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Prosthetic joint infections present diverse and unique microbial
communities using combined whole-genome shotgun
sequencing and culturing methods

Abigail A. Weaver', Nur A. Hasan?? Mark Klaassen*, Hiren Karathia?, Rita R. Colwell>*® and Joshua D. Shrout'*

Abstract

Introduction. Prosthetic joint infections (PJIs) are challenging to treat therapeutically because the infectious agents often are
resistant to antibiotics and capable of abundant growth in surface-attached biofilms. Though infection rates are low, ca. 1-2%,
the overall increase in the sheer number of joint replacement surgeries results in an increase in patients at risk.

Aims. This study investigates the consensus of microbial species comprising PJI ecology, which is currently lacking.

Methodology. In this study, PJI populations from seven patients were analysed using combined culturing and whole-genome
shotgun sequencing (WGSS) to establish population profiles and compare WGSS and culture methods for detection and iden-
tification of the PJI microbiome.

Results. WGSS detected strains when culture did not, notably dormant, culture-resistant and rare microbes. The CosmosID
algorithm was used to predict micro-organisms present in the PJI and discriminate contaminants. However, culturing indicated
the presence of microbes falling below the WGSS algorithm threshold. In these instances, microbes cultured are believed to be
minor species. The two strategies were combined to build a population profile.

Conclusions. Variability between and among PJIs showed that most infections were distinct and unique. Comparative analysis
of populations revealed PJls to form clusters that were related to, but separate from, vaginal, skin and gut microbiomes. Fungi
and protists were detected by WGSS, but the role of fungi is just beginning to be understood and for protists it is unknown.
These micro-organisms and their novel and strain-specific microbial interactions remain to be determined in current clinical
tests.

INTRODUCTION

Prosthetic joint infections (PJIs) occur in 1-2% of prosthetic
joint surgery patients [1]. Even though this represents only a
small percentage of individuals at risk, the infection can be
devastating and even deadly. Estimates are that the number
of prosthetic hip and knee replacements will increase 174 and
673%, respectively, between 2005-2030, with concomitant
increase in the incidence of infection [2].

PJIs are particularly difficult to treat, in part because biofilms
tend to form and these are notoriously resistant to antibiotics

[1, 3]. It has also been reported that PJIs infected with Pseu-
domonas spp., methicillin-resistant Staphylococcus aureus
(MRSA) or Proteus spp. that have been found to be associated
with biofilms, are linked to poorer patient outcomes [4]. PJIs
are notoriously polymicrobial and such cases are associated
with poorer outcomes compared to monomicrobial infec-
tions [5, 6]. Polymicrobial populations carry the potential
for forming stable biofilms and to interact synergistically to
increase resistance to both antibiotics and immune response
[7]. Polymicrobial populations comprise an added complexity,
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Table 1. PJI bacterial species identified by WGSS and culturing

Sample Bacterial species identified Relative abundance (%) Cultured Phage present Virulence factor Present in
present negative control
A Pseudomonas aeruginosa* 65.11 X X
Streptococcus australis* 12.34 X
Streptococcus ssp* 5.376 X
Propionibacterium (Cutibacterium) acnes* 4.487 X
Klebsiella pneumonia* 3.872 X
Enterobacter ssp. 2.259 X
Enterococcus faecalis 2.125 X X X
Corynebacterium striatum 0.04511 X
B Bacteroides fragilis* 81.37 X
Lactobacillus ssp. 3.508 X
Bacteroides ssp. 1.735 X
Bacteroides stercoris 2.705 X
Bifidobacterium Longum subsp. Infantis 2.619
Bacteroides caccae 1.688 X
Clostridiales order 1.621
Bacteroides eggerthii 1.125 X
C Propionibacterium 47.14
Staphylococcus aureus 27.27 X X
Staphylococcus epidermidis 18.86
Staphylococcus hominis 6.729
D Georgenia 3222
Staphylococcus epidermidis 25.49
Candidate division TM7 18.83
Veillonella 14.25
Bacteroides stercoris 11.3 X
E Faecalibacterium 100 X
(74 reads/ 54 million) S. lugdunensis
(6 reads/ 54 million) S. epidermidis
(2 reads/ 54 million) C. jeikeium
1 Propionibacterium ssp.* 57.04 X
Clostridium autoethanogenum™ 10.81
Clostridium Ijungdahlii* 10.78
Lachnospiraceae bacterium* 6.602
Oscillibacter 1.6
(9 reads/ 46 million) M. foliorum
15 Propionibacterium ssp.* 48.59 X
Propionibacterium acnes* 43.83 X
Continued
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Table 1. Continued

