
CurrentConceptsReview

Application ofNucleic Acid-Based Strategies to
Detect Infectious Pathogens in Orthopaedic

Implant-Related Infection
Emily Ann McClure, PhD, Paul Werth, PhD, Benjamin Ross, PhD, and Ida Leah Gitajn, MD, MS

Investigation performed at Dartmouth College, Hanover, New Hampshire, and Dartmouth-Hitchcock Medical Center, Lebanon, New Hampshire

� Implant-associated infection in orthopaedic surgery remains an enormous and largely unsolved clinical problem
with a high rate of persistent or recurrent infection. This may be due, at least in part, to the potential for
underdiagnosis by traditional microbial culture or the potential for culture to incompletely identify the microbial
species present.

� Nucleic acid-based diagnostic techniques, focused on using the diagnostic information contained in DNA or RNA to
identify microbial species, have been developing rapidly and have garnered escalating interest for both clinical and
research applications.

� Commonly applied techniques include end-point polymerase chain reaction (PCR), quantitative PCR, Sanger
sequencing, and next-generation sequencing. Understanding the specific strengths and weaknesses of each
technique is critical to understanding their utility, applying the correct assessment strategy, and critically
understanding and interpreting research.

� The best practices for interpreting nucleic acid-based diagnostic techniques include considering positive and
negative controls, reads per sample, detection thresholds (for differentiating contaminants from positive results),
and the primer set or targeted regions.

Implant-associated infection in orthopaedics remains a largely
unsolved clinical problem with unacceptably high rates of
treatment failure requiring reoperation, with rates exceeding
30%1-3. The consequences are devastating, with risk of recur-
rence, chronic dysfunction, amputation, and death in both
trauma and arthroplasty populations4-11. Current treatment
strategies focus on systemic antibiotics targeted against path-
ogens identified via culturing in association with surgical de-
bridement and removal of implants. However, this treatment
strategy has an unacceptably high rate of failure, which is likely
due, at least in part, to issues with traditional culturing methods
that may miss clinically relevant microbial species. Culture-
negative infection and/or infection with incomplete identi-
fication of infecting species may result in inadequate antibiotic
coverage, which very likely contributes to recurrence. This is

clearly reflected in the inferior outcomes and higher recurrence
rates associated with culture-negative infection compared with
infections with identified microbial species12.

Microbiological culture-based strategies have serious
limitations, despite their status as the gold standard. Culture
yields negative results in 7% to 50% of periprosthetic joint
infection cases13-16 and 30% of fracture-related infection cases2,17,
and there is concern that culture yields, even when positive, may
be incomplete. This is related to several issues. First, traditional
culturingmethods are biased toward organisms that thrive under
nutritional, atmospheric, and physiological conditions employed
by diagnostic laboratories (common culture challenges reviewed
by Lewis et al.18), which are different from physiological condi-
tions that exist in implant-associated infection. Several studies
have demonstrated that culture results insufficiently represent

Disclosure: TheDisclosure of Potential Conflicts of Interest forms are provided with the online version of the article (http://links.lww.com/JBJS/H420).

556

COPYRIGHT � 2023 BY THE JOURNAL OF BONE AND JOINT SURGERY, INCORPORATED

J Bone Joint Surg Am. 2023;105:556-68 d http://dx.doi.org/10.2106/JBJS.22.00315

D
ow

nloaded from
 http://journals.lw

w
.com

/jbjsjournal by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

K
G

K
V

0Y
m

y+
78=

 on 04/05/2023

http://links.lww.com/JBJS/H420


the entirety of bacterial communities in infected wounds19-21.
Second, traditional culture is biased toward planktonic free-
floating microbes, compared with biofilm-based microbial
communities. This likely results in a culture yield that misses the
most important species for infection recurrence19-22. Third, some
microbes flourish only when a second species is also present
(polymicrobial cultures)23-28. For obligately polymicrobial
infections, traditional culturing methods may fail to isolate
causative pathogens. Fourth, culture is associated with a 3 to
10-day delay until the identification of the species. Lastly, there
is no quantitative information with regard to the relative bio-
burden and spatial arrangement of microbial species alone and in
combination.

Based on these issues, culture-independent molecular
diagnostic techniques have been developing rapidly and have
garnered escalating interest for both clinical and research
applications29,30. A subset of molecular diagnostic techniques
focus on diagnostic information contained in nucleic acids
(NAs) (Table I). The benefits arising from the sensitivity of
NA-based strategies may be tempered by the errors resulting
from improperly handling specimens or interpreting data. As
NA-based diagnostic techniques become more mainstream,
it is critical for orthopaedic surgeons to become facile with
the nuances associated with these diagnostic tools. Therefore,

in this review, we aim to provide a comprehensive overview
of NA-based analysis strategies and review important caveats
and best practices around applying or interpreting NA
sequencing-based techniques.

