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Abstract

Wild rats can host various zoonotic pathogens. Detection of these pathogens is
commonly performed using molecular techniques targeting one or a few specific
pathogens. However, this specific way of surveillance could lead to (emerging) zoonotic
pathogens staying unnoticed. This problem may be overcome by using broader
microbiome-profiling techniques, which enable broad screening of a sample’s bacte-
rial or viral composition. In this study, we investigated if 16S rRNA gene amplicon
sequencing would be a suitable tool for the detection of zoonotic bacteria in wild
rats. Moreover, we used virome-enriched (VirCapSeq) sequencing to detect zoonotic
viruses. DNA from kidney samples of 147 wild brown rats (Rattus norvegicus) and 42
black rats (Rattus rattus) was used for 16S rRNA gene amplicon sequencing of the
V3-V4 hypervariable region. Blocking primers were developed to reduce the ampli-
fication of rat host DNA. The kidney bacterial composition was studied using alpha-
and beta-diversity metrics and statistically assessed using PERMANOVA and SIM-
PER analyses. From the sequencing data, 14 potentially zoonotic bacterial genera
were identified from which the presence of zoonotic Leptospira spp. and Bartonella
tribocorum was confirmed by (gq)PCR or Sanger sequencing. In addition, more than
65% of all samples were dominated (>50% reads) by one of three bacterial taxa:
Streptococcus (n = 59), Mycoplasma (n = 39) and Leptospira (n = 25). These taxa also
showed the highest contribution to the observed differences in beta diversity. Vir-
CapSeq sequencing in rat liver samples detected the potentially zoonotic rat hepatitis
E virus in three rats. Although 16S rRNA gene amplicon sequencing was limited in
its capacity for species level identifications and can be more difficult to interpret
due to the influence of contaminating sequences in these low microbial biomass
samples, we believe it has potential to be a suitable pre-screening method in the
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1 | INTRODUCTION

Wild brown rats (Rattus norvegicus) and black rats (Rattus rattus)
can host various zoonotic pathogens, including Seoul orthohantavirus,
Leptospira spp. and vector-borne bacteria (Himsworth et al., 2015;
Meerburg et al., 2009). Their synanthropic lifestyle increases the risk
of pathogen transmission from rats to humans via (in-)direct con-
tact. Screening of zoonotic pathogens of wild rats gives insight in the
potential public health risks. Early detection and identification of these
pathogens is crucial to respond faster and more adequate to emerging
infectious diseases.

Currently, diagnostic techniques such as (q)PCR and PCR-based
reverse line blot hybridization assays are often used for the detection
of zoonotic pathogens (Elbaz et al., 2020). Though they are designed
to be highly sensitive and specific (Bird & Mazet, 2018), they have the
disadvantage that they can detect only a limited number of specific
pathogens per test. As a consequence, certain pathogens can remain
undetected, because they are not expected to be found in a particular
species and therefore are not targeted (Razzauti et al., 2015). There-
fore, it is important to keep optimizing detection methods and to test
potential new techniques. In the last decades, huge advances have been
made in developing new pathogen identification tools such as (metage-
nomic) deep sequencing (Bird & Mazet, 2018; Radford et al., 2012). The
advantage of such techniques is the ability to broadly screen a sample’s
bacteriome or virome composition without exact sequence knowl-
edge about the presence or absence of specific bacteria or viruses.
This feature could make metagenomic sequencing a suitable tool to
screen for zoonotic pathogens in wildlife, and it could facilitate the
detection of unexpected or emerging pathogens. Although numerous
microbiome-profiling studies have been performed on humans, such
studies performed on wildlife are limited (Egan et al., 2021; Firth et al.,
2014; Ge et al.,, 2018; Raghwani et al., 2022; Razzauti et al., 2015).

In this study, we investigated if 16S rRNA gene amplicon sequenc-
ing would be a suitable tool for the detection of zoonotic pathogens
in wild rats using kidney samples. These results were compared with
gPCR results. In addition, we used VirCapSeq sequencing on liver sam-
ples to detect zoonotic viruses. Furthermore, we examined the kidney
bacterial composition in more detail and investigated if there were
internal (microbial diversity, species, bodyweight/age and sex) or exter-
nal (trapping location type) factors correlated with zoonotic pathogen
carriage in these wild rats. With this information, we aim to improve
targeted screening and surveillance of zoonotic pathogens in wild rats
to enhance early detection.
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future to get a better overview of potentially zoonotic bacteria that are circulating in

168, kidney, rats, surveillance, virome, zoonoses

2 | MATERIALS AND METHODS

2.1 | Sample collection

From 2013 to 2018, pest control agencies captured brown and black
rats in different municipalities across the Netherlands using live traps
and snap traps for various surveillance studies (Maas et al., 2018).
From all trapped rats, we included 189 rats in this study based on
species and trapping location type (Table S1). Trapping locations were
divided into the following categories: urban, rural, agriculture and
industry. Locations with <1000 addresses/km? were defined as rural
and locations with >1000 addresses/km? were defined as urban. When
rats were captured on farms, their location was defined as agricul-
ture, and when they were captured in industrial areas, their location
was defined as industry. The live trapped rats were anaesthetized
using isoflurane and euthanized by cervical dislocation or an isoflu-
rane overdose after which they were dissected. The rats captured
using snap traps were stored at —20°C until dissection. During dis-
section, we collected data on species, sex and bodyweight, as well
as kidney and liver samples. Samples were stored at —80°C until
DNA extraction. Kidney and liver samples were used for bacteriome
and virome analyses, respectively. Bodyweight was used to divide
rats into age classes. For males we used: juvenile (<100 g), subadult
(101-200 g), and adult (>200 g), and for females we used: juvenile
(<100 g), sub-adult (101-175 g) and adult (>175 g) (Franssen et al.,
2016).

