%) 1 (7%) 0.01
Cirrhosis 1(8%) 1(5%) 2 (14%) 0.58
Antibiotictherapy (+5 d) 11 (92%) 12 (63%) 9 (64%) 0.19
Blood culture positivity (5 d) 4 (40%) 5 (29%) 1 (13%) 0.44

Continuous data are reported as medians and interquartile ranges (IQRs), and significance was tested with Kruskal-Wallis
test. Categorical data are presented as frequency and percentages, and was significance tested with chi-squared test. d =
days; Tsd = thousand. Granulocytes amount was evaluated by gram stain microscopy (100x) according to the following
scheme: 0 = no granulocytes; 1 = 1-24 cells; 2 = 25-99 cells; and 3 =2>100 cells. Patient outcome was evaluated six days after
paracentesis on a scale of 1-5, where one indicates patient release from hospital, two indicates discharge to a non-tertiary
care hospital, three indicates release from intensive care to a normal hospital ward, four indicates continued need for
intensive care, and five indicates that the patient was deceased. Blood culture positivity was evaluated for blood samples
withdrawn in a five-day window around paracentesis in patients where sepsis was suspected.
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Figure 1. Comparison of clinical parameters between the study cohort groups. Patients were divided into three groups
according to their microbiological culture and Illumina 16SrDNA PCR and sequencing results. (a-c) White blood cell
count, CRP, and 6-day outcome. Data are presented as mean + SEM. (d) PCA plot of study samples based on their clinical
characteristics. The PCA plot shows first and second principal components, which explain 20.3% and 15.2% of the total
variance, respectively.

3.2. Culture of Ascites Samples

Of the 50 samples analyzed, 13 (26%) showed bacterial growth. E. faecium, E. coli, and
Klebsiella pneumonia were among the most cultured bacteria. Only three samples showed
growth of anaerobic bacteria, with Lactobacillus and Clostridium clostridioforme.

3.3. Generation of 165 rRNA Short and Long Read Sequencing Data

After DNA isolation and amplification, 36 of 50 (72%) samples had sufficient 16S
rDNA amplicons to be suitable for sequencing together with positive and negative con-
trols. Illumina 500 bp paired-end sequencing generated a total of 2,416,077 sequence reads
and an average of 57,525 reads per sample. The 36 positive samples were also sequenced
with nanopore 16Sr DNA long-read workflow, generating a total of 15,343,800 reads with
an average of 426,216 and median of 52,500 reads per sample. The average quality of the
sequenced samples can be seen in Supplementary Figure S2. All lllumina sequencing runs
were controlled by negative and positive controls (mock community), where all bacterial
members could be retrieved with a very good consensus with the predicted species dis-
tribution; Supplementary Figure S3.
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Citrobacter freundii
Enterobacter cloacae
Enterobacter/Escherichia sp.
Enterococcus faecium
Enterococcus faecalis
Enterococcus gallinarum
Escherichia coli

Klebsiella quasivariicola/pneumoniae
ebsiella/Raoultella/Ent. sp.
Listeria monocytogenes
Proteus vulgaris
Staphélococt;us aureus
ranulicatella sp.
Actinomyces sp.
Anaerococcus sp.
Atopostipes sp.

Bacteroides sp.

Bacteroides fragilis
Bacteroides thetaiotaomicron
Bacteroides uniformis
Clostridium perfringens/tertium
ostridium scindens
Clostridium clostridioforme
Clostridium sp.
Erysipelatoclostridium ramosum
Enterocloster sp.