NA-Based Analysis Techniques
NA-based microbial assessment strategies, based on deoxy-
ribonucleic acid (DNA) or ribonucleic acid (RNA), may fill the
gap between characterizing the most abundant microorgan-
isms and the most clinically relevant microorganisms. Under-
standing the steps in gene expression is critical to understanding
sequencing-based technology. Cells replicate DNA by separating
successive small regions of the DNA into 2 single strands. A
polymerase reads the single-stranded DNA and adds paired
bases to prepare 2 identical double-stranded DNA molecules.
Active cells transcribe DNA into RNA in a similar manner, but,
instead of copying the entire sequence, they transcribe only a
targeted region, resulting in a short strand of single-stranded
RNA. Ribosomes bind the resulting messenger RNA (mRNA)
and translate its sequence into amino acids to create a protein.
Because the function of ribosomes is so essential, their binding
abilities are highly conserved across all living organisms.
Ribosomal RNA (rRNA) consists of highly conserved bind-
ing sites interspersed with hypervariable regions, which can

TABLE I Comparison of Molecular Strategies and Their Applications*

General Technology Chemistry Quantitative Multiplex Output Other Names

End-point PCR PCR Amplicon UMD-Universal PCR,
rapid ribosequencing

PMA PCR Amplicon

ddPCR (Bio-Rad Laboratories) X X Amplicon

PCR-DGGE X Amplicon

RFLP X Amplicon

ESI-MS X Amplicon

qPCR and RT-PCR DNA-binding dyes X Amplicon

TaqMan (Thermo Fisher Scientific) X X Amplicon

FRET X X Amplicon

Molecular beacon X X Amplicon

Hybridization probe X X Amplicon

MGB Eclipse probe (IDT) X X Amplicon

Amplifluor (Sigma-Aldrich) X X Amplicon

Scorpion primer (Millipore Sigma) X X Amplicon

LUX primer (Invitrogen) X X Amplicon

BD QZyme (BD Biosciences) X X Amplicon

Sanger sequencing Chain termination Single sequence

NGS Various X X Multiple sequences Deep sequencing,
high-throughput
sequencing

*PMA = propidium monoazide, dd = droplet digital, DGGE = denaturing gradient gel electrophoresis, RFLP = restriction fragment length
polymorphism, ESI-MS = electrospray ionization mass spectrometry, and FRET = fluorescence resonance energy transfer.
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be used to identify organisms at various taxonomic levels31.
The 16S rRNA gene is a prokaryote-specific sequence that
encodes the rRNA component of the ribosome. Sequencing
the hypervariable regions of the 16S rRNA gene in DNA
allows the identification of bacterial DNA32. There are several
techniques that take advantage of these processes to identify
pathogens, and each has unique advantages and disadvan-
tages (Table II).

NA Extraction
Extraction methods are designed to separate NAs from other
materials in a sample (cell debris, proteins, lipids). Extraction

protocols begin with cell lysis to release NAs into solution.
Subsequent steps include protein precipitation, lipid separa-
tion, and salt removal to produce a sample containing con-
centrated NAs with minimal impurities33.

End-Point Polymerase Chain Reaction (PCR)
PCR is a technique of amplifying DNA outside the cell34. The
basic PCR technique requires template DNA, primers, free
nucleotides, and DNA polymerase. The reaction mix is heated
to melt double-stranded DNA into 2 single strands. The mix is
then cooled to allow annealing of primers to targeted sites.
Primer sets are designed to include a forward and a reverse

TABLE II NA-Based Analysis Techniques: Advantages and Disadvantages

Technique Basic Principle Advantages Disadvantages

End-point PCR Uses primers to identify bacterial
species qualitatively (not
quantitatively)

Qualitative assessment of bacteria Not quantitative

Probe for presence of specific taxa
or genes (such as methicillin
resistance)

Limited by requirement for primer
specificity

Low cost
Multiplexing is difficult

Rapid (<12 hr)

qPCR Similar to end-point PCR, except reac-
tion is monitored continuously to quan-
tify the abundance of gene of interest

Quantitative analysis is
possible

Only targeted genes (amplicons) will
be identified

Multiplexed (or parallel) methods
reduce time and reagents required

Characterization of community
variation is not possible

Rapid (<12 hr) Multiplexed reactions are limited to
primer sets that require similar reaction
conditions

Probe for presence of specific taxa
or genes

Sanger sequencing Provides nucleotide sequence of
amplicons from pure sample

Inexpensive Requires pure monoculture as input,
so is susceptible to the same issues
as traditional culturing

Rapid (;24 hr)

Useful for identifying cultured
bacteria

RNA sequencing Same as DNA-based technique after
an initial step reverse-transcribing
cDNA from RNA

Informs which genetic elements
are being actively transcribed,
indicating biological activity

RNA has increased sensitivity to
degradation

Can inform bacterial viability and
host response

Slow (days to weeks)