2.2 | Kidney bacterial composition
2.2.1 | DNA extraction and 16S rRNA gene
quantification

A small cross section of each kidney was cut and weighed. We adjusted
the volume of lysis buffer according to weight and subsequently used
equal volumes per sample for DNA extraction. We extracted DNA
using the DNeasy Blood and Tissue Kit (Qiagen, Venlo, the Nether-
lands) according to the manufacturer’s protocol, including extraction
controls to monitor potential contamination during DNA extraction.
We performed a 16S rDNA gene gPCR as previously described
(Bogaert et al., 2011) to quantify the amount of 16S rRNA gene copies
present in the samples.
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2.2.2 | Development of a rat mitochondrial 165
rRNA gene targeted blocking primer

During an initial pilot study where 16S rRNA gene amplicons of the
hypervariable V3-V4 region were sequenced, a substantial amount of
sequences derived from rat host DNA were obtained. This was proba-
bly due to the low microbial biomass of kidney samples and the non-
specific amplification of 16S rat mitochondrial rRNA. To prevent the
amplification of the untargeted rat-derived DNA, peptide nucleic acid
(PNA)-based blocking primers were designed, in collaboration with
BaseClear (Leiden, the Netherlands). In short, unique amplicon-derived
sequences obtained during the pilot were aligned against mitochon-
drial 16S rRNA amplicon sequences from other mammals obtained
from DNA databases (Table S2). The sequence alignment was manually
inspected for regions of identity. One region was identified from which
15-25-nt sequences were extracted as candidate blocking primers.
Candidate blocking primers were aligned to 16S rRNA gene databases,
and primers that showed matches in the database were excluded from
further analysis. Ultimately, a single remaining candidate sequence was
obtained that matched the rat mitochondrial sequences as well as
those from other eukaryotic host species, such as Vulpes vulpes, Meles
meles, Martes martes, Mustela nivalis, Cervus elaphus, Dama dama, Sciu-
rus vulgaris, Talpa europaea, Crocidura russula and Lepus europaeus. The
resulting PNA blocking primer (5-TGGTAAATTTCGTGCCAGCCA-3’)
was synthesized by Eurogentec (Maastricht, the Netherlands) and
used at a final concentration of 800 nM. The blocking primer reduced
the amount of host DNA sequenced with approximately 15%-45%
per sample (Figure S1). Blocking primers were included in the final
sequencing PCR to gain more bacteria-derived sequences from the
microorganisms in the samples.

2.2.3 | 16S rRNA gene amplification and sequencing
The extracted DNA was used as template for 16S rRNA gene amplifi-
cation followed by sequencing of the amplicons by BaseClear (Leiden,
the Netherlands) using the lllumina MiSeq platform. In short, amplicons
of V3-V4 hypervariable regions of 16S rRNA genes were generated
by PCR using a limited number of cycles using the forward primer
341F (5'-CCTACGGGNGGCWGCAG-3’), reverse primer 785R (5'-
GACTACHVGGGTATCTAATCC-3’ (Gommers et al., 2019) and the PNA
blocking primer described above, followed by a second PCR to incor-
porate the lllumina sequencing adaptors. PCR products were purified
using a magnetic bead-based protocol, and DNA concentration was
measured by fluorometric analysis (Qubit, Thermo Fisher Scientific).
Subsequently, PCR amplicons were equimolarly pooled, and samples or
controls with negligible amplicon DNA concentrations were added at
the maximum allowed volume in the library tagging procedure. Pooled
amplicons were sequenced on an Illumina MiSeq run with the paired-
end 300 cycles protocol. The sequencing data was demultiplexed
with the lllumina CASAVA pipeline (v1.8.3) based on sample-specific

barcodes. The raw sequencing data was processed by removing the
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sequence reads of too low quality (only “passing filter” reads were
selected) and discarding reads containing adaptor sequences or PhiX
control with an in-house filtering protocol. A quality assessment on the
remaining reads was performed using the FastQC quality control tool
version 0.10.0.

2.2.4 | Data preparation

The data preparation and all analyses were performed in R 4.1.1 (R
Core Team, 2021) and RStudio (RStudio Team, 2021). To go from raw
reads to community analyses, we mostly followed a predefined work-
flow (Callahan et al., 2016). The Illumina demultiplexed paired-end
sequence reads were processed using the DADA2 R package. Paired-
end reads were merged, primers were removed (trimLeft (27,31)),
sequences were trimmed to 280 bp (forward reads) and 240 bp
(reverse reads) and a maximum of two ambiguous nucleotides was
used. This was followed by error correction, data pooling, merging
of sequences, chimaera filtering and clustering the reads into ampli-
con sequence variants (ASVs) using the reference database SILVA 16S
version 138.1 (Quast et al., 2012). Then we combined the taxonomy
counts into a phyloseq R object (McMurdie & Holmes, 2013) contain-
ing the ASV counts, taxonomy data and sample metadata. We applied
taxonomic filtering to remove non-bacterial ASVs (almost 70% were
eukaryotic ASVs and a single archaeal ASV) and a few ASVs that were
unidentifiable at Phylum level. We subjected the 16S rRNA ampli-
con sequences of all potentially zoonotic genera also to NCBI BLAST
against the nr/nt database (date accessed: 10-Nov-2021) to identify
identical matching species.

