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Abstract

With the advancement of microbiological discovery, it is evident that many infections, particularly
bloodstream infections, are polymicrobial in nature. Consequently, new challenges have emerged
in identifying the numerous etiologic organisms in an accurate and timely manner using the
current diagnostic standard. Various molecular diagnostic methods have been utilized as an effort
to provide a fast and reliable identification in lieu or parallel to the conventional culture-based
methods. These technologies are mostly based on nucleic acid, proteins, or physical properties of
the pathogens with differing advantages and limitations. This review evaluates the different
molecular methods and technologies currently available to diagnose polymicrobial infections,
which will help determine the most appropriate option for future diagnosis.
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1. Introduction & Background

In nature, microbes rarely exist in pure culture forms, thriving instead in complex
communities shared with other species. Human microbiota in both healthy and disease states
are no exceptions. With the advent of culture-independent analytical strategies, infections
previously classified as monomicrobial have now been shown to be associated with a
considerably diverse microbial population. The growing recognition of polymicrobial
diseases not only reveals the intricate microbe-microbe and microbe-host dynamics,
(Layeghifard et al., 2017; Peters et al., 2012; Tay et al., 2016) but underscores the
shortcomings in current diagnostic practices that can profoundly impact clinical outcomes.

Polymicrobial infection is defined as the disease caused by mixed infection of two or more
microorganisms. Polymicrobial bloodstream infection (BSI) has been gaining epidemiologic
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importance. In fact, a common sequela of BSIs—sepsis, is the tenth leading cause of death
in the United States with approximately 250,000 new cases each year and has been called an
emerging “hidden public health disaster” (Angus, 2010; Wisplinghoff et al., 2004).
Polymicrobial BSI has been reported for the past 50 years, with rates ranging from 5-38%.
(Bodey et al., 1965; Hermans and Washington, 1970; Hochstein et al., 1965; Kiani et al.,
1979; Reuben et al., 1989) These infections increase the risk of mortality (21-63%) by 2-3
folds and extend the length of hospital stay as compared to their monomicrobial counterparts
across all age groups in both ICU and non-ICU settings (Cooper et al., 1990; Downes et al.,
2008; Fanaroff et al., 1994; Hermans and Washington, 1970; Kiani et al., 1979; Mackowiak
et al., 1980; Pammi et al., 2014; Pavlaki et al., 2013; Sancho et al., 2012; Weinstein et al.,
1986) The mechanisms for increased mortality in polymicrobial BSI are not clear. The
increased mortality has been associated with inadequate and inappropriate antimicrobial
treatments;(Cooper et al., 1990; Elting et al., 1986; Harbarth et al., 2003; Reuben et al.,
1989; Roselle and Watanakunakorn, 1979) it may also arise from inherent host vulnerability
or synergism of one infection by another. Predisposing factors which may compound
mortality risk include the presence of intravascular catheter, gastrointestinal or genitourinary
diseases, malignancies, immunocompromised, recent surgical procedures, reliance on
parenteral nutrition, and chronic co-morbid conditions.(Hermans and Washington, 1970; Ing
et al., 1981; Kiani et al., 1979; Rello et al., 1993; Sutter et al., 2008) These predisposing
factors with varying sources of infections, patient populations, and clinical settings can all
influence the heterogeneity in the microbial composition of BSI. Despite poor outcome from
polymicrobial BSI, comprehensive characterization of its microbial composition and its
impact on diagnosis, prognosis, and treatment are still ill-defined.

Time is of the essence in BSI-related sepsis. Every hour delay in appropriate treatment
decreases survival by 7.6%.(Kumar et al., 2006) For patients with septic shock, mortality
risk increases by 5-fold within the first 6 hours without appropriate antibacterials.(Kumar et
al.) Prompt recognition is critical to saving lives. Since the spectrum of BSI pathogens is
wide and the associated clinical presentations are variable, the high mortality risk warrants
empiric broad-spectrum antimicrobial therapy to be initiated immediately in suspected cases
(Beekmann et al., 2003; Rhodes et al., 2017) Unfortunately, current diagnostic standard
based on the blood culture has failed to provide accurate and comprehensive microbial
profiles quickly enough to guide the early management of suspected patients. Prolonged
multi-step processing to detect positive microbial growth, followed by the identification of
pure isolates and antimicrobial susceptibility testing (AST) makes blood culture very time-
consuming (2-5 days) and labor-intensive.(Loonen et al., 2014) Administration of the
antibiotic therapy prior to sampling can also compromise the culture sensitivity.(Struelens,
2009) Although BSI are predominantly caused by non-fastidious organisms, slow growing,
fastidious, inert, or non-cultivatable yet disease-causing organisms may be underreported. In
polymicrobial BSI, differential inherent microbial fitness and co-culture conditions may
favor one species/strain over another, prohibiting a comprehensive survey of all organisms
involved. Quantitative microbiology for BSI may provide clinically valuable information,
such as differentiating pathogens from colonizer/contaminant, stratifying disease severity, or
monitoring treatment response.(Hall and Lyman, 2006; Yagupsky and Nolte, 1990)
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Unfortunately, the value of this metric may be under-appreciated due to broth culture’s
inability to measure microbial load routinely.