Eggerthella lenta
Eubacterium eligens
Faecalibacterium prausnitzii
Finegoldia magna
Fusobacterium sp.
Fusobacterium nucleatum
Lachnospiraceae
Lactobacillus sp.
Lacticaseibacillus paracasei
Lactobacillus fermentum
Lactobacillus gasseri
Lactobacillus paracasei
Lactococcus lactis
Parvimonas micra
Peptostreptococcaceae
Peptostreptococcus sp.
Peptostreptococcus stomatis
Phocaeicola vulgatus
Porphyromonas pasteri
Porphyromonas sp.
Prevotella melaninogenica
Prevotella oris

Prevotella pallens

Prevotella veroralis
Pseudoramibacter sp.
Roseburia hominis
Veillonella atypica
Veillonella parvula

3.4. Clinical Evalution of Short- and Long-Read Sequencing Output Compared with Standard
Microbiology Culture Results

After filtering and merging of Illumina forward and reverse reads, reads found in
negative controls were discarded from further analysis. Filtered reads were taxonomically
assigned using the GTDB and BLAST databases. For short-read data, both GTDB and
BLAST assignments were consolidated, and reads from similar species were merged. Spe-
cies with less than 200 reads in all samples were ignored, as they are likely to be a con-
taminant. Taxonomic composition (phylum and family level) of the samples based on
short-read sequencing can be seen in Supplementary Figures 54 and S5. The taxonomic
composition (phylum and family level) of the long-read sequencing can be seen in Sup-
plementary Figures S6 and S7. Identified bacteria were classified into one of four groups,
either as primary pathogenic (commonly isolated in infectious diseases), anaerobic, nor-
mal-skin flora, or probably contaminant.

The top ten species in each sample identified with short-read sequencing were com-
pared with the culture results and nanopore results for concordance of identified bacteria,
and bacteria belonging to the first two groups (primary pathogenic or anaerobic) are
shown in Figure 2. Detailed results of identified species in culture and sequencing can be
found in Supplementary File S1.
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Figure 2. Pathogen identification through culture- and sequencing-based methods. The clinically most relevant pathogens
and identification of anaerobic species in ascitic samples were evaluated according to their microbiological culture and
Mlumina short-read and nanopore long-read 16SrDNA PCR and sequencing results. The observed pathogens in ascitic
samples are shown in the corresponding filled-in squares. C = culture-based identification, I =Illumina short-read sequenc-
ing, N = nanopore long-read sequencing, (+) = successful identification.
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3.5. Anaerobic Bacteria Identification

Besides conventional ascitic fluid pathogens, we could see a high number of species
of anaerobic bacteria identified only through sequencing. In comparison with three sam-
ples showing cultural growth of anaerobic bacteria (6%), sequencing-based methods iden-
tified anaerobic bacteria in 28 samples (56%) (Figure 3a). Among those, Lactobacilli and
Faecalibacterium were the most common genera (Figure 3b). When comparing the fre-
quency of anaerobic bacteria identification, we see a very significant increase in their iden-
tification using NGS, suggesting a more prominent role for anaerobes in ascites pathogen-
esis than commonly appreciated, and a major restriction in the current standard care of
microbiological diagnostics.

Identification of anaerobic bacteria
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Figure 3. Frequency of anaerobic bacteria identification using culture- and sequencing-based methods. Patients were di-
vided into three groups according to their microbiological culture and Illumina 165rDNA PCR and sequencing results. (a)
Frequency of patient samples where anaerobic bacteria could be identified using either culture-based or short-read se-
quencing methods. Significance was tested between the two groups using Fisher’s exact test (****, p <0.0001). (b) The most
common anaerobic bacteria identified by short-read sequencing in patient samples.

4. Discussion

Bacterial infection of ascitic fluid is a serious complication that is linked to poor clin-
ical outcome and a significant increase in mortality, especially among patients in critical
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care units [4,42]. Microbiological diagnostics and identification of the causative bacteria
can help improve patient outcome [43]. Our study shows the added advantage of apply-
ing next- and third-generation sequencing to the diagnosis of ascitic infections, especially
among ICU patients. Various bacterial species that are normally overlooked were identi-
fied in the ascitic fluid, suggesting a potential pathogenic role for these bacteria.