2.2.5 | Diversity analyses

Alpha diversity was calculated using the Shannon diversity index.
Because we wanted to compare only alpha diversity versus num-
ber of reads per sample, we did not use rarefied data as this would
force us to remove a substantial number of samples with very low
read counts (e.g. when rarefied to 1000 reads, almost 50% of sam-
ples would be removed). Prior to performing beta-diversity analysis, we
removed ASV singletons and doubletons in each sample to reduce the
influence of contamination, and we performed a Hellinger transforma-
tion on the data. Beta-diversity was assessed by principal coordinate
analyses (PCoAs) on relative abundance data using Bray-Curtis dis-
similarities using the vegan R package (Oksanen et al., 2013). To
identify significant differences between community structures, PER-
MANOVA was performed using adonis (vegan; p = 0.05, 999 permuta-
tions and set.seed(100)), and dispersions were tested for homogeneity
using betadisper (vegan). To assess the contribution of individual taxa
to the observed differences in beta diversity between groups, we
used SIMPER analysis (simper_pretty function; Steinberger, 2017). The
SIMPER-identified taxa that contributed most to the observed group

differences were tested for significance with the Kruskal-Wallis test
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(R_krusk function; Steinberger, 2017). Taxa were considered significant
if fdr-adjusted p-values <0.05.

2.3 | Liver virome
2.3.1 | DNA and RNA extraction followed by
enriched-metagenome sequencing

Atotal of 189 frozen liver samples were sliced. Per 0.5-g liver, we added
1.75-ml cold PBS with 1% complete EDTA-free protease inhibitor cock-
tail (Roche, ref: 11873580001), followed by a 4-h benzonase treatment
at 37°C to remove free (non-encapsulated) nucleic acids. Samples
were pooled in batches of 3-5 samples per pool based on rat species
and trapping location. Subsequent DNA purification was performed
using the Qiagen QlAamp MinElute Virus Spin Kit (Qiagen, Venlo,
the Netherlands) according to the manual prescription. For the RNA
fraction extraction, the Zymo Research Direct-zol kit (BaseClear, Lei-
den, the Netherlands) was used following the kit instructions with an
internal DNase treatment. To increase the amount of RNA and DNA,
a pre-enrichment was performed with a random SISPA amplification
(Chen et al.,, 2011). Shotgun sequence libraries were created from the
extracted DNA and reverse transcribed RNA following enrichment
using VirCapSeq (according to Roche) and subsequently sequenced
using lllumina short-read sequencing (MiSeq). When one of the pools
was found positive for a relevant virus, the individual samples were

processed separately.

2.3.2 | Data analysis

For downstream analysis, the lllumina raw sequencing data was demul-
tiplexed using the Illumina software (bcl2fastq v2.20.0.422, lllumina
Inc) and subsequently polished (trimmed for artefacts and QC (BBMap
- Bushnell B. - sourceforge.net/projects/bbmap/). To determine the
presence of viruses in the samples, the polished reads were mapped
to the present viruses of the NCBI database. The output table was
manually inspected and the top scoring accession numbers were
downloaded and used in further analyses.

The NCBI database was used to in silico enrich the viral reads per
sample. The selected polished reads were used as input for de novo
assembly using default settings in spades (SPAdes v3.13.0) (Prjibelski
et al., 2020). Blast analysis was performed on the output files of the

assembly.

2.4 | Zoonotic pathogen identification and
confirmation

Pathogen confirmation analyses were performed for Leptospira spp.,
Bartonella spp., Mycoplasma spp. and Brucella spp. For the first three

pathogens, we extracted DNA from kidney samples using the DNeasy
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Blood and Tissue Kit (Qiagen, Venlo, the Netherlands) according to the
manufacturer’s protocol. For Brucella, we isolated DNA from Brucella-
suspected colonies by suspending the colony in 200-ul nuclease-free
water (Sigma-Aldrich, https://www.sigmaaldrich.com) and subsequent
boiling at 100°C for 8 min, followed by centrifugation for 2 min at
20,000 x g.

For Leptospira spp. identification, we used a previously described
qPCR specifically targeting pathogenic Leptospira species with forward
primer LipgrF2 5'-CGC-TGA-AAT-GGG-AGT-TCG-TAT-GAT-TTC-C-3’,
reverse primer LipgrR2 5-GGC-ATT-GAT-TTT-TCT-TCY-GGG-GTW-
GCC-3’ and probe LipgrP1 5'-Fam-AGG-CGA-AAT-CGG-KGA-RCC-
AGG-CGA-YGG-BHQ1-3’ (Ahmed et al., 2020). The Leptospira interro-
gans kantorow strain was used as positive control. Samples with sigmoid
melting curves and Ct values <45 were considered positive.
identification, we first

For Bartonella spp. performed

a gPCR on genus level with forward primer ssrA-F 5'-

GCTATGGTAATAAATGGACAATGAAATAA-3, reverse primer
ssrA-R  5-GCTTCTGTTGCCAGGTG-3’ and probe 5’-atto520-
ACCCCGCTTAAACCTGCGACG-3’-BHQ1 (Diaz et al, 2012).

Subsequently, we performed conventional PCRs for Sanger sequenc-
ing on the samples detected positive by qPCR. These PCRs targeted
two different genes: gltA and rpoB. We first used gltA primers:
gltA-2  (Bhcs.781p fwd: 5'-GGGGACCAGCTCATGGTGG-3’ and
Bhcs.1137n rev: 5-ATTGCAAAAAGAACAGTAAACA-3’) (Norman
et al.,, 1995). In case results were negative, we also used rpoB primers:
rpoB (1400F: 5'-CGCATTGGCTTACTTCGTATG-3’ and 2300R 5-
GTAGACTGATTAGAACGCTG-3’) (Renesto et al., 2001). The strain
of Bartonella henselae ATCC 49882 was used as positive control. PCR
products were sequenced by BaseClear (Leiden, the Netherlands).