Speed similar to DNA-based
techniques after ;2-hr reverse
transcription step

NGS Massively parallel sequencing of NAs;
most commonly all variants of the
16S rRNA gene in a sample are
sequenced to determine microbial
species abundance

Can identify taxa in polymicrobial
samples

More expensive and time-intensive
than qPCR or Sanger sequencing

Inexpensive if many samples are
run together

Increased probability that background
or contamination will be amplified

Allows community analysis of all
variants

Sensitive to contamination

Database limitations

Slow (4 days to 6 weeks)

Metagenomic NGS Uses random primers to
comprehensively amplify all fragments
of NA sequences in a sample

Can generate information about all
genes present in sample (such as
identification of microbial species
as well as virulence and resistance
genes)

More expensive than 16S rRNA NGS

Additional information can be more
difficult to interpret

Database limitations

Slow (4 days to 6 weeks)
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primer that bind to either side of the region of interest. DNA
polymerase recognizes regions where primers have annealed
and amplifies the DNA to create double-stranded DNA. This
is repeated ‡30 times, with the DNA concentration doubling
after every cycle. Once enough of the double-stranded DNA
amplicon (or product of amplification events) has been
produced, it can be visualized by running it on a gel (Fig. 1).
Because the product of this reaction is only observed at the
end of all cycles, this technique is called end-point PCR
(Table I). It has been applied in studies of musculoskeletal
infection and sepsis (Table II; see also Appendix Supple-
mental Table 1)35,36.

Quantitative PCR (qPCR)
The qPCR methods are based on principles that are identical
to those of end-point PCR37. However, instead of amplicon
detection only at the end of all cycles, the reaction is monitored
continuously at each cycle to quantitatively determine the
amount of the gene of interest in the sample (Fig. 1). This also
has been applied to musculoskeletal infection (see Appendix
Supplemental Table 1)38,39. In multiplex qPCR, several PCR
reactions for specific targets are performed in the same reac-
tion mix. Results are teased apart due to differing amplicon
length or release of fluorescent label upon successful amplifi-
cation (Tables I and II).

Sanger Sequencing
In Sanger sequencing (Table I), the sequence of an amplicon is
deduced by determining the identity of the base at each posi-
tion over the amplicon length (Fig. 1)40. This is accomplished
by including terminating nucleotides in the reaction mix, which
prevent the PCR from proceeding. By measuring the length of the
amplicon and knowing the identity of the succession of termi-
nating nucleotides at each step, the identity of the base at each
position can be inferred. Modern technology has allowed incor-
poration of fluorescent labels, instead of radioactively labeled
nucleotides, that can be run on a flow cytometer and read
automatically.

Sanger sequencing of the 16S rRNA gene can determine
the probable identity of bacteria by comparing the determined
sequence with a database of known 16S rRNA gene sequences.
However, this can only be done on monocultures. Sequencing
a polyclonal or impure culture results in unusable sequences.
Amplification occurs, but there is too much ambiguity in the
base at each position for identification. Monocultures must be
grown from the specimen prior to Sanger sequencing. If the
most relevant microorganism is slower-growing than others, the
microbiology laboratory may only identify the first colonies that
grow on plates and dispose of cultures before slower-growing
strains are visible (Table II).

RNA Sequencing
All of the NA-based techniques described above use DNA. If an
initial step of reverse-transcribing complementary DNA (cDNA)
from RNA is added, the same techniques can detect RNA in a
sample (reverse-transcription PCR [RT-PCR]).

Next-Generation Sequencing (NGS)
NGS involves massively parallel sequencing of the NAs present
within a sample. PCR-generated amplicons may be separated by
physical methods (i.e., binding to a chip surface) or through dilu-
tion (i.e., capillary electrophoresis). The separated amplicons are
then monitored and sequenced in parallel. NGS methods include
nanopore sequencing (bases identified by measuring charge fluc-
tuation as single-stranded DNA passes through a nanopore41),
sequencing by synthesis (modern versions of Sanger sequencing in
which fluorescent labels on terminating nucleotides are removed,
allowing the process to continue, after observation), and sequenc-
ing by ligation (similar to Sanger sequencing except that bases are
added in 3-mers or 4-mers instead of individually) (Table III)42,43.

Single-amplicon NGS sequences all variants of a single
amplicon in a single sample. This is commonly used formicrobial
community taxonomic composition analysis by sequencing the
16S rRNA gene (occasionally called 16S rRNA sequencing)32.
Metagenomic NGS uses random primers to comprehensively
amplify all fragments of NA sequences (the metagenome) in a
sample. Random primers are designed to bind to a broad range of
genome locations and do not target specific sequences.

Researchers may use ‡2 NA-based techniques in parallel or
series32. Commonly, analysis is performed usingNGSof 16S rRNA
gene amplicons, followed by end-point PCR or qPCR to confirm
the presence of resistance and/or virulence genes. Resequencing a
sample to identify the presence of resistance genes is more rapid
than waiting for culture-based antibiotic resistance analysis.

