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The rise in antimicrobial resistance (AMR) is predicted to cause
10 million deaths per year by 2050 unless steps are taken to
prevent this looming crisis. Microbiological culture is the gold
standard for the diagnosis of bacterial/fungal pathogens and
antimicrobial resistance and takes 48 hours or longer. Hence,
antibiotic prescriptions are rarely based on a definitive
diagnosis and patients often receive inappropriate treatment.
Rapid diagnostic tools are urgently required to guide
appropriate antimicrobial therapy, thereby improving patient
outcomes and slowing AMR development. We discuss new
technologies for rapid infection diagnosis including: sample-in-
answer-out PCR-based tests, BioFire FilmArray and Curetis
Unyvero; rapid susceptibility tests, Accelerate Pheno and
microfluidic tests; and sequencing-based approaches,
focusing on targeted and clinical metagenomic nanopore
sequencing.
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Introduction

More than 700000 people die per year globally due to
antimicrobial resistance (AMR) according to an estimate
from the UK government-commissioned review on AMR
(O’Neill report) [1]. At the current rate, by 2050, AMR is
predicted to cause 10 million deaths annually and cost the
world economy $100 trillion in total. It is widely recog-
nised that rapid diagnostics are crucial in the fight against
AMR, to improve the management of life threatening
infections such as sepsis and pneumonia and to enable
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earlier and more precise targeting of pathogens with
appropriate antibiotics (i.e. improved antibiotic steward-
ship) [2]. The final O’Neill report states that by 2020 all
antibiotic prescriptions should be supported by a rapid
diagnostic test where available [1].

Current standard methods for diagnosing bacterial infec-
tion are based on microbiological culture and have long
turn-around times, offer poor clinical sensitivity and are not
fit-for-purpose for acute serious infection such as sepsis,
pneumonia and meningitis. Acute infections force clini-
cians into early broad-spectrum treatment, before culture
results become available, highlighting the need for rapid
diagnostics [3-6]. A paradigm shift in diagnostic microbiol-
ogy is urgently required, with the ultimate goal of providing
pathogen identification and resistance/susceptibility infor-
mation to clinicians before antibiotics are administered.

In this review, we highlight recent and emerging tests for
the rapid diagnosis of pathogens, antimicrobial resistance
and antimicrobial susceptibility and their current/future
clinical applications. We describe some of the current
tests that utilise genotypic methods such as PCR for
pathogen identification and antibiotic resistance testing.
We also describe technologies and techniques that com-
bine pathogen identification with rapid phenotypic anti-
biotic susceptibility testing (AST). Finally, we outline
key advances in the application of DNA sequencing for
the rapid diagnosis of infection and AMR that could be
implemented clinically in the near future.

Rapid PCR-based pathogen and antimicrobial
resistance detection

Discerning bacterial from viral infections is the simplest
level of diagnosis that can be clinically useful to guide
antimicrobial therapy, reducing unnecessary antibiotic
prescriptions. FebriDx®™ is a dipstick test measuring c-
reactive protein and Myxovirus resistance protein A levels
in blood, differentiating bacterial from viral infections
using an inflammation biomarker [7]. Polymerase chain
reaction (PCR)-based systems such as ID Now and
cobas®™ Liat™ have specific tests for specific targets such
as influenza A&B [8]. However, an ideal diagnostic test
will identify the specific pathogen and provide guidance
on appropriate antimicrobial therapy. This is particularly
important in clinical syndromes such as urinary tract
infections (UTTs), pneumonia and sepsis, which can be
caused by many different pathogens (bacteria, fungi or

www.sciencedirect.com

Current Opinion in Microbiology 2019, 51:39-45


mailto:justin.ogrady@quadram.ac.uk
http://www.sciencedirect.com/science/journal/13695274/51
https://doi.org/10.1016/j.mib.2019.11.004
https://doi.org/10.1016/j.mib.2019.03.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mib.2019.03.001&domain=pdf
http://www.sciencedirect.com/science/journal/13695274

40 Antimicrobials

viruses in the case of pneumonia and sepsis), many of
which may carry acquired antimicrobial resistance.