Sample Bacterial species identified Relative abundance (%) Cultured Phage present Virulence factor Present in
present negative control
Staphylococcus epidermidis* 2.433 X
(6 reads/ 44 million) M. foliorum
S. aureus S. aureus 99.85 N/A X X
control
P. P. aeruginosa strain AZPAE14876 91.61 N/A X X X
aeruginosa
control
P, otitidis 5.78 N/A X
Pseudomonas ssp. 2.229 N/A X

*Denotes bacteria likely to be present in the sample, based on the CosmosID algorithm.

because virulence, biofilm formation and antibiotic resistance
are influenced by biochemical interactions specific to unique
microbial combinations.

To characterize the complete PJI population, improved
culturing methods can be employed to detect and identify
more of the species, such as slow-growing bacteria [8-10].
Biofilms, however, sequester microbes and require additional
sampling steps [11]. Furthermore, biofilms frequently contain
culture-resistant microbes that thrive in a biofilm, detectable
by sequencing, but frequently not by culture [12]. Several
studies of PJIs have shown an advantage of non-culture-based
methods for microbial detection and identification. Notably,
PCR-based methods that are relatively fast and cost-effective
but limited to identification of one or only a few specific
agents. PCR primers are used to target specific suspected
PJI microbial agents, leaving novel or unsuspected species
unidentified [13, 14]. Application of 16S rRNA sequencing
can be used to identify novel or unsuspected organisms to
species, but not to the level of strain [15, 16]. Whole-genome
shotgun sequencing (WGSS) employed in this study identifies
bacteria, but also protists, fungi, viruses and detects antibiotic
resistance and virulence genes, thereby providing valuable
insight into virulence and related properties of species and
strains comprising the PJI ecology [17, 18].

Differentiating sample contaminants from pathogens is also
a challenge since some of the micro-organisms commonly
isolated from nosocomial infections, including PJIs, have
been recognized as pathogens only within the last few decades
[19-22]. PJI diagnosis can be improved by using newly devel-
oped bioinformatics to detect and define the causative agents
in PJL

Since a PJI microbiome may comprise groups of micro-organ-
isms not typical of the natural environment, many associated
biochemical interactions need to be described. Furthermore,
while in vivo studies can provide insight with respect to
patient outcomes, interspecies (and even interstrain) inter-
actions need to be determined, and understood if treatment
is to be effective. The aim of this study was to characterize

the ecology of PJIs, including low abundance and dormant
microbes [23]. This was achieved by employing a combination
of WGSS and standard clinical culturing methods. Metagen-
omic sequencing methods have only recently been explored
for their ability to identify microbes of P]Is, finding examples
when both sequencing and culturing do not detect species
[24, 25]. The micro-organisms detected and identified by both
methods were compared and a preliminary description of the
microbial ecology of the PJI developed.

METHODS
Sample processing and culturing

PJI fluid collected during prosthetic replacement and
suspected PJI fluid aspirated during an office visit comprised
the sample set for this study. Altogether, 50 ul of each sample
was plated in triplicate on Brain Heart Infusion agar (Dot
Scientific, Burton, MI, USA), Tryptic soy broth agar (Dot
Scientific) with 5% sheep’s blood (Hardy Diagnostics,
Springboro, OH, USA), Columbia blood agar (5% blood)
(Acumedia, Lansing, MI, USA), Sabouraud agar (Dot Scien-
tific), and Brucella agar (Acumedia). All plates were incubated
at 37°C for 14 days. Brucella agar was incubated anaerobically
using a BD GasPak EZ Gas Generating Container Systems
(BD, Franklin Lakes, NJ, USA). An uninoculated control
plate was included for all media and culture conditions to
identify any plate contamination. Colonies identified on day
14 were streaked to single colony purification, PCR ampli-
fied using 16S rRNA primers 8F and 1525R, and sequenced
using 8F, 533F and 1525R primers. Resultant sequences were
assembled and subjected to NCBI nucleotide BLAST search,
using the non-redundant nucleotide database and Megab-
last. Species that were identified had >97% identity with the
query sequence. Ca. 200 pl was used to isolate genomic DNA
employing QIAamp Fast DNA Tissue Kit (Qiagen, German-
town, MD, USA). The remainder of the sample served as a
glycerol stock culture, prepared by combining that portion of
the sample with 70% glycerol (VWR, Radnor, PA, USA) (1:1)
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Table 2. Targeted culturing of suspected PJI strains