NA-based techniques are multistep processes with mul-
tiple points at which contamination (introduction of non-
sample-specific NAs) can occur (Fig. 2, Table IV), including
initial collection, NA extraction, initial PCR, sequencing, and
post-sequencing data processing.

Potential Benefits of Molecular Pathogen Identification
Strategies
Molecular diagnostic strategies show real promise in advancing
how infection is defined and how pathogens are identified for
targeted treatment. Until recently, the definition of infection has
been based around positive cultures. However, this excludes
culture-negative infections, creating both diagnostic and treatment
challenges. These issues have led to the development of diagnostic
criteria incorporating the Musculoskeletal Infection Society
(MSIS)44,45 and fracture-related infection46 consensus definitions.
Several biomarkers and clinical findings have been identified
to aid in the diagnosis47-50, and these have been integrated into
consensus definitions. However, although these biomarkers help
to establish the presence of infection, they do not identify orga-
nisms and are, therefore, unable to guide targeted treatment.
Furthermore, there appears an indeterminate subset of patients
who are not mounting an aggressive inflammatory response (one
resulting in signs such as purulence, a sinus tract, elevated bio-
markers) who may also have clinically relevant infections, such as
in the setting of nonunion or aseptic loosening of prosthetic joints.
We anticipate that a thoughtful, data-driven molecular diagnostic
approach may inform our overall understanding of what consti-
tutes an infection in a treatment-oriented manner.
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Fig. 1

Typical output of NA-based molecular techniques. In the top image, end-point PCR results are visualized as bands on an agarose gel. DNA fragments

(amplicons) travel through the gel based on the number of nucleotides in the sequence (size), with shorter amplicons moving faster. When an amplicon is

produced via PCR, a band can be seen. The intensity of the band indicates the concentration of the amplicon in the reaction, but the width of the band is not

relevant. Reference ladder(s) containing multiple amplicons of known sizes (far right) are included on the gel for comparison. A positive result is observed

as a band on the gel that has traveled the same distance as band(s) in the ladder corresponding to the size of the region of interest. No band (second from

right) or a band of the wrong size indicates a negative result. In the second image, qPCR results are visualized in an amplification plot. Fluorophores are

released after each successful amplification of the region of interest, resulting in an increase in fluorescence intensity (y axis) as the concentration of DNA

increases in the reactionwell. The fewer cycles of PCR (x axis) that a reactionmust undergo to reach a threshold fluorescence (horizontal bar), the higher the

initial concentration of DNA in the sample. In the third image, Sanger sequencing results are visualized as a chromatogram. Terminating fluorophores at

eachposition in theDNAsequenceare observedas peaks in fluorescence. At eachposition in the amplicon, the specific fluorescence (corresponding to 1of

the 4 nucleotides) indicates the base present at that position. NGS results are visualized inmanyways. In the bottom image, (a) in stacked bar charts, each

bar represents a single sample and each color indicates the proportional abundance of a single taxon inferred to be present in the sample, and (b) similarity

inmicrobial taxonomic composition between samples is often visualized via principal coordinates analysis, where each dot represents a single sample and

the 2-dimensional distance between dots indicates the distance between communities.
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Other potential benefits of molecular diagnostic strategies
may yield more immediate rewards. Unlike traditional cultures,
which take 3 to 10 days, delaying appropriate treatment, some
molecular-based strategies can be rapid, particularly if guided
by information around the clinically relevant pathogens of in-
terest. In addition to improving the time gap from debridement
to appropriate antibiotic selection (potentially preventing new
biofilm formation), rapid pathogen identification could fa-
cilitate targeted intraoperative treatment approaches. Fur-
thermore, the increased sensitivity and broad nature of DNA
or RNA isolation (compared with the nutritional and envi-
ronmental biases associated with culture) may identify addi-
tional pathogens that are clinically relevant, either on their
own or when present in combination with others. However,
there remain substantial gaps that must be addressed prior to
translation into the clinical space.

Caveats to NA-Based Techniques
There are important caveats to keep in mind when evaluating
the use of NA-based strategies, and specific details are needed
so that study methodology can be critically evaluated. Table V
summarizes critical methodologic data that are needed.

Dead Cells and/or Cell-Free NAs
Bacterial DNA may be present without viable cells (extracel-
lular DNA). Viability can be confirmed by sending information
to the microbiology laboratory for growth on specialized media.