PCR has evolved since its introduction in the late 80s
from manual single target assays [9] to automated multi-
plex systems such as Unyvero (Curetis) and BioFire®™
FilmArray@ (BioMerieux), which are starting to make an
impact in the clinic using tailored cartridges for specific
infections [10]. These tests have rapid turnaround times
and require very little hands-on time to operate. Studies
on the Unyvero Pneumonia cartridges have shown low
sensitivity, ranging from 67 to 73%, but with much higher
specificity, 94.9-97.9% [10-12]. One study reported aver-
age sensitivity for organisms on the panel to be 88.8%,
highlighting the contribution of pathogens absent from
the panel to the reported low sensitivity. Other issues
include Gram-positive detection rates as low as 46.2%
[11] and machine failure rates over 10% [12]. The car-
tridge for blood culture confirmation has demonstrated
better results, with a sensitivity of 96.8% and specificity of
99.8% in one study [13]. The test could accurately detect
mec/, diagnosing MRSA in sepsis within 5 hours of flag-
ging positive on the blood culture machine [13]. How-
ever, the high sensitivity is in part related to the prior
culturing of the sample, which negates the time advan-
tage of using a PCR tests. For this technology to be widely
implemented, the low sensitivity of the cartridges used
for direct sample testing needs to be improved. Addition-
ally, panels should include a greater range of targets and
machine failure rates must be reduced [10,11,14-16].

The BioFire™ FilmArray®™ (Figure 1) is another multi-
plex PCR test, capable of simultaneously testing for
bacteria, viruses, yeasts and parasites, along with resis-
tance genes [17-21]. Evaluation of the FilmArray®™ men-
ingitis/encephalitis panel (M/E), which tests for 14 of the
most common causes of ME within 1 hour, report cate-
gorical agreement with comparator testing of 90.4-99.8%
[20,22-25]. A clinical study of the FilmArray® rapid
respiratory panel reported significant reductions in anti-
biotic treatment duration and hospital stay, by 36 and
29.5 hours respectively [26]. While correlation with rou-
tine testing is high, FilmArray® is limited in the infor-
mation it provides as only the pneumonia and blood
panels target resistance genes while the remaining panels
only identify pathogens.

Antibiotic resistance profiling is clinically useful, but
antimicrobial susceptibility testing is preferable, some-
thing culture can provide but rapid molecular tests can-
not. It is better to inform the clinician what treatment
they can use, rather than what treatments won’t work.
Also, although resistance determinants can be accurately
identified, there can be poor correlation between geno-
type and phenotype and it is difficult to tell the source of
resistance determinants in samples from non-sterile sites
(e.g. lung samples).

Rapid antimicrobial susceptibility testing
Accelerate Pheno' is a fully automated system that
combines total organism count, pathogen ID and AST
directly from positive blood cultures (Figure 1). Cells are
stained with a limited panel of fluorescence /7 situ hybri-
disation (FISH) probes to detect species most commonly
implicated in septicemia before immobilising them in
agarose layers permeated with the antimicrobial being
tested. Immobilised cell growth is monitored by auto-
mated microscopy with multiple antibiotic concentrations
to calculate a minimum inhibitory concentration (MIC)
and total organism behaviour is mapped against a predic-
tive database for susceptible, intermediate and resistant
phenotypes [27°]. Some ecarly studies on clinical ar};\.‘i[
spiked blood cultures using the Accelerate PhenoTest
BC panel yielded sensitivities ranging from 94.7 to 97.5%
with specificities of 98.9-99.5% against included targets.
AST agreement with routine methods were reported as
94.1-96.4% [27°,28-30] Accelerate Pheno  has been
shown to reduce time-to-result down to 1.4 hours for
pathogen identification and 6.6 hours for AST result from
a positive blood culture, a reduction of 40 hours compared
to the current standard-of-care [28]. However, this test
still requires a blood culture; AST results should ideally
be available within 8 hours of the sample being taken to
allow for timely transition to targeted treatment after a
first dose of broad-spectrum antibiotics. While studies
have shown that Accelerate Pheno  can identify all
16 organisms on its panel [28,29], studies showing
58.1-88.7% of samples receiving pathogen ID highlights
the need for a more comprehensive panel [27°,28-30]. At
present, only a cartridge for blood cultures is available.