Sample Medium Species identification sought Species cultured
A Modified FAB P. aeruginosa None
A MSA S. epidermidis E. faecalis (previously identified)
(RA<1)
C MSA S. epidermidis, S. hominis S. aureus (previously identified)
D MSA S. epidermidis None
A Brucella Blood (anaerobic) C. acnes E. faecalis (previously identified)
C Brucella Blood Propionibacterium S. aureus (previously identified)
(anaerobic)
B,D,1,15 Brucella Blood (anaerobic) C. acnes/ None
Propionibacterium/
B. fragilis
A,C,1,15 LB (Lysogeny broth) (anaerobic) C. acnes/ None
Propionibacterium
AC 15 Medium 14 (anaerobic) C. acnes/ S. aureus (sample C, previously identified)
Propionibacterium E. faecalis (sample A, previously
identified)

or was preserved in Zymo DNA/RNA shield (Zymo Research,
Irvine, CA, USA).

Whole-genome shotgun sequencing and
metagenomic bioinformatics analysis

DNA was quantified using fluorometer Qubit 3.0 and Frag-
ment libraries were constructed from 50 to 200 ng DNA,
using the IonXpress Plus Fragment Library kit (Ther-
moFisher Scientific, USA), according to the manufacturer’s
instructions. The libraries were pooled by adding an equi-
molar ratio of each based on concentration determined
by qPCR, using TagMan quantification Kit. The libraries
were sequenced on an Ion S5XL sequencer (ThermoFisher
Scientific, USA) to generate 200 bp sequence reads. Each
sample was sequenced targeting 15-20M sequence read
depth. A few of the samples that showed discordant results
between culture and sequencing, were re-sequenced using
the Nextera XT library protocol (Illumina, San Diego, CA,
USA) and [llumina HiSeq v3 chemistry (Illumina, San Diego,
CA, USA) targeting 50-60 M paired end 150 bp read depth.
Unassembled sequencing reads were directly analysed by the
CosmosID bioinformatics platform (CosmosID, Rockville,
MD, USA), as described elsewhere [17, 26-28] for multi-
kingdom microbiome composition analysis and quantifica-
tion of relative abundances at all taxonomic levels. Briefly,
the system utilizes highly curated, phylogenetically organ-
ized databases (GenBook) comprising over 150000 genomes
and gene sequences and a high-performance data-mining
algorithm that rapidly disambiguates hundreds of millions
of sequence reads from a metagenomic sample into discrete
micro-organisms engendering the particular sequences.
High performance bioinformatics enables speed and accu-
racy in microbial identification and the phylogenetically
organized curated database helps achieve finer resolution