A very important aspect of our sequencing workflow was the application of various
positive and negative controls, in order to make the pipeline compatible for future inte-
gration into standard diagnostics. We thus used negative and positive controls to ensure
the sensitivity of the amplification protocols while detecting possible contaminations.
Such laboratory contaminations have been problematic in other cases, especially in low
biomass samples such as clinical samples from primary sterile locations [44,45]. Indeed,
we could identify and exclude from our analysis various common bacterial contaminants
of sequencing workflows such as Pseudomonadales, Deinococcales, Burkholderiales, Rhizo-
biales, and Sphingomonadales, which have also been described as contaminants in previous
studies [46,47].

The overall cultural positivity rate of our cohort was 26%, which is equivalent to rates
reported previously [48]. We could amplify and identify bacteria in 36 (72%) samples. In
most cases where both methods were positive, agreement between sequencing results and
culturally grown bacterial was very good. It was surprising to us how many bacteria that
can typically quite easily be cultured, such as Enterobacterales, were only recovered by se-
quencing. This may be because of prior antibiotic treatment of these patients. Interest-
ingly, in the case of samples (INT-7) and (INT-40), where the patients had sepsis with
Klebsiella pneumonia and Citrobacter freundii, respectively, they could not be detected in the
ascitic fluid culture. However, both pathogens were identified in these patients’ ascitic
samples by sequencing, suggesting that the ascitic infection was indeed the source of this
patient’s septicemia and illustrating the added advantage of sequencing in these cases.

In two patients where enterococci were culturally grown, sequencing methods could
detect them, but assigned them to different enterococci species, indicating a possible mis-
assignment by MALDI or by sequencing. The main gap of sequencing methods was the
detection of E. coli, where in three cases, it was only detected by culture. In those cases,
sequencing detected many other species that did not grow in culture, indicating a possible
overgrowth by E. coli in culture at the expense of other bacteria. When comparing Illumina
short-read with nanopore long-read results, the quality of the nanopore-sequenced reads
was lower in comparison with Illumina, yet the longer read length enabled a comparable
bacterial identification, making nanopore sequencing a good method for clinical applica-
tions, especially with its shorter turnaround time; that is, sufficient sequencing reads
could be obtained after 34 h, in comparison with Illumina workflow that always needed
the full run period of 28 h before analysis could start [23]. In many cases, both methods
agreed on the identified bacteria, even up to the species levels, which is essential in decid-
ing on the suitable empirical treatment. Main differences were detected in some species
such as L. fermentum, which was more often found by short-read sequencing, or in E. coli,
which was more frequently detected in long-read sequencing. These discrepancies could
be potentially inferred by the sensitivity bias of short-read sequencing of a specific hyper-
variable region towards different bacterial species, in comparison with the other hyper-
variable regions that may be used in microbiome studies [21,49], which makes long-read
sequencing of the whole gene a more unbiased approach.

Although both culture- and sequencing-based methods could identify many organ-
isms that are commonly associated with bacterial peritonitis and ascitic infections such as
E. coli, Klebsiella, and Enterococcus spp., the main advantage of sequencing was in the sur-
prising identification of many anaerobic bacteria in our samples through sequencing
(56%) that were not identified by the culture methods (only 6% were found by culture).
This suggests that the current view of common pathogens in peritonitis is artificially nar-
rowed by the exclusive use of sequencing methods. The low culture-isolation rate in our
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study is consistent with the literature reports (2-3% of culture positive samples yield an-
aerobic bacteria) [50]. Low sensitivity thus appears to be a method-intrinsic problem. In
terms of antibiotic therapy, however, this gap seems relevant, and anaerobic bacteria
should be suspected even when not cultured from ascitic fluid.

Lactobacilli, Colistridium, Prevotella, and Faecalibacterium prausnitzii were among the
most commonly detected anaerobic species in the sequencing data. Faecalibacterium is con-
sidered a standard member of the normal gut flora, with various protective associations
against many diseases, but their intestinal increase has been associated with psoriasis [51],
indicating possible immunomodulation capabilities. Prevotella is one of the dominant gen-
era in the human gut, putting it in a position to influence many aspects of human health
and disease [52]. Beside its role in various infectious processes, Prevotella has been found
among other anaerobes such as Fusobacterium nucleatum to be associated with colon cancer
[53]; its presence in the ascites may be linked to malignant disease.