Identification of Clinically Important Pathogen Features
Common microbiota from healthy human skin sites include
some genera and species identical to known pathogens. Often,
the 16S rRNA gene amplicon is not sufficient to differentiate
between less problematic and more pathogenic strains (such

TABLE III Comparison of NGS Technologies

Chemistry Other Names
Accuracy
(Q30*) Run Time

Total Output
Data Size

Max. Read
Length

Max. Reads
per Run

Input
Required

Max.
Samples
per Run

Technology
Status

Pyrosequencing Roche 454 GS-FLX
Titanium (Roche)

85% 24 hr 0.7 Gb 700 bp 500,000 Not published Not
published

Discontinued

Reversible
terminator
chemistry

Illumina MiSeq
(Illumina)

97% 55 hr 15 Gb 2 · 300 bp 25 million ng 192 Current

Illumina HiSeq
(Illumina)

95% 2 to 6 days 150 Gb to 1 Tb 2 · 150 bp 2 to 4 billion ng 384 Discontinued

Illumina NextSeq
(Illumina)

75% 35 hr 90 Gb 2 · 150 bp 400 million ng 384 Current

Illumina genome
analyzer (Illumina)

98% 3 to 10 days 4 to 25 Gb 2 · 75 bp 300 million 100 ng 12 Current

Illumina NovaSeq
(Illumina)

75% 2 days 6 Tb 350 bp 20 billion 1 to 500 ng 384 Current

Helicos Bioscience
Heliscope (Helicos
Biosciences)

Lower 8 days 35 Gb 100 bp 20 million 100 ng 25 Company
bankrupt

Sequencing by
ligation

Ion proton, Complete
Genomics (Thermo
Fisher Scientific)

85% 2 to 4 hr 15 Gb 200 bp 80 million 50 ng to 1 mg 384 Current

SOLiD (Thermo Fisher
Scientific)

>99% 7 to 14 days 120 Gb 100 bp 2,400 ng 96 Current

Semiconductor
with sequencing

Ion Torrent (Thermo
Fisher Scientific)

>99% 2 hr 10 Mb to 1 Gb 600 bp 500 ng 8 Current

Real-time
sequencing

PacBio SMRT (Pacific
Biosciences)

>99% 30 hr 47 Gb 25 kbp 4 million 300 ng to 1 mg 96 Current

Nanopore Flongle (Oxford
Nanopore
Technologies)

Lower 16 hr 1 to 2 Gb 4 Mb 100,000 10 pg to 1 mg 96 Current

MinION (Oxford
Nanopore
Technologies)

Lower 72 hr 10 to 50 Gb 4 Mb 100,000 10 pg to 1 mg 96 Current

GridION (Oxford
Nanopore
Technologies)

Lower 72 hr 10 to 50 Gb 4 Mb 100,000 10 pg to 1 mg 96 Current

PromethION (Oxford
Nanopore
Technologies)

Lower 72 hr 100 to 300 Gb 4 Mb 100,000 10 pg to 1 mg 96 Current

*Q30 references the sequencing quality score. When the sequencing quality reaches Q30, virtually all of the reads will be perfect without errors or ambiguities. Q30 is considered a
benchmark for quality in NGS.
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as methicillin-sensitive Staphylococcus aureus compared with
methicillin-resistant Staphylococcus aureus). To handle this, many
researchers use more than 1 NA-based technique to confirm the
species or strain identity as pathogenic.

Mitochondrial Ribosomes
Mitochondrial ribosomes have sufficient similarity to bacterial
ribosomes that primers designed to target bacteria will occa-
sionally also amplify mitochondrial DNA. This can be partic-
ularly problematic in human samples, where human DNA
vastly outnumbers microbial DNA.

Issues with Primers
Although 16S rRNA gene primers have been developed since
the 1990s, no primer set is perfect. They are each known to have
biases in which some taxa are more readily amplified than
others. Potential primer biases must be considered when com-
paring data between experiments using different primer sets.
Today, 16S rRNA gene-targeting primers designed for use with
NGS applications have been tested to work well with most known
clinical isolates. If using sequencing data to identify a novel
pathogen, however, it is possible that primers may not be as
efficient in amplifying its taxon51. When taxonomic identification

Fig. 2

Common sources of contamination and limitations or pitfalls that must be taken into account when using NA-based molecular techniques. DGGE =

denaturing gradient gel electrophoresis, and ESI-MS = electrospray ionization mass spectrometry.
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TABLE IV Information Necessary to Evaluate and Interpret Microbial Data Analysis*

Include with
Analysis Example(s) Benefit Problems if Absent

Extraction
method

Kit-based Easy comparison when same
extraction methods are used

Extraction methods are optimized for different
microbes. Harsher lysis techniques that may be
necessary for spore-forming bacteria or fungi may be
too harsh and degrade NAs from other microbes.

In-house

Automated

Positive
extraction control

Standard microbial
community

Confirms successful NA extraction Low NA concentration may indicate failed extraction
but be interpreted as low or no NA present.

Negative
extraction control

Molecular biology grade
water

Identifies contamination during
extraction

High NA concentration may indicate contamination but
be interpreted as sample with high NA abundance.

Positive PCR
control

Standard DNA
community

Confirms successful PCR
amplification

No amplification may indicate failed reaction but be
interpreted as no target present.