Microfludic technology can be utilised as an alternative
approach to predicting antimicrobial susceptibility. A
group at Stanford University have developed a microflu-
dic array for UTI diagnosis using 16S rDNA probes.
Pathogens are lysed in urine, releasing rRNA which binds
to probes on the sensor surface by electrokinetic hybri-
disation. Rapid AST and minimum inhibitory concentra-
tion (MIC) testing is performed by adding the antibiotic
to be tested to the urine at different concentrations and
measuring differential rRNA levels after brief culture
[31]. The biosensor identified pathogens in 107 urine
samples with a 98.5% sensitivity, 96.6% specificity, and
categorical agreement of 97.6% for ciprofloxacin MIC
within 5 hours [31]. Recent proof-of-concept studies have
demonstrated microfluidic techniques achieving AST
results within 30 min for uropathogenic Escherichia
coli. One group used time-lapse phase contrast micros-
copy of UTT E. coli isolates to compare cell growth rates in
antibiotic-containing and antibiotic-free media [32°°].
They successfully identified 49 clinical isolates as cipro-
floxacin resistant or susceptible with 100% agreement
with disk-diffusion culture. Another group used digital
loop-mediated isothermal amplification (LAMP) target-
ing the Enterobacteriaceae 23S rRNA gene to
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Figure 1
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Workflows of highlighted technologies and techniques.

(a) Accelerate PhenoTest Blood Culture kit (*The turnaround time is from machine loading. This kit requires a positive blood culture so time-to-
result from primary sample will depend on varying blood culture times). (b) BioFire FilmArray (all panels) (**The turnaround time is from machine
loading. While most FilmArray panels work directly on primary samples, the Blood Culture Identification (BCID) panel requires a positive blood
culture and time-to-result from primary sample will depend on varying blood culture times). (c) A typical rapid nanopore metagenomics pipeline
not requiring a culture (turnaround time based on Greninger et al. [58] and Charalampous et al. [59]).

quantitatively detect E. co/i in microfluid compartments
directly from clinical urine samples [33°°]. The ratio of
signal between the antibiotic-treated and untreated con-
trols was used to determine susceptibility after 15 min-
utes of incubation. Digital LAMP matched the gold-
standard broth microdilution AST call with 96.3% agree-
ment on 51 clinical urine samples tested. It should be
noted that rapid phenotypic AST methods require suffi-
cient pathogen biomass to reliably detect differences in
growth following the addition of antibiotics.

Sequencing-based technologies for pathogen
and AMR detection

Advances in sequencing technologies, often categorised
into various generations such as Next Generation
Sequencing (NGS) and second, third and fourth

generation sequencing (described here as ‘sequencing’),
have paved the way for whole genome, targeted and
metagenomic sequencing approaches to characterise
infection. Whole genome sequencing (WGS) of patho-
gens is now a widely used tool in clinical and public health
laboratories for AMR detection, epidemiology and infec-
tion control studies. Numerous studies on healthcare
associated methicillin-resistant ~ Staphylococcus — aureus
(MRSA) have shown that whole genome sequencing
can aid in tracking outbreaks and guide infection control
measures where other methods such as multi locus
sequence typing (MLST) fail to provide sufficient reso-
lution [34,35]. WGS has also proven particularly useful in
"I'B diagnostics and can be used to confirm Mycobacterium
tuberculosis (Mtb) infection and provide information about
resistance or susceptibility within 1-3 days from a liquid
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culture [36]. One of the largest studies conducted on Mtb
AMR/susceptibility prediction using WGS showed very
high specificities and sensitivities compared to culture
(93.6-99.0% and 91.3-97.5% respectively) and it is likely
that WGS will be widely implemented for this purpose in
the near future [37].