While considering these results inferred by sequencing and taking our local antimi-
crobial susceptibility patterns of anaerobic bacteria into account [54], we see that ampicil-
lin-sulbactam or piperacillin-tazobactam and metronidazol are very effective in covering
most anaerobic bacteria. When taking the more common ascites pathogens into account
such as E. coli or enterococci, ampicillin-sulbactam or piperacillin-tazobactam seem to be
a very good empirical start point until targeted therapy can be started.

In addition to the potentially pathological bacteria, NGS detected various skin com-
mensals and potential skin and environmental bacteria owing to its high sensitivity, which
most likely would not normally play a major role in patient outcome or influence the an-
timicrobial therapy. Such identification poses a challenge in the differentiation of patho-
gens, physiological skin flora, and contaminants, as well as in the clinical interpretation
of the results.

In comparison with cultural methods, it is expected that the limitations of NGS-based
methods may be time and cost. In our study, library preparation, sequencing, and data
analysis took approximately 4-5 days, but it is likely that this time could be reduced to 3
days in a well-established standard diagnostic workflow. Compared with Illumina short-
read sequencing, nanopore long-read sequencing is even less time consuming thanks to
its much shorter sequencing time; however, this comes at the expense of some read qual-
ity. Although short- and long-read sequencing has become less expensive in recent years,
the cost per sample is still highly dependent on the number of samples and consumables
used in the sequencing workflow. In addition, new skills are needed to perform the se-
quencing workflows and to interpret the sequencing results in a clinically relevant man-
ner. Careful consideration of the analysis pipeline, as well as application of suitable posi-
tive and negative controls, are highly critical to ensure the integrity of the workflow and
quality of results. Nevertheless, NGS-based methods, which we have shown to outper-
form standard cultural methods in the detection of pathogenic bacteria in ascites fluid
infections, are very promising for future integration into standard microbiology laborato-
ries.

5. Conclusions

The rapid optimization of empirical antimicrobial therapy is one of the main corner-
stones of hospital antibiotic stewardship, which leads to better patient prognosis, less
mortality, and avoidance of the selection and spread of resistant organisms. Ascitic infec-
tions pose a challenge to this concept as culture positivity rates are relatively low (~25-40%
of cases) and appear to miss most anaerobic bacteria, which impedes the successful tar-
geting of the specific responsible pathogens. We could show that sequencing-based meth-
ods outperform standard microbiological methods in identifying organisms that are likely
causative of ascitic fluid infections, particularly in detecting anaerobic bacteria, suggesting
that their actual role in the pathophysiology of ascites infections is underestimated. To the
best of our knowledge, this is the first study to compare targeted bacterial short- and long-
read sequencing of ascites samples in intensive care unit patients.



Cells 2021, 10, 3226 11 of 13

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/cells10113226/s1, File S1: Detailed results of identified species in culture and sequencing
methods of ascitic samples and parallel blood sample cultures, Table S1: Summary of primers used
in the study, Figure S1: Study design, Figure S2: QC of Illumina and nanopore sequencing data,
Figure S3: Mock community analysis using Illumina V1-2 165 rDNA sequencing, Figure S4: Taxo-
nomic composition of short-read sequencing data at the phylum level, Figure S5: Taxonomic com-
position of short-read sequencing data at the family level, Figure S6: Taxonomic composition of
long-read sequencing data at the phylum level, Figure S7: Taxonomic composition of long-read se-
quencing data at the family level.

Author Contributions: M.T.B., H.G., and G.H. conceived the study and the experiments. S.U. ac-
quired the samples and clinical data. M.T.B., H.G., S.W., and N.M. conducted the experiments and
the analyses. M.T.B., H.G., and G.H. interpreted the results and wrote the paper. All authors have
read and agreed to the published version of the manuscript.