For Mycoplasma spp. identification, we performed a Mycoplasma
PCR. For
the M. pulmonis-specific PCR, we used forward primer MP1
5'-AGC-GTT-TGC-TTC-ACT-TTG-AA-3’  and
MP2  5'-GGG-CAT-TTC-CTC-CCT-AAG-CT-3’
PCR, we targeted the
16S rRNA gene using forward primer HemMycol16S-41s 5’-
GYATGCMTAAYACATGCAAGTCGARCG-3' and reverse primer
HemMyco16S-938as 5'-CTCCACCACTTGTTCAGGTCCCCGTCGTC-
3’ (Maggi et al., 2013). The obtained PCR products were sequenced by
BaseClear (Leiden, the Netherlands).

For Brucella spp. identification, we cultured and isolated Brucella

pulmonis-specific PCR and a Mycoplasma genus

reverse primer
(Ferreira et al.,
2008). For the Mycoplasma genus

spp. using the Castafneda method and selective media according to the
OIE protocol (OIE, 2018). Suspected colonies were analysed by matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry
on the Bruker MALDI Biotyper (Bruker, https://www.bruker.com) by
using an extended in-house Brucella spp. database (Kroese et al., 2018)
and PCR.

On the isolated DNA, we performed gPCR targeting the 1S711
sequences of Brucella spp. (Maio et al, 2014) using forward
primer IS711F 5’-GACCAAGCTGCATGCTGTTG-3’, reverse primer
IS711R 5'-GCCGGGTGTTGGCTTTATT-3’ and probe 1S711P FAM-
CGATGCTATCGGCCTACCGCTGCG-BHQ1.

Colonies and tissue
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samples were considered positive after gPCR if the results showed a
cycle threshold (Ct) value of <36 (with sigmoid curve), inconclusive
if Ct value was >36 but <40 (with inconclusive sigmoid curve), and
negative if Ct value was >40 or if there was no Ct detected.

2.5 | Statistical analyses

In addition to the diversity analyses, we performed statistical analy-
ses to investigate the correlation between the presence of zoonotic
pathogens detected in these rats and specific rat characteristics
(species, weight/age, location type and sex). The prevalence of zoonotic
pathogens was tested for both gPCR and 16S rRNA amplicon sequenc-
ing results separately. The primary outcome variable was infection
status (positive versus negative). We included the following explana-
tory variables: location type (urban, rural, agriculture or industry),
species (R. norvegicus or R. rattus), sex (male or female), age class
(juvenile, sub-adult or adult) and bodyweight (g). Trapping area
(municipality where the rats were trapped) was included as a ran-
dom factor. We used generalized linear mixed models (GLMM) with
binomial logit link function to examine the relationship between
infection status and the explanatory variables using the gimer func-
tion (Ime4). Variables that were significantly associated with infec-
tion status (p < .05) were included in the final model. Rats with
missing data for one or more variables were excluded. All sta-
tistical analyses were performed in R 4.1.1 and RStudio (R Core
Team, 2013). Confidence intervals were computed using the 95%
Wald confidence interval. Variables were considered significant when
p <0.05.

3 | RESULTS

3.1 | 16S rRNA gene amplicon sequencing of rat
kidney microbial DNA

Sequencing resulted in 3416,038 16S rRNA amplicon read pairs, of
which 3330,609 were derived from Bacteria (97.5%) and 85,429 were
derived from Eukarya (rats) (2.5%; Figures S1 and S4). The data showed
large variation in the final number of reads per sample, ranging from
12 to 57,798 with a mean of 17,622 and median of 5388 reads per
sample (Figure S2). Rarefaction curves indicate that sufficient reads
were obtained to capture the variation present in the samples (Figure
S3). After filtering the sequence data, we identified a total of 854
unique ASVs of which 504 could be classified to genus level and 229 to
species level, resulting in 233 distinct bacterial genera and 173 distinct
bacterial species. The most prevalent and abundant genera were Strep-
tococcus (93%), Mycoplasma (81%) and Leptospira (54%; Figure 1). These
three genera already comprised almost 90% of taxonomy counts. Many
samples were dominated (>50% reads) by one of these three genera,
most often by Streptococcus (n = 59), followed by Mycoplasma (n = 39)
and Leptospira (n = 25; Figure 1).
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3.2 | Potentially zoonotic bacteria detected using
16S rRNA gene amplicon sequencing

We identified 14 out of 233 bacterial genera as potentially zoonotic
(Table 1). The prevalence and total number of reads of these potentially
zoonotic bacterial genera varied considerably (Table 1). Streptococ-
cus, Mycoplasma and Leptospira were detected with high prevalence
and abundance, whereas other potentially zoonotic genera (Bacil-
lus, Mycobacterium, Chlamydia and Campylobacter) and members of
the Erysipelotrichaceae family were detected in very low quantities
(<0.1% of total reads), which makes the presence of these gen-
era in the samples uncertain. Most of these potentially zoonotic
genera could also be identified to species level, resulting in seven
potentially zoonotic bacterial species: Leptospira interrogans, Brucella
melitensis, Bartonella vinsonii, Staphylococcus aureus, Escherichia coli, Pro-
teus mirabilis and Bacillus anthracis (Table 1). From the NCBI BLAST,
we identified (almost) identical matching zoonotic species for the
same seven genera that were identified using the SILVA v138.1
species reference database. For some potentially zoonotic genera,
more than one identical matching species was found, belonging to
different genera. This was the case for Brucella, E. coli, Bacillus and

Erysipelotrichaceae.