of identification, differentiating different strains within a
species, discrimination of pathogens from ‘near neighbours,
and accurate measurement of relative abundance. The pipe-
line has two separable comparators. The first consists of a
pre-computation phase and a per-sample computation. The
input to the pre-computation phase is a reference microbial
database and the output is a whole-genome phylogenetic
tree, together with sets of k-mer fingerprints (biomarkers)
that are uniquely identified with distinct branch, nodes and
leaves of the tree. The second per-sample, computational
phase searches the hundreds of millions of sequence reads
against the fingerprint sets in minutes. The resulting statis-
tics are analysed to achieve fine-grain composition and rela-
tive abundance estimates at all branches, nodes and leaves of
the tree. The second comparator uses edit distance-scoring
techniques to compare a target sample with a reference set.
Overall classification precision is maintained by aggregation
statistics. The first comparator finds reads for which there is
an exact match with a k-mer uniquely identified with one or
a set of reference strains; the second comparator statistically
scores the entire read against the reference to verify that the
read is indeed uniquely identified with that set. Therefore,
we can precisely attribute reads to different strains of the
databases that occupy a distinct phylogenetic leaf in the tree
using strain-specific (unique) k-mer sequences and differ-
entiating them or determining their novelty, using aggre-
gated statistics of the strain compared to its phylogenetic
near neighbour. The resultant taxa abundance tables were
used to calculate observed and expected species richness,
alpha diversity indices and beta diversity distance matrices.
Principle coordinate analysis (PCoA) was performed to
cluster samples based on abundance Jaccard distance matrix
(community structure).
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Discrimination of samples belonging to PJI and different
body sites was done using Jaccard’s distance. Jaccard’s distance
was calculated from relative abundance matrix of the species
between each pair of the samples using the beta-dispersion
method of the Vegan package of R (https://CRAN.R-project.
org/package=vegan). In order to evaluate how close the
clusters are to each other, a pair-wise PERMANOVA test was
performed between the PJI cluster and a cluster belonging
to each of the body sites one by one using the ‘permutest’
function of the Vegan package and the ‘TukeyHSD’ function
was used to assign t-scores to the distances. Lower t-scores
indicate the closer the body site belonging samples to the
samples of the PJI in terms of sharing the same microbial
community.

In order identify subtle differences of microbial communi-
ties between different body sites and the PJI with guidance
of phylogenetic relationships amongst taxa, a phylogenetic
aware distance analysis was performed adopting the Unifrac
approach through Python package ‘Unifrac’ [29]. The phylo-
genetic guidance tree was constructed from the 16S rRNA
sequence derived from the GreenGene database for entire
species identified in the analysis. Multiple sequence analysis
(MSA) was performed on all the 16S rRNA sequences using
the ClustalW tool [30] and output of the MSA was sent to
construct a phylogenetic tree using the UPGMA algorithm
of the BioPython packages. The file of the constructed guid-
ance tree in newick (.nwk) format was used as the input for
the Unifrac analysis and a distance matrix was obtained,
which was used to construct a PCoA plot through Vegan
package using the ‘Unweighted Unifrac Distance’ option and
F-value was calculated based on permutation-based ANOVA
(PERMANOVA) test from the Vegan package.

Growth of Cutibacterium acnes on selective media

C. acnes ATCC strains 11828, 11827 and 6919 were streaked
in triplicate onto Medium 14 (Sodium Lactate 4.0g 1™, Yeast
Extract 0.5g1™) and incubated under oxygen-limited condi-
tions for 14 days at 37 °C using a BD GasPak EZ Gas Gener-
ating Container System.

Targeted culturing

Glycerol stocks of original PJI samples were re-streaked using
plates and media as noted in Table 2. Colonies were picked
and identified by 16S rRNA sequencing as described above.

RESULTS
Bacterial populations of PJIs

Fluids subjected to study were from five PJIs collected at the
time of surgical intervention and two suspected infections
confirmed by physicians during office visits. PJI diagnosis is
made with a combination of signs and tests. Clinical suspicion
comes with a picture of increased pain, swelling or redness
with drainage of purulent material being highly indicative of
PJI. Suspicion of infection leads to laboratory tests of Wester-
green sedimentation rate and C reactive protein. Elevation of

these tests and a clinical suspicion prompts joint aspiration.
Elevated white count in the acute or late postoperative joint
aspirations and/or positive cultures is indicative of infection.
Additionally, sensitive tests such as alpha defensin and ester-
ases can indicate PJI.

In the laboratory, each sample was split into two fractions.
Genomic DNA was isolated from one fraction and subjected
to whole-genome shotgun sequencing. The second frac-
tion served as inoculum for culturing on and enrichment
in multiple media types (see Methods) under aerobic and
anaerobic conditions. Plates were incubated for 14 days to
allow growth of slow-growing micro-organisms. Colonies
were picked, cultured in LB broth, and analysed by 16S rRNA
sequencing. Whole-genome shotgun metagenomics coupled
with the CosmosID algorithm was used to predict organ-
isms present in the infection versus contaminant. Culturing
results, however, suggest the presence of some microbes that
fall below the algorithm threshold. Additionally, a nega-
tive control of microbial DNA-free water indicates known
microbes unique to this study. Combining this information
with identified phages and virulence genes as well as past
studies we comment on infection composition and diversity.