Funding: M.T.B. is supported by the IMM-PACT-Program for Clinician Scientists of the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation)—413517907. The project was par-
tially supported by a grant from the faculty of medicine research commission at the University of
Freiburg (3095088718) to M.T.B.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee, Medical Center —University of Frei-
burg, (registration number 246/19, date of approval: 24 September 2019).

Informed Consent Statement: Written informed consent was provided by all participants or their
legal representatives, in accordance with the Declaration of Helsinki.

Data Availability Statement: The raw sequences generated in this project were deposited in the
European Nucleotide Archives (ENA) and available under study number PRJEB47278 and samples
are available through accession numbers ERS7300144-ERS7300188. The code for this analysis is
available on GitHub and can be accessed using the following link: https://github.com/Tarek-
Badr/microbial-community-analysis-Pipeline (accessed on 26 October 2021).

Acknowledgments: We thank Andrea Zwilling for technical support and all patients for participating
in our study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Pedersen, ].S.; Bendtsen, F.; Moller, S. Management of cirrhotic ascites. Ther. Adv. Chronic Dis. 2015, 6, 124-137.

2. Ginés, P.; Quintero, E.; Arroyo, V.; Terés, ].; Bruguera, M.; Rimola, A.; Caballeria, J.; Rodés, J.; Rozman, C. Compensated cirrho-
sis: Natural history and prognostic factors. Hepatology 1987, 7, 122-128.

3.  Sarker, J.A.; Alam, M.S.; Khan, M.; Mahtab, M.-A.; Shahed Ashraf, M.; Ahmad Khondaker, F. Variant of Ascitic Fluid Bacterial
Infections in Patients of Liver Cirrhosis. Euroasian . Hepatogastroenterol. 2015, 5, 131-133.

4. Vincent, J.-L.; Rello, J.; Marshall, J.; Silva, E.; Anzueto, A.; Martin, C.D.; Moreno, R.; Lipman, J.; Gomersall, C.; Sakr, Y; et al.
International study of the prevalence and outcomes of infection in intensive care units. JAMA 2009, 302, 2323-2329.

5. Montravers, P.; Gauzit, R.; Muller, C.; Marmuse, ].P.; Fichelle, A.; Desmonts, ].M. Emergence of Antibiotic-Resistant Bacteria in
Cases of Peritonitis After Intraabdominal Surgery Affects the Efficacy of Empirical Antimicrobial Therapy. Clin. Infect. Dis. 1996,
23, 486—494.

6.  Marshall, J.C; Innes, M. Intensive care unit management of intra-abdominal infection. Crit. Care Med. 2003, 31, 2228-2237.

7. MacIntosh, T. Emergency Management of Spontaneous Bacterial Peritonitis— A Clinical Review. Cureus 2018, 10, e2253.

8.  Sartelli, M.; Viale, P.; Catena, F.; Ansaloni, L.; Moore, E.; Malangoni, M.; Moore, F.A.; Velmahos, G.; Coimbra, R; Ivatury, R.; et al.
2013 WSES guidelines for management of intra-abdominal infections. World J. Emerg. Surg. 2013, 8, 3.

9. Orman, E.S;; Hayashi, P.H.; Bataller, R.; Barritt, A.S. Paracentesis is Associated with Reduced Mortality in Patients Hospitalized
with Cirrhosis and Ascites. Clin. Gastroenterol. Hepatol. 2014, 12, 496-503.el.

10. Gaieski, D.F.; Mikkelsen, M.E.; Band, R.A.; Pines, ].M.; Massone, R.; Furia, F.F.; Frances, S.S.; Munish, G. Impact of time to
antibiotics on survival in patients with severe sepsis or septic shock in whom early goal-directed therapy was initiated in the
emergency department. Crit. Care Med. 2010, 38, 1045-1053.