Negative PCR
control

Molecular biology grade
water

Identifies contamination of PCR
reaction

Positive PCR reactions may indicate contamination but
be interpreted as target present.

PCR reaction
conditions

Salt concentrations Reproducible amplification Primer binding and enzyme efficacy can be susceptible
to slight changes in reaction conditions. Future studies
may fail if exact reaction conditions are not duplicated.

Primer concentrations

Enzyme brand name

Thermocycling
conditions

Primer names
and sequences

Exact nucleotide
sequences listed

Allows others to reproduce results
in future samples

Results from studies targeting the same gene but with
different primers may yield different conclusions based
on primer specificity rather than biological differences.

Sequencing
technology

Company and hardware
and software version(s)

Different sequencing technologies
have advantages and
disadvantages (Table II), and
results do slightly vary between
technologies

Results from discontinued technologies may not be
comparable with those from modern technologies.

Methods for
reducing
contamination

DNA extraction and post-
PCR processing occur-
ring in isolated areas

Assures reader that efforts have
been made to minimize
contamination

Reader may question if contamination occurred
between samples.

Code for
processing

GitHub repository Reproducible analysis Variation between data analysis may mask true
variation in biological data or may falsely infer
variations.

Deidentified raw
data

.fasta files Comparison with results from
future studies

Nonreproducible results. Future studies must
reproduce all sample types for direct comparison.

Define cutoffs or
limit of detection
thresholds

Minimum no. of reads to
determine presence in a
sample

Defines rare biosphere and the
stringency of the study to account
for false-positives or negatives

Low-abundance targets may be identified in some
studies with low limits of detection while those with
higher thresholds will miss them.

No. of reads
(NGS)

Median reads per
sample

Too few reads may lead to false
conclusion of microbe absence

Readers unable to determine depth of sequencing and
validity of comparing rare biosphere between studies.

Variation in reads per
sample

Normalization
method for no. of
reads (NGS)

Log2 transformation Standardize no. of reads per
sample

Normalization methods may skew results; these skews
may not be identified until future methods develop.
Acknowledging the normalization method used will
help future researchers to understand if they need to
reprocess the data with new normalization techniques.

Rarefaction

Define
contaminants

Cutoff limits Reproducible results Contaminants may be identified as diagnostically
important.Patterns of abundance

*When reading scientific literature, it is important to note if these items have been included. If information is not included in the
research, the reader must acknowledge the problems that this absence may indicate. Sometimes the problem is merely an inability to
compare with other literature, but other times, it may mean that the reported results should not be trusted until reproduced by other
researchers.
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of uncultured bacteria to the species level is necessary, the 16S
rRNA gene is sometimes insufficient. For example, Escherichia
and Shigella cannot be differentiated by their 16S rRNA gene
sequences alone. Taxonomic identification of bacteria via the 16S
rRNA gene is dependent on comparing amplified sequences
with a database of known sequences. Many public databases exist,
each with different strengths and weaknesses in accuracy, cover-
age, taxonomic depth, and nomenclature.

Targeting Resistance and/or Virulence Genes
There are specific challenges associated with identifying resistance
and/or virulence genes. Horizontal gene transfer spreads genes
between phylogenetically distant bacteria. It is possible that simple
amplification will detect genes of interest that are present in a

specimen but not in the pathogenically relevant species. Naturally
occurringmutations within the targeted primer-binding sitesmay
also yield false-negatives. Additionally, for almost every mode of
antibiotic resistance, there exist multiple responsible genes. It is
not possible to design primers that will universally detect all
resistance and/or virulence genes or even that will detect the same
gene in all taxa. In cases where identification of a broad range of
antibiotic resistance genes is necessary, metagenomic analyses are
recommended over single-gene-targeted PCR.

Analysis of Complex Data
A new complexity for clinicians to consider is the large amount
of data yielded from a single sample. These data may include
community surveys of variation in a single gene (i.e., the

TABLE VI Specimen Storage Solutions and Their Suitability for Downstream Applications*

Storage Solution Culture Culture After Freezing DNA RNA

None61 1 — 1 —

Saline solution 11 — 1 —

Nutrient broth 11 — — —

Amies transport medium62
111 1 11 —

15% glycerol63-65 111 111 11 —

Lysis buffer
(i.e., Longmire)63,64

— — 11 1

NA-stabilization solution
(i.e., RNAlater66)

— — 1 111

Phenol (i.e., TRIzol)67 — — 11 111

95% ethanol68 — — 1 —

Formaldehyde or
formalin69,70

— — 1 —

*— = not recommended, 1 = possible but not ideal, 11 = good, and 111 = recommended for best results.

