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ABSTRACT The standard paradigm for microbiological testing is dependent on the
presentation of a patient to a clinician. Tests are then requested based on differential diagnoses using the patient’s symptoms as a guide. The era of high-throughput
genomic methods has the potential to replace this model for the ﬁrst time with
what could be referred to as “hypothesis-free testing.” This approach utilizes one of
a variety of methodologies to obtain a sequence from potentially any nucleic acid in
a clinical sample, without prior knowledge of its content. We discuss the advantages
of such an approach and the challenges in making this a reality.
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H

igh-throughput sequencing (HTS; also known as massively parallel sequencing or
next-generation sequencing), whereby massive amounts of data are generated in
parallel, is a technology that has come to the fore over the last decade, and has been
broadly applied in molecular biology and increasingly in medical settings with spectacular successes. There are three ﬁelds in which high-throughput genomics can make
an impact: inherited diseases (mostly Mendelian), somatic disease (i.e., cancer), and
general microbiology. While there has been substantial progress in implementing
diagnostic approaches in inherited diseases and cancer, the application of wholegenome sequencing to microbiology diagnostics is still in its infancy. However, it
should be possible to make rapid progress in this area as many of the lessons from the
other ﬁelds are applicable to microbiology. In essence, the three ﬁelds have distinct but
overlapping requirements. Diagnostic inherited genomics requires the detection of
high frequency alternative alleles, usually in the form of single nucleotide substitutions
or small insertions/deletions, at a given locus (i.e., hetero- or homozygous), most often
from an easily obtainable starting material such as blood. Diagnostic cancer genomics
requires the detection of intermediate and very low frequency alleles in a background
of a highly variable amount of normal alleles, often from speciﬁc tissues that have
undergone substantial chemical modiﬁcations through the process of formalin ﬁxation,
simultaneously complicating the process and making it much more expensive. Ultimately, diagnostic microbiology will require the sensitive detection, identiﬁcation, and
quantiﬁcation of nonhuman sequences in a background of human DNA, as well as the
detection of genotype-identifying alleles of those microbial sequences. These speciﬁc
requirements will pose some unique challenges.
HTS-based diagnostic microbial detection offers at least ﬁve advantages over the
classic microbiology paradigm. First, it is “hypothesis free” and makes no assumptions
about the patient’s condition; hence, it is less prone to error resulting from the lack of
knowledge or experience of the requesting clinician. Ultimately, this will change the
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role of clinicians from being “test selectors” to being “data interpreters.” Second,
detection is not dependent on prior knowledge of a microorganism. Hence, intrahost
sequence variation of pathogens and previously undescribed microbes can be detected. Third, changes in strain sequence will not affect the diagnostic outcome as
dramatically as they do with some current tests. For example, PCR primers and probes
may be destabilized by a small number of nucleotide differences to their intended
target. This would be particularly advantageous in the early stages of an emerging
pathogen, when sequence information is minimal or nonexistent. Fourth, multiple
agents across the full microbial spectrum contributing to disease can be simultaneously
detected. Finally, HTS-based methods will allow the identiﬁcation of nonculturable
microbes. Culture has been the historical cornerstone of microbial pathology and is
likely to remain important in speciﬁc circumstances. However, there is an increasing
recognition that nonculturable organisms are also important pathogens. The cultureindependent methods such as HTS offer the possibility not only to detect such
microorganisms by obtaining microbial sequences from the clinical specimen but to
also simultaneously substantially broaden our understanding of microbial pathology
more generally.
In addition to these speciﬁc beneﬁts, there are other consequences of such an
approach. The additional data gained using HTS-based methods could provide information on virulence factors and antiviral resistance in the case of viruses (1) and on
bacterial virulence-related genes and antibiotic resistance (2). From a laboratory management stance, a combined HTS-based test would be simpler, possibly cheaper, and
in many cases, more time efﬁcient than maintaining a battery of single-target tests.
Human genetic testing has already set a precedent by combining multiple genetic tests
into a single test using HTS technology (3). Further, as a clinical sample may include
host nucleic acid (DNA and RNA), this new approach may ultimately be expanded to
include simultaneous determination of the host’s genetic background and immune
response. Such applications have been broadly referred to as “precision medicine” or
“personalized medicine,” and while much of modern medicine has always been somewhat tailored to individuals, the increase in information content obtainable with
modern genomic methods holds the promise of dramatically improving the level of
personalization. As applied to diagnostic microbiology, this information will be useful
when the prognostic outcome of an infection is dependent on the genetic background
of the patient (4, 5) or when infection results in the activation of antimicrobial pathways
such as interferon responses.