11. Carey-Ann, B.D.; Carroll, K.C. Diagnosis of Clostridium difficile Infection: An Ongoing Conundrum for Clinicians and for
Clinical Laboratories. Clin. Microbiol. Rev. 2013, 26, 604—630.

12.  European Association for The Study of the Liver. EASL clinical practice guidelines on the management of ascites, spontaneous
bacterial peritonitis, and hepatorenal syndrome in cirrhosis. J. Hepatol. 2010, 53, 397-417.

13. Barreales, M.; Fernandez, I. Spontaneous bacterial peritonitis. Rev. Esp. Enferm. Dig. 2011, 103, 255-263.



Cells 2021, 10, 3226 12 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

Rogers, G.B.; Russell, L.E.; Preston, P.G.; Marsh, P.; Collins, ].E.; Saunders, J.; Sutton, J.; Fine, D.; Bruce, K.D.; Wright, M. Charac-
terisation of bacteria in ascites—Reporting the potential of culture-independent, molecular analysis. Eur. ]. Clin. Microbiol. Infect.
Dis. 2010, 29, 533-541.

Wiest, R.; Garcia-Tsao, G. Bacterial translocation (BT) in cirrhosis. Hepatology 2005, 41, 422-433.

Walker, A.W.; Duncan, S.H.; Louis, P.; Flint, H.]. Phylogeny, culturing, and metagenomics of the human gut microbiota. Trends
Microbiol. 2014, 22, 267-274.

Feng, Y.; Chen, C.-L.; Chen, T.-H,; Liang, Y.-H.; Chen, H.-L,; Lin, C.-Y.; Chiu, C.-H. Application of next-generation sequencing
to study ascitic microbiome in cirrhotic patients with or without spontaneous bacterial peritonitis. J. Microbiol. Immunol. Infect.
2015, 48, 504-509.

Santiago, A.; Pozuelo, M.; Poca, M.; Gely, C.; Nieto, J.C.; Torras, X.; Roman, E.; Campos, D.; Sarrabayrouse, G.; Vidal, S. Altera-
tion of the serum microbiome composition in cirrhotic patients with ascites. Sci. Rep. 2016, 6, 25001.

Ascitic Microbiota Composition Is Correlated with Clinical Severity in Cirrhosis with Portal Hypertension. Available online:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3783492/ (accessed on 5 May 2019).

Jeong, J.; Yun, K;; Mun, S.; Chung, W.-H.; Choi, S.-Y.; Nam, Y.; Lim, M.Y.; Hong, C.P.; Park, C.H.; Ahn, Y.J.; et al. The effect of
taxonomic classification by full-length 16S rRNA sequencing with a synthetic long-read technology. Sci. Rep. 2021, 11, 1727.
Johnson, ].S.; Spakowicz, D.J.; Hong, B.-Y; Petersen, L.M.; Demkowicz, P.; Chen, L.; Leopold, S.R.; Hanson, B.M.; Agresta, H.O.;
Gerstein, M.; et al. Evaluation of 165 rRNA gene sequencing for species and strain-level microbiome analysis. Nat. Commun.
2019, 10, 5029.

A Portable System for Rapid Bacterial Composition Analysis Using a Nanopore-Based Sequencer and Laptop Computer. Available
online: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5516037/ (accessed on 23 September 2018).

Gu, W.; Deng, X; Lee, M.; Sucu, Y.D.; Arevalo, S.; Stryke, D.; Federman, S.; Gopez, A.; Reyes, K.; Zorn, K,; et al. Rapid pathogen
detection by metagenomic next-generation sequencing of infected body fluids. Nat. Med. 2020, 27, 115-124.