TABLE V Grades of Recommendation*

Statement
Grade of

Recommendation†

Positive and negative controls must be included A

No. of reads per sample must be reported and any normalization method(s) described B

Code used for data analysis should be publicly available B

When comparing studies, the primers or targeted regions should be the same B

Sequencing-based technology should be consistent when comparing studies B

Ensure that the sequencing-based technology is currently maintained I

Cutoff or limit of detection thresholds must be stated B

Black-box methods should not be used C

Publicly available, curated reference database(s) should be consulted B

*Recommendations are based on the best evidence to date. †According to Wright60, grade A indicates good evidence (Level-I studies with
consistent findings) for or against recommending intervention; grade B, fair evidence (Level-II or III studies with consistent findings) for or against
recommending intervention; gradeC, poor-quality evidence (Level-IV or V studieswith consistent findings) for or against recommending intervention;
and grade I, insufficient or conflicting evidence not allowing a recommendation for or against intervention.
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bacterial 16S rDNA gene) or broad community analysis of
randomly amplified regions (i.e., metagenomic sequencing).
The large amount of data produced by NGS necessitates more
complicated data processing post-sequencing. This processing
includes binding small sequences together (forming paired-
end reads, scaffolds, and contigs) as well as comparing output
sequences with existing databases (taxonomy assignment, scaf-
fold testing, gene annotation)52. Based on this complexity, clini-
cians should consider caution when considering whether to use
companies that market an ability to convert raw data to diagnostic
results without offering insights into methods and protocols
(black-box methods).

NGS
NGS is a powerful tool with incredible sensitivity that can
hypothetically detect a single copy of a gene in 10 mL of a
sample. Because such a small starting mass may yield a positive
result, false-positives are a known confounding factor, partic-
ularly in samples with a low input mass (Fig. 2). There are
several methods that can minimize this risk.

EachNGS technology has benefits and problems (Table IV).
No single technology can concomitantly provide long amplicons,
accurate reads, large numbers of reads, fast run time, and low cost
using small sample inputs. Researchers must choose which of
these components are most important to their application and

must also consider whether the extra information received from
NGS technology is worth the extra time, cost, and potential for a
confounding diagnosis fromdetected, but not necessarily clinically
relevant, pathogens.

Diagnosis based solely on NGS results is not currently
recommended because of the risk of overdiagnosis (identifying
the presence of bacterial taxa without confirming viability and/
or pathogenicity) and subsequent overtreatment. Not enough
studies have been performed to understand whether NGS can
be used as a stand-alone diagnostic tool and how results should
be interpreted. With that caveat acknowledged, when dealing
with infections that have failed to respond to standard treat-
ments, NGS may help to elucidate the presence of uncommon
or previously undetected pathogens.

Best Practices for Collecting Specimens
Specimen collection and storage can affect NA-based diag-
nostic protocols. Solutions used in surgical treatment, espe-
cially antiseptics and disinfectants, may degrade NAs or inhibit
enzymes. For this reason, specimens should be collected prior
to any treatment. If collecting samples from multiple sites, it is
important to ensure that no cross-contamination occurs. Ide-
ally, specimens will pass directly into the collection medium. If
intermediate surfaces are unavoidable, NA-free, or PCR-clean,
supplies should be used. Standard materials may be rendered

TABLE VII Clinical Utility of Each NA-Based Analysis Technique

Technique Clinical Utility

End-point PCR Good basic technique that will likely maintain utility

Most useful for identification of specific targeted taxa and genes

Adaptable for rapid point-of-care testing in the operating room

qPCR Widely used in other clinical settings (e.g., SARS-CoV-2 testing)

Useful to detect taxa or genes without first isolating bacterial cultures

Adaptable for rapid point-of-care testing in the operating room

Sanger sequencing Excellent technique for classifying or categorizing cultured microbes that cannot be identified using
culture-based patterns

Likely minimal clinical utility

Rapid but dependent on first isolating pure culture

RNA sequencing Currently used only in research; however, future clinical application may target identification of
transcriptionally active bacteria

Amplicon-targeted NGS Currently used primarily for research

Can be considered for recalcitrant infection or when cultures are presumed to be inadequate (such as
culture-negative infection); in this setting, results must be interpreted with extreme caution

Potential for future clinical use as part of standard of care once issues have been addressed; some issues
that must be addressed include, but are not limited to:

• Shortening data generation and analysis time

• Establishing “read” thresholds separating positive results from potential contaminants

• Identifying pathogenic compared with non-pathogenic species

Metagenomic NGS For research applications currently, but variations may be clinically relevant in future

Future utility likely in identification of virulence or resistance genes present in infecting
microorganisms; issues similar to those of amplicon NGS must be addressed prior to advancing into
clinical practice
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PCR-clean via either treatment with RNase AWAY (Thermo
Fisher Scientific) or bleach followed by rinsing with molecular
biology-grade water53 or treatment with autoclaving on an
extended steam cycle of ‡80 minutes54. As discussed in the
caveats section, even sterile items such as surgical drapes or
gloves may harbor trace amounts of NAs55 that will not harm
patients but may contaminate specimens. The specific appli-
cation used for analysis will influence the best collection medium
and storage conditions (Table VI). If >1 type of test is to be
performed on a specimen, it is usually better to take multiple
samples from the same site and treat each independently.