Shotgun metagenomics offers the opportunity to sequence
the entire genome of an organism allowing characterization
of all core and accessory genes and genetic elements associ-
ated with an organism, hence if a given bacteriophage that
infects certain genera and species is detected by metagenomic
sequencing then it can be used as additional evidence of the
presence of their bacterial host. As an example, two groups
of bacteriophages that infect E. coli, somatic and F-specific
coliphages, have been used as both faecal bacterial and viral
indicators in academia for many years [31-34], Additionally,
bacteriophages of B. fragilis have also been used as indica-
tors of human faecal bacterial contamination [35]. However,
such evidence should not be used in isolation as the degree
of host specificity could be wide-ranging and depends on the
bacteriophage.

Micro-organisms determined to be of relative abundance of
1% or greater and species identified by culturing are listed
in Table 1, with a complete listing in Table S1 (available in
the online version of this article), and sequences available at
NCBI Short Read Achieve (https://www.ncbi.nlm.nih.gov/
sra). Results of whole-genome shotgun sequencing to identify
bacteria, as well as phages and virulence factors are provided
in Table 1. Phages and virulence factors can serve as markers
to support the presence of a microbe within the sample [36],
while Qiagen microbial DNA free water was analysed to iden-
tify contaminants originating from laboratory procedures,
which have been shown to be variable based on the DNA
preparation kits used. Common contaminants were also often
the same species found in PJIs [22].

For sample A, more than 30 species of bacteria were identi-
fied (Table S1), with seven having relative abundance greater
than 1.0% (Table 1). Of these seven, five were identified
by the CosmosID algorithm as likely to be present (noted
by asterisk). Streptococcus, Enterobacter and Klebsiella
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Fig. 1. Jaccard PCoA comparative analysis showing PJI populations, positive and negative controls (a). Jaccard PCoA comparative analysis
showing the PJI population compared to body sites of a healthy population (b). Distribution of t-scores derived from PERMANQVA test
on the distance of each cluster between PJI and the body site. Lower t-scores indicate the abundance of microbial populations are more
similar (c). A Unifrac analysis reflecting a phylogenetically aware distance between PJI and the HMP samples (d).

pneumoniae appear in the microbial DNA-free water sample
specific to this study. Pseudomonas aeruginosa, the most
abundant bacterium detected by sequencing, was not able to
be cultured. This species was also identified in the microbial
DNA-free negative control, but of a different strain. This level
of identification is not possible with other methods, notably
culture, with the exception of extensive employment of PCR.
Additionally, phages and virulence factors related to P. aerugi-
nosa were identified in the sample. Linking genera-specific
factors is a tool to support the conclusion that P. aeruginosa
was present in sample A [36]. Initial and directed attempts at
culturing (as discussed below) were unsuccessful. This may
be a result of the sample collection method employed since
biofilms are difficult to disrupt. Also, P. aeruginosa is known
to become culture-resistant following biofilm growth [12].

P. (C.) acnes is a common contaminant [37], but was identi-
fied in sample A at a higher relative abundance compared
to microbial DNA-free water control, but falling below the
CosmosID algorithm. Additionally, a Propionibacterium
phage was identified in high relative abundance, supporting
the presence of this organism in the sample. Similar to P
aeruginosa, this bacterial species was not detected in initial or

directed culturing and has been shown by other investigators
to be culture-resistant [38].

Cultured microbes included E. faecalis and C. striatum
(0.04511 RA), both of which were identified by WGSS and
have been previously found in PJIs [24, 39], but below the
CosmosID algorithm threshold, suggesting these may be low
incidence species within the population.

Sample B was culture negative but WGSS detected B. fragilis,
not commonly associated with PJI, however, reported cases
of infection with B. fragilis are associated with concomitant
conditions, suggesting an haematogenous origin [40]. Ivy et
al. suggest that metagenomics shotgun sequencing may be a
useful tool for culture-negative samples [25].