While there are clear advantages for an HTS-based genomic diagnostic approach, it
is more complex and technically challenging than classic microbial molecular diagnostics. It also offers different advantages to laboratories depending on where they sit on
the pathology spectrum, from routine medical microbiology to public health laboratory. In this review, we would like to consider the hurdles that this relatively new
technology must overcome in order to become routine in the clinical microbiology
laboratory. These will be discussed in 6 broad areas: (i) sample preparation and
turnaround time, (ii) sensitivity and cost competitiveness, (iii) validation, quality control,
and contamination concerns, (iv) bioinformatics, reporting, and interpretation of clinical
signiﬁcance, (v) ethical considerations, and (vi) future technological developments.
SAMPLE PREPARATION AND TURNAROUND TIME
HTS platforms require the construction of a library, usually to clonally amplify
template nucleic acids and also incorporate ubiquitous primer sequences when using
sequencing-by-synthesis. With current sequencing methodologies, this is a signiﬁcantly
expensive, time-consuming, often labor-intensive, and currently unavoidable part of
the procedure. For example in our hands, manual cDNA synthesis (if required), library
preparation, and sequencing of the most common platforms can be done in less than
48 to 72 h. Library preparation methods are increasingly automated, but in general, this
either maintains or slightly increases the overall cost, and almost never reduces the
overall time taken. By comparison, a standard PCR has a manual preparation time of a
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matter of several minutes and total process times of substantially less than a single day.
Given this, any HTS platform that takes longer than approximately 4 h is not competitive in terms of time with current routine ampliﬁcation testing. Hence, sample preparation and sequencing are considerable time bottlenecks in preventing the wider
adoption of routine HTS in microbiology laboratories. Technical developments will
need to focus on streamlining, or preferably eliminating, library preparation and further
reduce sequencing steps to reduce turnaround time. At present, there is substantial
focus on the reduction of the scale of library preparation (i.e., being able to start
from ever smaller amounts of starting material), and this miniaturization has the
potential to substantially reduce library preparation costs but also time, if novel
nanoscale approaches are utilized. In addition, there are efforts to reduce the clonal
ampliﬁcation steps for the current generation of equipment, but it is not yet clear
whether they will reduce the overall process time enough to be comparable to
standard techniques. As sequencing technologies continue to advance, there may
even come a time when the clonal ampliﬁcation step is eliminated altogether, as in
some long-read/nanopore-based approaches (6, 7), and eventually, these might
conceivably result in extremely rapid laboratory processes.
SENSITIVITY AND COST COMPETITIVENESS
One of the major hurdles that a universal microbiological test will have to overcome
is its cost compared with routine PCR-based single-microbe testing. HTS has so far had
the biggest impact in the diagnosis of Mendelian inherited disease and increasingly is
making impacts in the cancer/oncology ﬁeld. However, in those ﬁelds, the standard
tests available were either relatively expensive to begin with or relatively uninformative
by themselves, resulting in the requirement for many individual tests to be performed
and a large per-patient cost. Hence, the introduction of HTS has seen rapid decreases
in the cost of testing in these ﬁelds, combined with signiﬁcant increases in diagnostic
yield. Current microbiology testing differs in some important ways. For example, in our
experience as a relatively low-throughput public health diagnostic laboratory, routine
PCR-based testing is currently quite cheap (we estimate about US$30 per sample,
including labor, automated extraction, ampliﬁcation, data analysis, and quality controls), and we assume this to be a common experience of other similar-scale microbiological laboratories; for high-throughput microbiology laboratories, costs are considerably lower due to economies of scale. Hence, this presents a substantial hurdle to
most current HTS approaches, which are likely more expensive than traditional approaches, albeit with large variation depending on the chosen platform, the desired
number of reads, the level of sample throughput, and ancillary costs.