Charalampous, T.; Kay, G.L.; Richardson, H.; Aydin, A.; Baldan, R.; Jeanes, C.; Rae, D.; Grundy, S.; Turner, D.].; Wain, J.; et al.
Nanopore metagenomics enables rapid clinical diagnosis of bacterial lower respiratory infection. Nat. Biotechnol. 2019, 37, 783-792.
Taxt, A.M.; Avershina, E; Frye, S.A.; Naseer, U.; Ahmad, R. Rapid identification of pathogens, antibiotic resistance genes and
plasmids in blood cultures by nanopore sequencing. Sci. Rep. 2020, 10, 7622.

Chan, W.S.; Au, C.H,; Leung, S.M.; Ho, D.N.; Wong, E.Y.L.; To, M.Y.; Ng, M.K,; Chan, T.L.; Ma, E.SK,; Tang, B.S.F. Potential
utility of targeted Nanopore sequencing for improving etiologic diagnosis of bacterial and fungal respiratory infection. Diagn.
Pathology. 2020, 15, 41.

Costea, P.I; Zeller, G.; Sunagawa, S.; Pelletier, E.; Alberti, A.; Levenez, F.; Tramontano, M.; Driessen, M.; Hercog, R.; Jung, F.-E.; et
al. Towards standards for human fecal sample processing in metagenomic studies. Nat. Biotechnol. 2017, 35, 1069-1076.
Babraham Bioinformatics—FastQC A Quality Control tool for High Throughput Sequence Data. Available online:
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 20 May 2018).

Ewels, P.; Magnusson, M.; Lundin, S.; Kéller, M. MultiQC: Summarize analysis results for multiple tools and samples in a single
report. Bioinformatics 2016, 32, 3047-3048.

Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 2011, 17, 10-12.

Callahan, B.].; McMurdie, P.J.; Rosen, M.].; Han, A.W; Johnson, A.J.A.; Holmes, S.P. DADA2: High resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581-583.

McMurdie, P.J.; Holmes, S. phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census
Data. PLoS ONE 2013, 8, e61217.

Callahan, B.J.; Sankaran, K.; Fukuyama, J.A.; McMurdie, P.J.; Holmes, S.P. Bioconductor workflow for microbiome data analysis:
From raw reads to community analyses. F1000Research 2016, 5, 1492.

Parks, D.H.; Chuvochina, M.; Chaumeil, P.-A ; Rinke, C.; Mussig, A.J.; Hugenholtz, P. A complete domain-to-species taxonomy
for Bacteria and Archaea. Nat. Biotechnol. 2020, 38, 1079-1086.

Altschul, S.F.; Gish, W.; Miller, W.; Myers, EW.; Lipman, D.]. Basic local alignment search tool. ]. Mol. Biol. 1990, 215, 403-410.
De Coster, W.; D’Hert, S.; Schultz, D.T.; Cruts, M.; Van Broeckhoven, C. NanoPack: Visualizing and processing long-read se-
quencing data. Bioinformatics 2018, 34, 2666-2669.

Fan, J.; Huang, S.; Chorlton, S.D. BugSeq: A highly accurate cloud platform for long-read metagenomic analyses. BMC Bioinform.
2021, 22, 160.

Jung, A.; Chorlton, S.D. BugSeq 16S: NanoCLUST with Improved Consensus Sequence Classification. March 2021; p.
2021.03.16.434153. Available online: https://www .biorxiv.org/content/10.1101/2021.03.16.434153v1 (accessed on 2 September
2021).

Kolde, R. Pheatmap: Pretty Heatmaps. 2019. Available online: https://CRAN.R-project.org/package=pheatmap (accessed on 15
September 2021).

Metsalu, T.; Vilo, J. ClustVis: A web tool for visualizing clustering of multivariate data using Principal Component Analysis
and heatmap. Nucleic Acids Res. 2015, 43, W566-W570.

Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Use R!; Springer: New York, NY, USA, 2009. Available online:
https://www.springer.com/de/book/9780387981413 (accessed on 15 September 2020).

Arvaniti, V.; D’Amico, G.; Fede, G.; Manousou, P.; Tsochatzis, E.; Pleguezuelo, M.; Burroughs, A K. Infections in Patients with
Cirrhosis Increase Mortality Four-Fold and Should Be Used in Determining Prognosis. Gastroenterology 2010, 139, 1246-1256.e5.