Interestingly, additional species identified (though falling
below the CosmosID algorithm threshold) included Lacto-
bacillus, Bifidobacteria longum, Bacteroides stercoris, Bacte-
roides caccae and Clostridiales [41-43], all associated with
the human gut microbiome. Because these species fall below
the algorithm and were present in the negative control, it is
concluded they were contaminants.
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Bacteria detected by WGSS in sample C were at very low
levels. However, amongst these S. aureus was also detected
by culture and the presence of this bacterium in the infec-
tion was supported by identification of multiple associated
virulence factors by WGSS analysis. A similar study of PJIs
using metagenomics sequencing also reports instances of
S. aureus identified by culture, but not by sequencing [24].
Slow-growing Propionibacterium, found in PJIs [8], was
indicated by WGSS to be a predominant species in this PJI.
Anaerobic culturing was carried out for 14 days in all cases, as
slow-growing species require longer incubation time [8], but
Propionibacterium could not be cultured, even when targeted
methods were used. While its presence in the negative control
and lack of culturing could be interpreted as the Propionibac-
terium being a contaminating species, its abundance identi-
fied within the sample by WGSS supports its presence in the
original sample. Both C. acnes (formerly Propionibacterium)
and S. aureus have been shown to be culture-impaired during
biofilm growth [38].

Sample D was culture negative, with an interesting mix of
bacterial species detected by WGSS, but at very low concen-
trations. Georgenia, a genus found in the environment,
has not been previously reported to occur in infections. S.
epidermidis, a common skin bacterium often identified in
PJIs [16], was identified by WGSS but not cultured by initial
or directed culturing. Candidate division TM7, also identi-
fied by sequencing, has been identified in several human
microbiomes, but was only recently successfully cultured.
TM? is a potential pathogen and because it is described as
an epibiont, identification is not possible using traditional
culturing methods [44, 45]. Veillonella and Bacteroides ster-
coris are both gut microbiome species, with only Veillonella
previously identified in PJIs [46].

Sample E revealed only Faecalibacterium, also identified in
the negative control. Culture detected S. lugdenensis, S. epider-
midis, C. jeikeium, with WGSS also detecting these species
with a low number of reads in a second analysis.

Samples 1 and 15 were from suspected infections determined
during office visits. Both samples yielded Microbacterium
foliorum in culture and also by WGSS. M. foliorum has been
identified in clinical specimens, but not reported previously
to occur in PJIs [47]. WGSS analysis of sample 15 showed
a Propionibacterium phage to be present, supporting the
occurrence of C. acnes, a bacterium known to produce infec-
tions characterized by milder symptoms [48]. Sample 1 also
contained Clostridium autoethanogenum and Clostridium
ljungdahlii, not previously reported in P]Is.

Controls were run using Qiagen microbial DNA-free water
and P, aeruginosa and S. aureus overnight cultures. Micro-
bial DNA-free water analysed as a negative control yielded
a variety of potential contaminants, ostensibly from labora-
tory and sequencing operations. Species identified were also
detected in the PJI samples, the most abundant of which
included Bacteroides, Faecalibacterium, Ruminococcus, Alis-
tipes and Parabacteroides. Controls using overnight cultures
suggested the isolation/sequencing method introduced

minimal contamination. However, contaminants may play
an interfering role in samples containing very low quantities
of DNA, especially culture-negative samples, where infecting
agents are present in very low numbers detectible using
WGSS.

Targeted culturing of bacteria

Several samples contained species detected by WGSS but
not by culture. Once the results of sequencing were avail-
able, directed culture for specific organisms, including P.
aeruginosa, multiple Staphylococcus species, B. fragilis and C.
acnes, was done. Glycerol stocks from the original sample
were grown under conditions favouring the species of interest,
as indicated in Table 2. In every case, culturing was unsuc-
cessful, though species previously identified by culture were
often again, but not always, obtained in culture, supporting
the hypothesis that bacteria in PJIs may not be cultured
following biofilm transition.

Interestingly, medium 14, a lactate rich medium, did not
support growth of the C. acnes control strains. While this
medium was designed to isolate lactic acid-fermenting
Propionibacterium (e.g. from Emmentaler cheese), it did not
support growth of (ATCC strains used as control) C. acnes
(formerly P. acnes). The recent re-definition of Cutibacterium
from Propionibacterium is based on genetic discrepancies
accumulated from adaptation on the skin environment [49].
In retrospect, due to the difference in habitat, it might not be
surprising that growth of C. acnes growth was not supported
by medium 14, reinforcing re-classification of skin adapted
Cutibacterium as separate from Propionibacterium.