Whereas the costs of routine PCR are low and ﬁxed, a complicating issue for HTS is
that cost is proportional to the amount of data generated, and the amount of data
generated is a direct determinant of sensitivity (1). One factor not at play in conventional testing is that in HTS methods, the proportion of total reads that match the target
relative to the host (i.e., human and commensal ﬂora) will inﬂuence the choice of read
numbers. Given that most microbiological tests have to be exquisitely sensitive, typically large volumes of the current short-read technology sequence reads will have to be
generated as the number of microbial reads may only represent a very small proportion
of the total sequence data. This is a major consideration when determining sensitivity
and cost relative to more conventional ampliﬁcation-based assays and will most likely
be highly dependent on the speciﬁc anatomical site being sampled. For example,
samples taken from throat swabs are likely to contain smaller amounts of contaminating human DNA than blood samples, and this will inﬂuence the required number of
reads to achieve the required sensitivity. Hence, it may become necessary to develop
methods to measure the amount of human DNA in a sample and use this information
to determine the required number of reads in an individualized sample-speciﬁc manner. Another issue to consider is that this determination of minimum read number
relates only to an ideal unbiased library preparation. “Random” preampliﬁcation methods are prone to stochastic and systematic biases (8–12). Laboratories should seek to
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use methods as free of bias as possible. Only then can the read number be related to
the probability of target detection.
One way to determine the minimum read number required is to do so empirically
with clinical samples in which target material has been detected using HTS, in comparison with a test of benchmark sensitivity such as ampliﬁcation-based methods.
Where the sensitivity of HTS methodology approaches or is equivalent to that of
standard ampliﬁcation, it can be the basis of a “rule of thumb” for minimum read
requirements. It is highly likely that this will vary with sample type (effectively a proxy
for the proportion of “contaminating” human DNA), the size of the genome of the
microorganisms present, and to a lesser extent, the choice of sequencing platform. For
example, in one study, matches to viruses were as low as approximately one in a million
reads (13). Similarly, studies have demonstrated that between 0.016% and 2% of the
total reads are sufﬁcient to reproduce a bacterial detection by nucleic acid ampliﬁcation
testing (14, 15).
How then does a universal sequence-based method compare with the routine
testing in terms of cost? Studies showing ampliﬁcation-equivalent sensitivity for virus
detection have sequenced ranges from 1.5 to 3.5 million reads or 25 to 45 million reads
(16), 5 million reads (17), 7 million reads (18), and up to 15 million reads (13). Using an
example of 10 million reads, reagent costs for the most commonly used Illumina
platform were estimated to be as high as $350 to $750 (MiSeq) to as low as $20 to $30
(HiSeq) (http://www.molecularecologist.com/next-gen-ﬁeldguide-2016/). Hence, the
sequencing-based diagnostic paradigm is approaching viability at the lower end of
these costs; albeit, these costs do not include additional requirements such as labor,
extraction, library preparation, amortization of the instrument, and controls. Of these
items, the cost of library preparation is likely to be most signiﬁcant and will add
substantially to the overall cost of sequencing microbial genomes. The NIH National
Human Genome Institute regularly updates sequencing costs, which include these
additional items, and this currently stands at $21 per 10 million reads based on a
150-nucleotide (nt) read (https://www.genome.gov/sequencingcostsdata/). However,
this estimate is based on sequencing a very large human genome, where the absolute
cost of the sequencing is large compared to the library preparation costs. Microbial
genomes are far smaller and hence will incur lower absolute sequencing costs, but the
library preparation cost will likely remain identical. Hence, the overall cost per read in
microbial sequencing could be 10-fold or more greater than that for sequencing a
human genome. As is shown on the NIH National Human Genome Institute website,
sequencing costs have annually decreased faster than the so-called “Moore’s law” of the
computing sector, which has become the yardstick by which the speed of technological
developments are judged, and single-molecule-long read technologies are already
demonstrating that library preparation can be simpliﬁed. While most pathology laboratories are not positioned to beneﬁt from the economies of large-scale sequencing
programs, progress to date indicates we might reasonably expect that further cost
reduction is likely to make the new paradigm cost competitive in the next several years.
VALIDATION, QUALITY CONTROL, AND CONTAMINATION CONCERNS
Any laboratory test should be properly validated, and microbial HTS is no exception.
Standard tests have one target per test. How then are determinations of sensitivity and
speciﬁcity to be made with a method that can detect potentially all manner of microbial
genomes? Such questions are only now being properly considered. For the implementation of microbial HTS, the widespread and uniform adoption of validated and
properly controlled tests will be needed. It is not in the scope of this review to cover
this topic in any depth. Instead, readers are invited to read an excellent article on the
subject by Schlaberg et al. (17). To brieﬂy summarize the issue, ﬁrst, methods should be
established using spiked samples and the limit of sensitivity determined. Second, the
sensitivity of the sequencing methods should be determined using various specimen
types known to contain microbes with a range of different representative genome sizes
and types: double-stranded DNA and single-stranded and double-stranded RNA. The
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speciﬁcity of the bioinformatics component should ﬁrst be determined initially in silico
using artiﬁcially generated data sets and conﬁrmed using samples similar to those used
to determine the sensitivity.