While WGS is useful for predicting AMR in certain
pathogens (particularly Mtb), it requires cultured
microbes, hence is not applicable for the rapid diagnosis
of infection and AMR. Sequencing approaches applied
directly to clinical samples to diagnose infection need to
be fast enough to guide antimicrobial therapy — <8 hours
from sample-to-result. Most sequencing companies now
boast run times of 4 hours or less as an option, however,
lengthy library preparation as well the requirement for
end-point analysis result in turnaround times significantly
longer than 8hours. According to the manufacturers’
websites, [llumina sequencers tend to have the longest
run times, while Ion Torrent and Pacific BioScience
(PacBio) devices are faster. Oxford Nanopore Technolo-
gies (ONT) devices offer the most flexible times, with
analysable data becoming available in real-time, once
sequencing begins. There have been some studies inves-
tigating the application of Ton Torrent in infection diag-
nosis with theoretical turnaround times of less than a day
[38]. A direct comparison of Illumina’s MiSeq to ONT’s
MinIlON for a wviral clinical metagenomics pipeline
showed that the MinION workflow could provide results
within 6 hours compared to the MiSeq’s >20 hours [39].

Sequencing for infection diagnosis can either be targeted
or non-targeted. Targeted sequencing is performed by
capturing-specific pathogens/pathogen sequences or spe-
cifically amplifying whole (usually viruses) or portions of
genomes using PCR. Non-targeted or agnostic sequenc-
ing of microbes in clinical samples is known as ‘clinical
metagenomics’.

Targeted sequencing

The most common approach for sequencing-based infec-
tion diagnostics utilises PCR amplification of housekeep-
ing genes to differentiate microbes [40], particularly the
16S rRNA gene in bacteria due to highly conserved and
hypervariable regions in its sequence [41]. Historically,
16S gene sequencing was performed by Sanger sequenc-
ing; however, in recent years many have progressed to
NGS as it has numerous advantages, particularly when
there are multiple microbes present in a sample. This
approach is sometimes referred to as 16S metagenomics,
but as it targets a fragment of one bacterial gene (not the
metagenome), it is more accurately referred to as 16S
sequencing. Because of slow turnaround time, 16S
sequencing has, until recently, mainly been used in
reference laboratories or as a last-line tool for identifying
fastidious or uncultivable bacteria when other methods
such as MALDI-TOF fail [42]. However, recent studies

have demonstrated rapid full-length 16S rRNA gene
nanopore sequencing (Oxford Nanopore Technologies)
can be used to identify pathogens in clinical samples
within hours [43,44].

16S sequencing, however, is not reliable at the species
level and is limited to bacterial identification. While there
are also universal markers for fungi (e.g. the nuclear
ribosomal internal transcribed region), viruses lack a
similar universal marker. Furthermore, such markers do
not give AMR information. Hence, researchers are begin-
ning to design amplicon sequencing panels targeting a
large number of pathogens and resistance genes. These
can be organism-specific, for example, specifically target-
ing TB resistance SNPs [45], or they can be general
panels that target multiple bacteria [46°°] viruses [47]
and resistance determinants. They are particularly useful
where high sensitivity tests are required (e.g. for sepsis
diagnosis); however, the currently published methods are
not sufficiently rapid to be clinically useful currently,
taking approximately three days. Switching from Illumina
to nanopore sequencing could significantly improve
speeds allowing the methods to be utilised in the near
future.

An alternative targeted approach is to enrich the target
species directly from clinical specimens using RNA baits.
One study applying this approach for Mtb diagnosis could
detect Mtb in all 43 sequenced sputa that had matched
positive mycobacterial growth indicator tubes (MGIT)
[48°]. Breadth of coverage was >85% in 32/43 (74%)
samples and resistance detection from sputum was con-
cordant across all methods including phenotypic resis-
tance testing in 21/23 resistance mutations identified.
This method gives results in 4-5 days, 31 days earlier
than phenotypic testing; however, it is currently prohibi-
tively expensive for routine use.

Clinical metagenomics

Metagenomics is the culture-free characterisation of all
the genetic material from a sample. It sidesteps limita-
tions of culture and, as a non-targeted method, is more
comprehensive than targeted tests. However, human
DNA largely dominates primary samples, limiting patho-
gen and AMR determinant identification [49]. Therefore,
enrichment of microbial DNA or depletion of human
DNA is an important step in clinical metagenomics [50].