3.3 | (Potentially) zoonotic bacteria: species
identification and prevalence comparison based on
16S rRNA gene amplicon sequencing and gPCR
results

From the 14 potentially zoonotic genera identified earlier, four gen-
era (Leptospira, Bartonella, Mycoplasma and Brucella) were selected to
compare the results from 16S rRNA gene amplicon sequencing with
those from quantifications using PCR-based assays and to further iden-
tify them to species level. The Leptospira prevalence based on 16S
rRNA gene amplicon sequencing reads (with >2 reads per ASV per
sample considered positive) was 55% (103/189), and the prevalence
based on gqPCR (targeting pathogenic Leptospira species) was 46%
(86/189; 95%). These two prevalences are not significantly different
(binomial GLM; p = .100). In addition, we found a negative correla-
tion between the 16S rRNA amplicon concentration and the qPCR
Ct-values (Figure 2). In total, 133 samples (70%) were positive in both
assays, 36 samples (19%) were positive in the 16S rRNA gene ampli-
con sequencing only and 20 samples (11%) were positive in gPCR only.
In a previous study, 22 of the rats used in this study were typed to
serovar level and L. interrogans serovar Icterohaemorrhagiae (n = 8;
36%) and serovar Copenhageni (n = 14; 64%) belonging to serogroup
Icterohaemorrhagiae were detected (Maas et al., 2018). Both serovars
are zoonotic. The identified species (L. interrogans) was the same
as the species identified based on the SILVA database and BLAST
result.

The Bartonella prevalence based on 16S rRNA gene amplicon

sequencing reads was 18% (33/189) and the prevalence based on gPCR
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FIGURE 1 Bar plotdisplaying the relative abundance of bacteria (y-axis) per sample (x-axis) at genus level. Samples are in order of 16S rRNA

amplicon concentration from low (left) to high (right).
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FIGURE 2 Comparison between the number of gPCR cycles and the 16S rRNA amplicon concentration for both Leptospira and Bartonella. The
gPCRs are pathogen-specific and shows at which cycle number the samples were found positive. The 16S rRNA amplicon concentration was
calculated by multiplying the percentage of Leptospira or Bartonella reads per sample with the 16S rRNA gene amplicon concentration per sample.
The y-axis is log-scaled. Samples with Ct values >45 and/or non-sigmoidal curves are included in ‘negative’. The qPCR cut-off value of 45 is
represented by a grey dashed line. There is a negative correlation between the 16S rRNA amplicon concentration and the number of gPCR cycles

for both Leptospira and Bartonella.

(targeting a selection of 30+ Bartonella species) was 23% (44/189).
These two prevalences are not significantly different (binomial GLM;
p = .161). We also found a negative correlation between the 16S
rRNA amplicon concentration and the qPCR Ct-values for Bartonella
(Figure 2). In total, 160 samples (85%) were positive in both assays, 9
samples (5%) were positive in the 16S rRNA gene amplicon sequenc-
ing only, and 20 samples (11%) were positive in gPCR only. DNA
from 22 qPCR-positive rats was successfully isolated and sequenced.
We observed high similarity (97.7%-100%) of all sequences to Bar-

tonella tribocorum (GenBank accession numbers MT741530 (gltA),
MG027996 (gltA) and AF165996 (rpoB)). This species is poten-
tially zoonotic (Kosoy et al, 2010). The species B. tribocorum is
different from the species identified based on the SILVA database
(B. vinsonii).

For Mycoplasma, only a subset of 20 samples positive according
to 16S rRNA gene amplicon sequencing was tested by PCR. From
these, 19 out of 20 samples were positive in PCR and were further
sequenced. From 14 samples, we could obtain good sequences all with



3888 Wl LEY Ironsboundory and Emeriné Dis
&, -7 .

high similarity (99.8%-100%) to Candidatus Mycoplasma haemomuris
subspecies ratti (GenBank accession number AB758439), which is
considered not zoonotic. This species is also different from the species
identified based on the SILVA database (Mycoplasma coccoides and
Mycoplasma haemomacaque).

Similarly, a subset of 20 samples that were positive for Brucella
according to 16S rRNA gene amplicon sequencing results was tested
by culture and qPCR. The BLAST result of the 16S Brucella sequence
resulted in high similarity with both Brucella (including species Bru-
cella suis and B. melitensis) and Ochrobactrum (Table 1). However, the
presence of Brucella spp. could not be confirmed by either qPCR or

culture.

3.4 | Influence of internal and external factors on
carriage of zoonotic bacteria

We investigated the effect of species, sex, bodyweight and location
type on Leptospira and Bartonella carriage in wild rats, using the results
from both 16S rRNA gene amplicon sequencing and gPCR, using bino-
mial GLMMs. From both 16S rRNA gene amplicon sequencing and
gPCR results, we observed that bodyweight was positively correlated
with Leptospira carriage (p < .01; Table S3). For Bartonella, we observed
a significantly higher prevalence in brown rats compared to black rats
from both 16S rRNA gene amplicon sequencing and gPCR results
(p < 0.05; Table S3).

3.5 | Influence of in- and external factors on
kidney bacterial composition

We visualized the overall differences in beta diversity in Bray-Curtis
dissimilarity ordination (PCoA) plots for the factors species, location
type, age and sex (Figure 3). Significant differences were observed for
a multi-variable model, including species, location type and age (PER-
MANOVA, p < 0.05). The kidney bacterial composition of brown and
black rats was also significantly different (PERMANOVA p <0 .05),
whereas both dispersions were homogenous (betadisper p > 0.05;
Figure 3a). This difference was attributed to significant differences in
the abundance of Streptococcus (3 ASVs), Leptospira and Mycoplasma
(SIMPER, Kruskal-Wallis p < .05; Table S4), where the abundance of
all taxa was higher in brown rats compared to black rats, except for two
out of three Streptococcus ASVs.