Cells 2021, 10, 3226 13 of 13

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Runyon, B.A. Management of adult patients with ascites due to cirrhosis: An update. Hepatology 2009, 49, 2087-2107.

Weyrich, L.S,; Farrer, A.G.; Eisenhofer, R.; Arriola, L.A.; Young, J.; Selway, C.A.; Handsley-Davis, M.; Adler, C.J.; Breen, J;
Cooper, A. Laboratory contamination over time during low-biomass sample analysis. Mol. Ecol. Resour. 2019, 19, 982-996.
Selway, C.A.; Eisenhofer, R.; Weyrich, L.S. Microbiome applications for pathology: Challenges of low microbial biomass sam-
ples during diagnostic testing. J. Pathol. Clin. Res. 2020, 6, 97-106.

Salter, S.J.; Cox, M.].; Turek, E.M.; Calus, S.T.; Cookson, W.O.; Moffatt, M.F.; Turner, P.; Parkhill, J.; Loman, N.J.; Walker, A.W.
Reagent and laboratory contamination can critically impact sequence-based microbiome analyses. BVMIC Biol. 2014, 12, 87.
Laurence, M.; Hatzis, C.; Brash, D.E. Common Contaminants in Next-Generation Sequencing That Hinder Discovery of Low-
Abundance Microbes. PLoS ONE 2014, 9, €97876.

Tay, P.W.L.; Xiao, J.; Tan, D.J.LH.; Ng, C.; Lye, Y.N.; Lim, W.H.; Teo, V.X.Y.; Heng, RR.Y.; Yeow, M.W.X_; Lum, LH.W; et al. An
Epidemiological Meta-Analysis on the Worldwide Prevalence, Resistance, and Outcomes of Spontaneous Bacterial Peritonitis
in Cirrhosis. Front. Med. 2021, 8, 693652.

Abellan-Schneyder, I.; Matchado, M.S.; Reitmeier, S.; Sommer, A.; Sewald, Z.; Baumbach, J.; List, M.; Neuhaus, K. Primer,
Pipelines, Parameters: Issues in 165 rRNA Gene Sequencing. Msphere 2021, 6, €01202-20.

Dever, J.B.; Sheikh, M.Y. Review article: Spontaneous bacterial peritonitis—Bacteriology, diagnosis, treatment, risk factors and
prevention. Aliment. Pharmacol. Ther. 2015, 41, 1116-1131.

Codortier, F.M.; Ramirez-Bosca, A.; Climent, E.; Carriéon-Gutierrez, M.; Guerrero, M.; Pérez-Orquin, ]. M.; de la Parte, ].H.; Genovés, S,;
Ramoén, D.; Navarro-Lopez, V.; et al. Gut microbial composition in patients with psoriasis. Sci. Rep. 2018, 8, 3812.

Iljazovic, A.; Roy, U.; Galvez, E.J.C.; Lesker, T.R.; Zhao, B.; Gronow, A.; Amend, L.; Will, S.E.; Hofmann, J.D.; Pils, M.; et al.
Perturbation of the gut microbiome by Prevotella spp. enhances host susceptibility to mucosal inflammation. Mucosal Immunol.
2021, 14, 113-124.

Meta-Analysis of Fecal Metagenomes Reveals Global Microbial Signatures That Are Specific for Colorectal Cancer—Nature
Medicine. Available online: https://www.nature.com/articles/s41591-019-0406-6 (accessed on 12 August 2021).

Badr, M.T.; Bliimel, B.; Baumgartner, S.; Komp, ] M.A.; Hacker, G. Antimicrobial Susceptibility Patterns and Wild-Type MIC
Distributions of Anaerobic Bacteria at a German University Hospital: A Five-Year Retrospective Study (2015-2019). Antibiotics
2020, 9, 823.