Quality controls such as a microbe-free sample (negative control) and a spiked
sample (positive control) should be included routinely. For spiked samples, a microbe
outside the normal experience of the laboratory could be included to avoid potential
contamination concerns. Additionally, internal controls may be added at an appropriate
dilution to clinical material to further ensure the functioning of enzymatic steps. The
outcomes of these controls will need to be recorded along with the performance of the
run, including run yield, nucleotide quality scores, cluster density (if Illumina), and other
relevant information (19). As results are obtained by sequence matches, the paradigm
is entirely dependent on the integrity of the database. Hence, quality documentation
should make a provision to record the source and exact build of the database used. All
these requirements impose an added burden on the laboratory technician, and so the
more these controls and documentation become incorporated into the protocols and
software, the easier this technology will be to use and the wider its eventual adoption.
One issue that has been particularly problematic for the ﬁeld of HTS in general is
contamination (20, 21). The technology is notoriously contamination prone for a
number of reasons. First, there is usually at least one ampliﬁcation step in library
preparation, and often more. Each ampliﬁcation step increases the chances of contamination. Often, common primer sequences are used for ampliﬁcation between samples
and between separate library preparations. Due to the large numbers of reads sequenced per sample, on the order of millions, the detection of contaminating reads in
the ﬁnal library is exacerbated. Hence, much like the early days of PCR, the controls
discussed above, and additional modiﬁcations to methods must be put in place to
minimize or detect contamination.
Most laboratory technicians will be familiar with contamination minimization methods, such as having a linear workﬂow to prevent ampliﬁcation product from entering
reaction mix preparation areas, eliminating or minimizing samples with high template
content, and using commercial library kits, disposable plastic items, ﬁlter tips, and
molecular-biology grade water whenever possible. As many microbial pathology laboratories routinely perform PCR, they would be familiar with procedures to minimize
contamination. However, one of the lessons of the implementation of HTS approaches
in other ﬁelds has been that contaminants are extremely difﬁcult to avoid absolutely.
New approaches to reduce contamination will be required, such as the use of multiple
sample barcodes/indices as seen in approaches involving ancient and degraded DNA
(22), such as a regular rotation of barcodes/indices, meta-analyses of previously obtained results in the laboratory (for example determining whether a “positive” result for
a rare pathogen could be explained by contamination from a sample recently analyzed
in the same laboratory), and improved separation of preparative processes in the
laboratory to ensure the minimization of contaminants.
BIOINFORMATICS, REPORTING, AND INTERPRETATION OF CLINICAL
SIGNIFICANCE
HTS-based diagnostics are more complex, not only because of the vast amounts of
data that must be dealt with in a practical period of time but also because the
signiﬁcance of the large number of matches obtained by the sequence analysis needs
to be determined. Fortunately, a number of publically or commercially available
software “pipelines” are now available to assist in the rapid analysis of large HTS data
sets for diagnostic purposes. They all aim to simplify and expedite the processing and
analysis of large amounts of sequence data. They typically have the following features:
prior processing of raw reads to facilitate analysis for some pipelines, contig assembly,
nucleotide or protein database sequence matching of contigs or raw reads, and
presentation of the outcome in a suitable report format. The report should summarize
the statistical signiﬁcance of any match, the number and proportion of reads, and the
taxonomic level this pertains to, for example, phylum, family, genus, or species. The
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pipeline may also include genotyping or other analyses. These packages, used in
combination with in-house or cloud-based computer clusters, have facilitated the ease
and speed with which large sequence data sets are managed. In terms of making HTS
more routine, the issues are that many pathology laboratories do not currently have
access to the bioinformatics support to install and maintain such software pipelines and
the hardware required to run them nor to the storage of the accompanying large
sequence data sets. In this regard, improvements in computer hardware and software
may circumvent some of the need for high-performance computing. For example, the
recent development of the program DIAMOND has increased the speed of BLAST-like
protein matching 20,000 times without a loss of sensitivity and with the capability of
using large raw read ﬁles (23). While improvements in interfaces have also been made,
much of the software features are accessed through command-line functions. Further
improvements in user interface and in the simpliﬁcation of reporting will be crucial in
bringing the technology within the range of difﬁculty for those pathologists with
more-limited computer capabilities. In addition, greater communication between scientists, pathologists, and clinicians will be required for the optimal interpretation of the
complex output generated by these analyses.