Significant differences were also observed for location type (urban,
rural, agriculture and industry; PERMANOVA p < 0.05) while dis-
persions were not homogenous (betadisper p < 0.05), which makes
it uncertain whether the observed differences are indeed signifi-
cant differences in group means or caused by dispersion variation
between samples (Figure 3b). Differences between location types were
predominantly attributed to differences in the abundance of Strepto-
coccus, Leptospira and Mycoplasma (SIMPER, Kruskal-Wallis p < 0.05;

Table S4). A lower mean abundance of Leptospira in industry was
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observed compared to the other three location types (urban, rural and
agriculture).

Significant differences between age classes were observed (PER-
MANOVA p < 0.05) while dispersions were homogenous (betadisper
p > 0.05; Figure 3c). Differences between adult and sub-adult and
between adult and juvenile were both attributed to a difference in
the abundance of Leptospira, which was higher in adults compared to
sub-adults and juveniles (SIMPER, Kruskal-Wallis p < 0.05; Table S4).
Because age class is based on bodyweight, this result coincides with our
earlier finding that Leptospira carriage was positively correlated with
bodyweight. For sex, no significant differences in beta diversity were
observed (Figure 3d).

As might be expected, the genera mostly contributing to differences
in beta diversity (Streptococcus, Leptospira and Mycoplasma) are also
the main dominant genera identified earlier. The influence of these
dominant genera on differences in beta diversity was visualized in a
PCoA plot (Figure 4). Significant differences were observed between
Leptospira and all other groups (Mycoplasma, Streptococcus, other and
none) and between none and both Streptococcus and Mycoplasma
(PERMANOVA p < 0.05). However, there was large variation in the
dispersion of the data (betadisper p < 0.05).

3.6 | Relation between sequencing depth, alpha
diversity and contamination

We observed that the Shannon diversity index was negatively corre-
lated with the total number of reads per sample (Spearman correlation
R = —0.7; p <0 .05; Figure 5), which implies that samples with higher
numbers of reads are less diverse than samples with lower num-
bers of reads (Figure 5). This coincides with the domination patterns
we observed before in these low microbial load samples (Figure 1).
This high diversity in samples with low numbers of reads is proba-
bly related to contamination, which was detected in sequenced mock
communities as well (Figure S1). Besides that, we observed that the
percentage of host DNA blocked by the blocking primers varied per
sample and that the percentage of eukaryotic reads in the sample
were negatively correlated to the 16S rRNA concentration (Figures S1
and S4).

3.7 | Zoonotic viruses detected in rat liver

Rat liver samples were used for the detection of DNA and RNA viruses.
Besides very low levels of different virus sequences, we detected only
two viruses at levels of infecting agents: Minute virus of mice (Rodent
protoparvovirus 1) and rat Hepatitis E virus (rat HEV) (also referred to
as Orthohepevirus C). Of these two viruses, only rat HEV is poten-
tially zoonotic. In total, 3/189 rats (6.3%) tested positive for rat HEV
with both VirCapSeq sequencing and gPCR. The rat HEV sequence
was detected in two black rats trapped on a pig farm in the south-

ern province of Noord-Brabant (2016) and in one brown rat trapped
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on an industrial location close to the harbour in Amsterdam (2014).
One positive sample was further analysed, and the genome assem-
blies demonstrated that an almost full genome could be regenerated
(ON644869). The sequence had most identity (87.96% 1-2517 bp and
87.43% 2619-6942 bp) with sequence KM516906 from the United
States, followed by sequence MW795566 from a wild brown rat from
Hungary captured in 2010 (86.82% 1-2517 bp and 87.01% 2619-
6941 bp) (Niendorf et al., 2021), and sequence GU345043 (86.39%
1-2516 bp and 86.88% 2631-6945 bp) from a wild brown rat from
Germany captured in 2009 (Johne et al., 2010). When we aligned the
previously mentioned sequences with our sequences, we observed a
gap of 66 bp from 2522 to 2587 bp.

4 | DISCUSSION

In this study, we investigated if 16S rRNA gene amplicon sequencing
would be a suitable tool for the detection of zoonotic bacteria in wild
rats. These results were compared with (g-)PCR results. In addition,
we used VirCapSeg-enriched sequencing on liver samples to detect
zoonotic viruses. We also examined if there were internal or exter-
nal factors correlated with zoonotic pathogen carriage in these wild

rats.

4.1 | Zoonotic bacteria detected in rat kidney

Using 16S rRNA gene amplicon sequencing, we identified 14 poten-
tially zoonotic bacterial genera and 7 potentially zoonotic bacterial
species in rat kidneys. We selected four highly prevalent genera for
confirmation of results and to be further tested to species level. The
presence of zoonotic Leptospira species (L. interrogans serovar Ictero-
haemorrhagiae and Copenhageni (Maas et al., 2018)) and a potentially
zoonotic Bartonella species (B. tribocorum) were confirmed. B. triboco-
rum has been detected previously in both R. norvegicus and R. rattus

riné Disea esf} ‘)‘,,_’
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(Himsworth et al., 2015; Lin et al., 2008). The Mycoplasma sequence
was identified as Candidatus M. haemomuris subspecies ratti, which is
considered not zoonotic. However, the Brucella sequences identified by
16S rRNA gene amplicon sequencing could not be confirmed by either
culture or gPCR. BLAST results from the Brucella 16S DNA sequence
resulted in a match for both Brucella and Ochrobactrum species. There-
fore, although it was taxonomically assigned to Brucella, the DNA
sequence probably belonged to Ochrobactrum.