Proof-of-concept studies using Illumina technology have
demonstrated the potential of clinical metagenomics in
bone and joint infections [51] and in ventilator associated
pneumonia (VAP) [52]. Clinical metagenomics have also
been applied for the diagnosis of viruses despite lower
DNA/RNA vyields [53,54]. The advantages of the non-
targeted clinical metagenomics approach were demon-
strated in a study of a patient with suspected encephalitis
with negative bacterial culture and viral PCR results.
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Metagenomics revealed an astrovirus infection, an
unusual encephalitis pathogen not routinely tested in
this context [55]. It is important to note, however, that
care must be taken when interpreting metagenomics
results due to the risk of contamination and because
the presence of a pathogen does not necessarily mean
it is the cause of infection.

[llumina sequencing has several disadvantages for imple-
mentation in clinical metagenomics including cost, if
multiplexing a high number of samples is not possible,
turnaround time (long sequencing run times) and short
reads. Single-molecule sequencing devices by Pacific
Biosciences and Oxford Nanopore Technologies
(ONT) have been transformative in sequencing due to
their ability to produce long reads [56]. PacBio SMR'T
technology can generate reads over 300 kb [57] and nano-
pore sequencing can generate reads >1Mb in length with
the current record at over 2.2 Mb [58]. Long reads aid in
genome assembly and matching AMR determinants to
their hosts [59]. Nanopore sequencing is particularly
applicable to clinical metagenomics due to MinION’s
low capital cost, portability and real-time data availability.
Clinical metagenomics using MinlON sequencing has
been employed for a wide range of samples including
urine [60], feces [61], blood [39] and respiratory samples
[62°°]. Charalampous ¢ a/. used a clinical metagenomics
pipeline (Figure 1), including human DNA depletion, for
the diagnosis of respiratory infection, with a turnaround of
6 hours [62°°]. They also demonstrated it was possible to
predict some resistance phenotypes using sequence data,
including methicillin resistance in §. aureus and B-lacta-
mase resistance in F. co/i. Greninger et al. used MinlON
clinical metagenomics for the detection of Ebola, chikun-
gunya and hepatitis C viruses, also with a turnaround of
6 hours [39]. Resistance variant calling has also been
demonstrated using Nanopore sequencing [63] and will
improve using metagenomic data as sequencing accuracy
and bioinformatics techniques evolve.

Predicting phenotypic resistance using DNA sequence is
complex. Resistance can be due to multiple mutations
and depend on gene expression levels; additionally, in
non-sterile sample sites such as the lung, resistance genes
may come from commensal organisms not causing infec-
tion, hence linking genes to organisms is important. A
potential solution to these complexities is to determine
resistance or susceptibility by lineage association [64°°].
Using a reference database of Streprococcus pneumoniae
isolates with known resistances, Brinda e /. were able
to use metagenomic data to deduce resistance and sus-
ceptibility in unknown §. preumoniae culture positive
sputum samples by determining their lineage [64°°]. A
limitation is that the association between the lineage
markers and AMR determinants must be strong for the
method to accurately predict phenotype; this is not the
case with all lineage/AMR determinant combinations.
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Conclusion

The current culture gold standard of diagnosing infec-
tions is not fit for purpose as it is too slow, not sufficiently
comprehensive and is prone to subjective interpretation.
This means that most antibiotic treatments are started on
empirical grounds, often leading to inappropriate pre-
scribing and contributing to the rise of antimicrobial
resistance. While some PCR-based rapid diagnostic tests
are being successfully implemented alongside culture for
the diagnosis of clinical syndromes such as pneumonia
and meningitis, these tests are not comprehensive enough
for pathogen and AMR determinant detection to replace
culture. Clinical metagenomics, on the other hand, can
detect bacteria, fungi, viruses, parasites and AMR deter-
minants in a single test within the eight-hour window
before second dose of broad-spectrum antibiotics,
enabling targeted therapy and reducing unnecessary
and inappropriate use of antimicrobials. While predicting
phenotype from genotype can be challenging, culture
must be replaced with rapid and comprehensive diagnos-
tic methods if we are to avert the looming global
AMR crisis.
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