Diversity of PJI populations

Comparison with negative controls and with other
microbiomes

Comparative analysis of all PJI samples included in this
study with controls indicated that addition of P. aeruginosa
and S. aureus in the controls showed higher abundance
than the cluster of strains detected in PJI samples, while the
control containing microbial DNA-free water located within
the cluster, i.e. grouping with the PJI populations (Fig. 1a).
This clustering of samples with the DNA-free water control,
suggested that bacteria from similar sources may play a role
in PJIs and, perhaps also during sample processing. To deter-
mine potential sources of bacteria involved in PJI, micro-
biome profiles of PJI samples were compared to that of healthy
human skin, saliva, stool, gingival plaque, throat, tongue and
vagina datasets collected from human microbiome project
(HMP) (https://portal hmpdacc.org/) (Fig. 1b and Table S2).
PJI populations clustered together, spanning vaginal, skin and
gut microbiomes (Fig. 1b). In order to evaluate how close
the PJI cluster is to samples of HMP body sites, a pair-wise
distance comparison was carried out using Jaccard distances
and t-scores were derived through PERMANOVA test
(Fig. 1c). Lower t-scores indicate greater similarity between
populations with skin, vaginal and stool microbiomes being
most similar to PJIs (Fig. 1c). To evaluate what extent the
distance between PJI and a body site is contributed by
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Table 3. Fungal and protist species present

Sample Protist (%RA) Fungi (%RA)
A Sarcocystis neurona strain SN1 (74.58)
Plasmodium gaboni strain Pkg (19.62)
Toxoplasma gondii GT1 (5.798)
B Sarcocystis neurona strain SN1 (96.2)
Toxoplasma gondii CtCo5 (3.799)
1 Plasmodium yoelii (81.18) Malassezia
restricta CBS
Plasmodium berghei ANKA (18.82) 7877+ (100)
15 Malassezia
restricta CBS
7877* (100)

Note: Samples C, D and E had none present. *Denotes species that
fall below the CosmosID algorithm identifying species likely to be
present.

closely related species, a phylogenetic tree guidance-based
discrimination of the samples was performed. The results
(Fig. 1d) show that PJIs remained closer to the vaginal, skin
and stool samples compared to other body sites indicating
that the closer distance is significantly contributed by close
phylogenetically related microbial community.

Additional micro-organisms identified in PJI samples

As WGSS analysis includes all micro-organisms and not just
bacteria, it can be used to detect and identify viruses, fungi
and protists in samples. The presence of viruses related to
microbes identified is noted in Table 1, supporting detection
and identification of the micro-organism in the infection.
Protists and fungi identified in the PJI samples included in
this study are listed in Table 3. Fungi have been found to
cause or contribute to ca. 1% of PJIs, particularly Candida
spp. accounting for >80% of fungi identified in infections
[50]. The importance of fungal PJIs is just beginning to be
understood, while the significance of protists within these
communities is yet to be determined. It is noteworthy that
none were identified in the negative control, and hence should
be considered as potential pathogens.

Conclusions

There is a clear need for improved methods to assess polymi-
crobial PJI populations. Improved culturing methods of
PJIs has increased sensitivity of culture, however dormant
and culture-resistant microbes will not be detected and/or
identified by culture, as was observed in this study, when
directed culture is done. There are limitations in this study
to consider when interpreting this data. The accuracy of
algorithms to discern minority species from contaminant is
not clear. Culture identified multiple species that fell below
the metagenomic sequencing-based detection as profiled by
the CosmosID algorithm, suggesting these species may exist
as a minority organism. Also, well-established standards for

quantification of metagenomic sequencing depth necessary to
ensure a lower level of detection for PJI do not exist and biases
occur due to factors such as sampling technique, DNA prepa-
ration, proportion of host DNA as background and sequence-
ability. This complicates the identification of contaminants
from negative controls, as common contaminants are often
the same organisms found in PJIs. Here we have designated
organisms identified by metagenomic sequencing coupled
with the CosmosID algorithm as likely present to be contami-
nants. Though this and other recent studies shed light on PJI
population make-up, it is clear that the current understanding
of PJI communities is still shrouded in mystery. In this study,
combining the metagenomic sequencing coupled with the
CosmoslD algorithm, culture results and negative control we
hope to better distinguish minority species from contaminant.