The identification to species level based on the 16S SILVA database
and gPCR sequencing resulted in both similar (for Leptospira) and
different species (for Bartonella, Mycoplasma and Brucella). This empha-
sizes the need to confirm 16S rRNA gene amplicon sequencing results
by other established detection methods and to interpret these results
with caution, especially in the case of zoonotic bacteria. Overall, the
16S rRNA gene amplicon sequencing results did not indicate the pres-
ence of emerging or unexpected zoonotic bacteria in these wild rats.
However, in this study, we tested only rat kidney tissue, likely leading
to an underestimation of the number of zoonotic bacteria present in
these rats. Therefore, the inclusion and comparison of multiple tissues

per animal may improve future studies.

4.2 | Comparing 16S rRNA gene amplicon
sequencing with qPCR results

The results generated by 16S rRNA gene amplicon sequencing and
qPCR showed 70% correlation for Leptospira and 85% for Bartonella.
This resulted in non-significantly different pathogen prevalence esti-
mates based on the threshold values used in this study (>2 reads
considered positive and pathogen-specific Ct-value cut-offs). We also
observed a negative correlation between the number of gPCR cycles
and the 16S rRNA amplicon concentration per zoonotic bacterium,
which shows the resemblance of the results obtained with both
methods, and which also has been observed previously (Sillanpaa
et al.,, 2017). In addition, both methods resulted in similar significant
correlations between Leptospira carriage and weight, and between
Bartonella carriage and rat species. Therefore, 16S rRNA gene ampli-
con sequencing could also be used to generate population prevalence
estimates.

The observed differences in results from both detection methods
can be caused by various factors, including the choice of threshold
values, the primers used for amplicon sequencing, the specificity of
the gPCRs and the influence of contamination in these low microbial
biomass samples. Especially for samples that were negative in gPCR
and positive in 16S rRNA gene amplicon sequencing, the species detec-
tion range of the qPCRs we used could have limited the detection
of certain species. However, standardized experiments using dilutions
of known samples in different bacterial combinations should be per-
formed to correctly compare the sensitivity and specificity of these
two methods and to potentially define positive infection thresholds
for specific bacteria when using 16S rRNA gene amplicon sequencing
(Razzauti et al., 2015).
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4.3 | Influence of in- and external factors on
zoonotic pathogen carriage and kidney bacterial
composition

We investigated the relation between internal (species, sex and body-
weight/age) and external factors (location type) and zoonotic pathogen
carriage. We observed a significant positive correlation between Lep-
tospira carriage and rat bodyweight, indicating that heavier rats, and
thereby most likely also older rats, are more likely to carry Lep-
tospira. This result is in-line with previous research (Costa et al., 2014;
Himsworth et al., 2013). For Bartonella, we observed a significant dif-
ference between rat species, with a higher prevalence of Bartonella in
brown rats (29.3%) compared to black rats (2.4%), which agrees with
results reported in other studies (Ellis et al., 1999; Hsieh et al., 2010;
Peterson et al., 2017). Some studies explained this difference in preva-
lence by a similar difference in ectoparasite infestation levels (Peterson
et al., 2017), but that alone could not always fully explain the observed
difference (Brettschneider et al., 2012). In light of risk surveillance,
these results suggest the surveillance of zoonotic pathogens in wild
rats should focus on adult brown rats.

We also investigated the influence of in- and external factors in a
broader perspective, by looking at their correlation with the total bac-
terial diversity of a sample instead of with only the presence or absence
of Leptospira and Bartonella. We found significant bacterial diversity
differences associated with species and age, which could be mainly
attributed to differences in the abundance of Streptococcus, Leptospira
and Mycoplasma, the three most dominant bacteria identified. Differ-
ences in bacterial diversity associated with species and age have also
been observed in previous studies on rodent gut microbiome (Anders
et al.,, 2021; Langille et al., 2014). Streptococcus was divided over three
ASVs of which one ASV was more abundant in brown rats and the other
two ASVs were more abundant in black rats. Therefore, we suspect
there are multiple Streptococcus species present with different host
specificities. Mycoplasma abundance was higher in brown rats, but the
reason behind this is unclear.

4.4 | Bacterial domination in rat kidneys

We observed that almost 70% of all samples were dominated (>50%
reads) by one genus, mainly Streptococcus, Leptospira or Mycoplasma.
The presence of dominating taxa is in-line with previous studies look-
ing at the bacterial composition of urine (Brubaker & Wolfe, 2017,
Kramer et al., 2018). In human female urine, these dominating taxa
mostly consist of Lactobacillus, Streptococcus, Corynebacterium, Bifi-
dobacterium, Staphylococcus and Prevotella (Brubaker & Wolfe, 2017,
Thomas-White et al., 2017). These bacteria were also detected in the
rat kidney samples. In the past, this domination was linked to the
presence of disease, but recent studies suggest more complex interac-
tions where domination can be linked to both disease susceptible and
protective effects (Brubaker & Wolfe, 2016). For example, a protec-
tive effect could be that commensal bacteria outcompete pathogenic

bacteria for nutrients, produce antimicrobial substances or stimulate
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the host immune system (Bao et al., 2017). Lactobacillus, Streptococcus
and Bifidobacterium have been identified as human commensals of the
urine microbiome (Neugent et al., 2020). The following bacteria have
been related to the kidney microbiome of healthy human subjects and
also occur in rat kidneys from this study: Microbacterium, Pelomonas,
Staphylococcus, Streptococcus, Leuconostoc, Corynebacterium, Anaerococ-
cus and Thermicanus (Heidler et al., 2020). Therefore, these bacteria
might be considered commensals of the rat kidney. Streptococcus was
present in 93% of all rat kidney samples and did not match with known
zoonotic Streptococcus species. We, therefore, suspect Streptococcus to
be a commensal of the rat kidney as well. This could also be the case
for Mycoplasma (present in 81% of all samples and identified as non-
zoonotic), but more research is needed to identify the true bacterial

community composition of the rat kidney.