Best Practices for Clinical Use
Although there is real potential for culture-independent diag-
nostic strategies to improve our diagnostic capacity by improving
sensitivity and identifying microbial species that may be missed
using traditional culture, these strategies are not yet ready for
regular use as part of standard-of-care practice for several reasons.
First, more carefully controlled microbiome-focused orthopaedic
wound research must be performed to address outstanding
questions with regard to the relationship between sensitivity
and reproducibility in the detection of wound-associated
microbes. This may necessitate closer collaborative rela-
tionships between orthopaedic surgeons and microbiome
researchers, in lieu of commercial black-box microbiome
sequencing providers. Second, there are important technical
and logistical hurdles involving the infrastructure needed for
the analysis of NA-based diagnostic tools, particularly NGS.
Furthermore, the time required from the operating room to
the data analysis and robust interpretation needed to inform
clinical decision-making is currently impractically long. To

date, most orthopaedic research applying NA-based tech-
niques has been in arthroplasty, with a limited number of
studies in trauma and orthopaedics more generally, and NGS
is becoming increasingly important in these studies (see
Appendix Supplemental Table 1). Newer advances in sequencing
technology, particularly from Oxford Nanopore Technologies,
and the rapid increase and spread of bioinformatics training
among the biomedical workforce make the clinical use of NGS
techniques in orthopaedic settings an optimistic goal for the
coming years. Table VII outlines the clinical utility anticipated
for these NA-based techniques.

Best Practices for Interpretation of These Complex Data
Sets
There are several important metrics to keep in mind when
evaluating research using NA-based technology. There are clear
tradeoffs among speed, accuracy, sensitivity, price per sample,
and coverage. Investigators and clinicians must carefully con-
sider tradeoffs when selecting sequencing methods.

When evaluating published research and comparing
results, it is important to keep the following in mind (Tables V
and VIII):

1. Were appropriate positive and negative controls
included at each step, and are these results reported?
NGS studies should include positive controls
sequencing communities of known composition and
negative controls that sequence samples where no
community is expected (Table VIII).

2. Is the number of reads per sample reported?

TABLE VIII Suggested Negative Controls, Positive Controls, and Contaminant-Source Identification When Preparing Samples for NGS

Negative Positive Contamination Source(s)

Collection Sterile storage solution Not commonly performed Patient skin flora

Irrigation fluid

Instruments

Clinician

Extraction Reagents Microbial community
standard

Technician

Reagents

Environment

Parallel samples

PCR Water-only Microbial community NA
standard

Technician

Reagents

Environment

Parallel samples

Sequencing No PCR water Successful PCR
amplification

Technician

Reagents

Parallel samples

Processing Empty primer indices Previously processed data Improper analysis

Comparison database
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3. Is the code used for data analysis publicly available for
other researchers to examine?

4. Are primers and/or targeted regions the same between
compared studies? Both the efficacy and sensitivity of
primers can be different during amplification and
when comparing sequences with existing databases56,57.
The ease of amplification of microbial groups changes
with changes in primers, salt concentrations, temper-
atures, and other variables.

5. Is the sequencing technology consistent between
studies? If not, how do biases of different technologies
affect the results?

6. Is the technology currently maintained? Technologies
present in published literature for only a short period
of time must be treated with skepticism.

7. The cutoff or limit of detection thresholds should be
stated along with definitions of contaminants.
Whenever possible, deidentified raw data should be
publicly available so that another researcher may
repeat the analysis or compare the raw reads with those
from samples produced in future studies.

8. Achieving NGS data with the exact same number of
reads per sample is impossible and the read counts can
vary quite a bit between specimens58. In experiments
containing an uneven number of reads per sample (a
>10-fold difference), the researcher must consider
resequencing outlier samples or normalize the data to
compare samples more accurately using strategies
such as rarefication.

9. Methods sections of published papers should include
description of methods applied to reduce false-
positives, such as experimental controls to reduce the
identification of false-positives, well-defined threshold

of reads per sample (‡2,000)59, removal of taxa present
in samples in only 1 or 2 reads, and removal of taxa
whose abundance is linearly related to the volume of
the samples analyzed.

Conclusions
Molecular diagnostic strategies will become increasingly impor-
tant in the diagnosis of infection and identification of pathogens,
both in research and in clinical practice. However, for these
techniques to be effectively applied to orthopaedics, clinicians
and clinician-scientists must better understand the nuances,
appropriate applications, and the limitations associated with
each of these assessment tools. We anticipate that this review
may provide a mechanism for generating hypotheses, improving
standards, designing better studies, and enhancing our ability to
effectively interpret and apply published research.
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