Detection and identification of the epibiont candidate division
TM?7 by WGSS highlights a potential shortfall of culturing
methods. Certainly culturing as a method of detection and
identification is well recognized to have limitations. In addi-
tion to viable but not culturable (VBNC) micro-organisms,
some culturable microbes can also become culture-resistant
following biofilm formation [15, 38]. Other potentially cultur-
able microbes may require specific nutrients unknown a priori
when culturing media are employed. Not surprisingly, in this
study WGSS identified several bacterial species not cultured
on laboratory media, even when additional targeted culturing
was attempted. WGSS offers the advantage of providing an
untargeted range of information as well as the presence
of associated virulence factors and phages that can serve
as internal validation. An interesting disconnect between
WGSS and culturing is that cultured species do not always
correspond to highest relative abundance species and may
represent rapid growers and not the most abundant in the
initial population. Indeed, culturable C. striatum was found
by WGSS to be of very low relative abundance (0.04511 %)
while a high abundance organism, P. aeruginosa (65.11 %),
was not cultured, even in directed culture. While a higher
relative abundance of DNA determined by WGSS suggests a
greater proportion of the given species to be present, it is yet
to be determined what can be inferred with respect to their
role in the infection. Nevertheless, WGSS is an exciting tech-
nology with great promise in analysis of complex infections.

In this study, the most prominent bacterial species identi-
fied by WGSS and confirmed by culture and/or presence
of an associated phage/virulence factor included S. aureus,
C. acnes, P. aeruginosa, E. faecalis, S. epidermidis and C.
striatum. In sample B, B. fragilis could not be confirmed,
but it is possible this obligate anaerobe was not able to be
cultured from the sample. Interestingly, PJI reports note this
species is often the only one detected by culture [40]. WGSS
identified this species, when present, to be at relatively high
concentration and dominant. In contrast, other PJI popula-
tions appear to be polymicrobial. E. faecalis is more often
found in polymicrobial infections [51], as was observed
for sample A, which harboured E. faecalis, P. aeruginosa,
C. acnes and C. striatum. C. acnes is often identified with
Staphylococcal species on prosthetics [38], as was observed
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for samples C and 15. While variability within these infec-
tions was observed, a given microbial player may play a key
role in directing community formation along a finite number
of paths.

Controls were vital to this study. The DNA-free water
control in WGSS sample analysis allowed identification of
potential DNA contaminants and, possibly, an ultra-low
level of contaminating DNA in the DNA-free water control.
In any case, the control was helpful in deciphering pathogen
from contaminant. Several of the antibiotic-resistant species
detected and identified in PJIs were considered only a few
decades ago to be harmless contaminants and not potential
pathogens. Reference cultures employed as positive controls
indicated that the sequencing protocol was, indeed, able to
identify predominant species accurately. WGSS also provided
internal confirmation of species present by the identification
of associated phages and virulence genes.

Comparative analyses showed PJI populations identified
by WGSS, using Jaccard PCoA, were similar to inhabitants
of the human body. Potential sources of micro-organisms
comprising a PJI were most closely related to vaginal, skin
and gut microbiome populations. Because the combinations
of micro-organisms comprising PJIs are not normally found,
as such, in nature, it is important to begin to observe these
unique microbial interactions more closely.

Since biochemical interactions of micro-organisms can influ-
ence factors such as virulence, biofilm formation and antibi-
otic resistance, studies of interactions shaping a polymicrobial
PJI are needed. Studies of pathogenic versus commensal
strains of bacteria have found that there are differences,
pathogenic strains having been shaped by prior exposure
to antibiotics [19-21], for example. Microbial interactions
in infections are not likely to be simply species specific, but
also strain specific, highlighting the necessity for study of PJIs
employing clinical strain isolates. Additionally, since strains
may become culture-resistant, as shown by other investiga-
tors, culture must be recognized as an important limiting
factor in understanding PJIs.

Finally, much remains to be learned about PJIs and those
factors promoting PJI and limiting therapeutic efficacy. In
this study, WGSS detected and identified protist and fungal
micro-organisms in some of the PJI samples. While it is
known that humans are carriers of protists, the presence of
these micro-organisms can be problematic and not only for
the immunocompromised [52]. These protists may play an
important role in PJI onset and persistence and also in post-
surgical infections.
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