4.5 | Bacterial community or contamination?

In this study, rat kidney samples were analysed, which are typically low
microbial biomass samples in which only few bacteria are expected to
be found, unless the animals were heavily infected. There was large
variation in the total number of reads per sample with almost 40%
of all samples having <1000 reads in total, which is in-line with the
low measured 16S rRNA amplicon concentration in the samples. Sim-
ilar data was obtained in a study investigating the urine microbiome
of cats, where more than 50% of samples had <500 reads (Kim et al.,
2021). We also observed a negative correlation between the total
number of reads per sample and the Shannon diversity index, which
indicates that samples with low numbers of reads (roughly <1000
reads) show profiles that are indicative of contamination or that those
bacteria are present in very low concentrations. This negative correla-
tion is the opposite result of studies performed on the gut microbiome
(Willis, 2019) but in-line with other studies performed on low micro-
bial biomass samples (Karstens et al., 2019; Krawczyk, 2021). Although
low numbers of reads are to be expected in low microbial biomass sam-
ples such as kidney, the low number of reads complicates distinguishing
between DNA from bacteria truly present in the sample (although in
low numbers) and DNA from contaminants. Therefore, results with low
numbers of reads should be interpreted with caution. In this study, we
used only three control samples. Using a larger number of control and
also mock samples in future studies will facilitate the identification of
possible contaminants. This is especially important for epidemiological
studies focusing on zoonotic bacterial genera that are also considered
common contaminants (Razzauti et al., 2015).

Cross amplification of mitochondrial mammalian DNA during
sequencing in low microbial biomass samples can also negatively affect
the amount of bacterial DNA sequenced (Bao et al., 2017). To reduce
the interference of host DNA during sequencing, we designed block-
ing primers. Though the percentage of host DNA blocked varied per
sample, it was negatively correlated with the 16S rRNA gene concen-
tration, which implies that the blocking primers are less efficient in
blocking host DNA in samples that contain only very few bacteria. To

further reduce host DNA contamination, specific DNA isolation kits
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could be used that maximize the isolation of bacterial DNA (Bao et al.,
2017). Although low microbial biomass samples such as kidney bring
new challenges regarding interpretation and accuracy, they also have
an advantage compared to high microbial biomass samples: Low micro-
bial biomass samples have less commensal/background bacteria, which
makes it relatively easier to identify zoonotic bacteria.

4.6 | Virus detection in rat liver

Only one potentially zoonotic virus was detected at levels of infecting
agents: rat HEV. The whole genome could be sequenced except for the
part between 2522 and 2587 bp, which could indicate a deletion in our
sequence of 66 bp. This virus was detected in two black rats trapped on
apigfarmandinone brownrat trapped on anindustrial location, which,
to our knowledge, is the first time that rat HEV has been detected in
wild rats in the Netherlands. Rat HEV has been detected in both brown
and black rats in other European countries (Ryll et al., 2017) and has
recently also been found in humans (Rivero-Juarez et al., 2022). The
rat HEV-positive rats were trapped in 2014 and 2016. Therefore, it
would be interesting to include rat HEV in current surveillance stud-
ies to investigate the infection prevalence in rats and the risk for public
health.

5 | CONCLUSION

Using 16S rRNA gene amplicon sequencing, we identified possible
zoonotic bacteria in rat kidney samples, and we obtained a better
overview of the rat kidney bacterial composition and the apparent
domination of certain bacteria. Prevalence estimates and subsequent
correlation analyses using both 16S rRNA gene amplicon sequencing
and gPCR data were not significantly different, indicating that 16S
rRNA gene amplicon sequencing could also be a suitable tool to give
indications of population pathogen prevalence and correlations. More-
over, using VirCapSeg-enriched metagenomic sequencing, we detected
rat HEV in wild rats.

Although 16S rRNA gene amplicon sequencing has the advantage
to detect multiple pathogens at once and certainly has the potential to
be a suitable tool for detection of new zoonotic pathogens and poten-
tially pathogen surveillance, there are several limitations that should
be considered when using this method. First, 16S rRNA gene ampli-
con sequencing can in most cases reliably identify bacteria to genus
level only, so subsequent identification or confirmation to species level
should be performed when identifying potentially zoonotic bacteria.
Second, the low numbers of reads from low microbial biomass sam-
ples make it more difficult to distinguish between bacteria present in
the sample and contaminating bacteria. Therefore, it is important to
use sufficient control and mock samples in future studies to be able
to better distinguish them. Future studies could also investigate the
effects of using pooled samples (either from multiple animals or from
multiple tissues per animal) to decrease laboratory effort and costs.
Currently, we recommend to still use more established methods such
as (q)PCR for pathogen detection and to use 16S rRNA gene amplicon

COCKETAL.

sequencing as a complementary or pre-screening method. Especially
when only a limited number of pathogens are of interest, qPCR is cur-
rently still less time-consuming and less expensive. When more reliable
identification to species level would be possible in the future, 16S rRNA
gene amplicon sequencing could be a very promising technique for the

surveillance of zoonotic bacteria.
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