As with the results of any pathology test, the report of the bioinformatics pipeline
must be interpreted by a microbiologist for its clinical signiﬁcance. Where the results
conform to the identiﬁcation of a single predominant microbial pathogen consistent
with the clinical picture, this will be relatively straight-forward. Where matches are
obtained to microbes where a causative relationship to the patient’s symptoms has not
been clearly established (24), this will be more complicated. This is problematic for
pathology laboratories where there is constant pressure to provide accurate and
easy-to-interpret results at a high turnover. The simplest way to deal with this issue is
to enable the laboratory to set the type of information that they are comfortable
extracting from the sample (i.e., routine diagnostics or exploratory), prior to the
commencement of the analysis pipeline. Hence, designers must incorporate these
opt-out and opt-in features into their software interfaces.
ETHICAL CONSIDERATIONS
Ethical guidelines come in to play when human specimens are used for research
purposes. Ethical considerations for current routine microbiological testing are well established and, therefore, generally straight-forward. However, the speciﬁc hypothesis-based
paradigm means that there are relatively few incidental ﬁndings. In contrast, HTS-based
microbial diagnostics are inherently more complex and have greater ethical implications for the clinician, especially given they will generate a sequence for whatever DNA
is present, including human DNA. In addition to the privacy considerations that this
obviously raises, the potential to discover incidental ﬁndings unrelated to the original
presenting condition is also possible (25–28). No consensus has yet emerged as to how
to effectively deal with this issue; however, this must be adequately addressed if HTS
diagnostic applications are to become routine. To date, there has been substantial
discussion of ethics in the inherited disease and cancer ﬁelds, with a number of
approaches having been trialed and then either discarded or modiﬁed (28, 29). Much
of this experience will be relevant to the ethical issues around microbiology testing, and
although beyond the scope of this article, we encourage readers to become familiar
with this literature.
Where incidental ﬁndings relate to a genetic condition of the patient, one suggestion has been to ﬁlter out host sequences in silico to make any such ﬁndings very
unlikely (27). One problem with this approach is that the pathologist needs to be
conﬁdent that host sequences are properly ﬁltered and that any ﬁltration does not
erroneously remove microbial reads. This can be challenging when the size of the
human genome is considered and the chances of mismatch are high. Where incidental
ﬁndings relate to a microbial diagnosis unrelated to the patient’s presentation (e.g., HIV
detection when another virus is suspected), this will present a major ethical dilemma
for the clinician that is not easily resolved. Theoretically, a ﬁlter could be applied by the
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software at the level of results reporting. However, this bypasses the question of what
ethical and legal obligation the clinician has to disclose such an incidental ﬁnding to a
patient (30). No doubt, consensus solutions to these difﬁcult problems will eventually
emerge. Until that time, ethical review committees will need to deal with such issues
on a case-by-case basis.
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TECHNOLOGICAL DEVELOPMENTS
As discussed above, continuing improvements in sequencing technology are expected to further reduce costs and eventually make this new diagnostic paradigm a
reality. There are two possible means by which this might be achieved. First, increased
numbers of reads from existing platforms, in combination with multiplexing of samples
by barcoding, will reduce the per-sample sequencing cost. Second, the commercialization of fundamentally new chemistries enabling dramatic reductions in pernucleotide cost on a smaller scale, and importantly, on more-affordable devices, may
challenge established platforms. One technology that has been suggested will enable
the latter is “nanopore”-based sequencing. This technology uses either modiﬁed biological or solid-state nanometer-scale channels to interrogate DNA or RNA molecules as
they pass through the channel (31, 32). Biological nanopores are more advanced and
have progressed to a quasi-commercial stage with the MinION from Oxford Nanopore
Technology, which has already been used for the detection of microbes (6). Other
advantages of this format are the small initial capital outlay, relatively simple sample
processing, and also the long reads that can be generated from a single molecule.
These advantages go some way to addressing the issue of cost competitiveness.
However, the technology has been criticized for its high error rates and high pernucleotide cost in comparison with more established HTS platforms (33). To circumvent
the read error issue, researchers have utilized the much greater depth offered by
amplicon sequencing (34, 35). However, chemistry improvements have reduced error
rates signiﬁcantly (36), leading to applications without prior generation of amplicons (6,
37). Solid-state nanopores are currently at the research stage and promise greater
ﬂexibility in pore design and stability and mass production potential (31). Further
technical developments addressing these issues will determine whether this technology is widely accepted for laboratory-based microbial pathology.
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