During the prolonged delay in obtaining blood culture results, patients may continue
receiving ineffective or unnecessary broad-spectrum antimicrobials, leading not only to poor
patient outcome, but also adverse iatrogenic effects (e.g. Clostridium difficiles colitis) and
increased selection for multi-drug-resistant (MDR) pathogens.(Alm et al., 2008; Boucher et
al., 2009; Cotten et al., 2009) Consequently, clinicians have fewer treatment options
particularly in the direst patients. Antimicrobial therapies have been found to be insufficient
for approximately 2 out of every 3 cases of polymicrobial BSIs and 1 out of every 3 cases of
monomicrobial BSls.(Retamar et al., 2012) Despite broad initial empiric antimicrobial
coverage, escalation in antimicrobial spectrum — e.g. double covering for Pseudomonas spp,
adding colistin for Acinetobacter spp or antifungal for candidemia — may be required if
these pathogens are involved as the primary or co-infectants. The emphasis to de-escalate
antimicrobial therapy early in order to reduce drug side effects and the selective pressure for
resistance is often based on the poorly sensitive blood culture results. However, de-
escalation is less likely when time to AST result is longer or when all pathogens involved in
a polymicrobial BSI are not reliably identified.(Munson et al., 2003; Trenholme et al., 1989)

The burden of polymicrobial BSIs corroborates the need to re-examine current clinical
microbiological practices and explore better identification techniques for more sensitive,
rapid, and reliable diagnosis, prognosis, and treatment of the disease. Accurate identification
of the pathogens and their relative abundances is imperative for effective monitoring,
treatment, and understanding of the disease. Improved diagnostics provide clinicians with
more information on a microbial community’s composition and antibiotic susceptibility,
allowing for 1) earlier detection of infections and the identification of all pathogens
involved; 2) determination of the clinical significance and the underlying source of the
detected organisms;(Seifert, 2009) 3) assessment of the disease stage and progression; 4)
more personalized and targeted treatment plans for patients; 5) feedback on the effectiveness
of the treatment; and 6) greater insight into interspecies interactions contributing to the
disease progression.

Advances in molecular technologies now provide tools to examine complex microbial
communities in a high-throughput manner. The cultivation-independent molecular
approaches are now being used to reveal “new” pathogens, as well as the polymicrobial
nature of some infections. This review will evaluate the different molecular methods
available to potentially diagnose a polymicrobial infection (Fig. 1), particularly the BSI.
(Daniels, 2011; Hermans and Washington, 1970; Kumar et al., 2006; Pavlaki et al., 2013;
Weinstein et al., 1986) An optimal diagnostic technique should not only be accurate,
inexpensive, and easy to use, but also possesses additional features such as quantification of
relative abundances, unbiased breadth of detection with species level identification, and
determine antimicrobial susceptibility profile, with results available within the acute-care
timeframe to impact clinical care. Based on the recommendations of Surviving Sepsis
Campaign(Rhodes et al., 2017), the optimal window of opportunity for a diagnostic to
optimize the antimicrobial stewardship should be within 6 hours after the initial empiric
treatment, during which the clinical response is assessed prior to second scheduled drug
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dosing.(Daniels, 2011) Collectively assessing these techniques will provide a clearer
understanding of their benefits and drawbacks. This will help determine the most
appropriate option for a polymicrobial infection diagnostic technique that can significantly
lower healthcare costs and save lives by providing timely and accurate diagnoses to guide
clinical decisions.

The diagnostic technologies summarized in Fig. 1 is loosely categorized into detection
technology and identification technology in this review. The main purpose of the detection
technologies, such as the traditional blood culture and PCR, is to determine the if the
pathogens are present in the blood sample. The main purpose of the identification
technologies, such as the sequencing, fingerprinting and microarray, is to determine the
pathogen species. The nucleic acid-based identification technologies are usually coupled
with a pre-amplification process by PCR. The sensitivity of these identification technologies
hence is limited by PCR. In many studies, the performance of the identification technologies
is evaluated primarily based on their ability to correctly determine the pathogen species, but
the detection sensitivity is not assessed. There are some overlaps between the two categories.
For example, the target-specific PCR and digital PCR are able to perform both pathogen
detection and identification as the same time.

In the following sections, we will evaluate well-established molecular detection techniques
with an emphasis on their multiplexing capability for polymicrobial infection diagnostics.
Next, we will look into several emerging technologies that shed light on possible new
pathogen sensing strategies. In the end, we will discuss problems that remain to be resolved
and share our view on the future development required to advance polymicrobial infection
diagnostics.

2. Molecular Techniques for Pathogen Detection and Antimicrobial

Susceptibility Testing

2.1 Sequencing

Existing sequencing techniques could be broadly categorized into the low-throughput
sequencing (LTS, e.g. Sanger sequencing and pyrosequencing) and the high-throughput
sequencing (HTS, e.g. the next generation sequencing (NGS) and the third-generation single
molecule sequencing). Because the sequencing technologies analyze the DNA and not live
bacteria, it is capable of identifying slow-growing bacteria or anaerobic bacteria that are
incapable of growing in culture.(Liderot et al., 2010)

2.1.1 Low-Throughput Sequencing—The LTS is well-suited for the small-scale
analysis. Common LTS technologies include Sanger sequencing and pyrosequencing.
Compared to Sanger sequencing, pyrosequencing does not require the post-reaction analysis
by electrophoresis. In pyrosequencing, the sequence information is obtained in real-time.
Therefore, pyrosequencing is more commonly used for HTS via large-scale parallelization
nowadays. The LTS technologies are mainly used for targeted sequencing. Instead of
mapping out the entire genome, LTS only unveils the sequence of several specific loci of
interest. In current clinical settings, LTS platforms such as the Sanger sequencing remains
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the standard sequencing method for genotyping. (Dewey et al., 2012) The throughput of
Sanger sequencing is significantly lower compared to the HTS, but it could satisfy the needs
of diagnostic laboratories which only analyze limited number of samples. The LTS has
several unparalleled advantages over the HTS. First of all, the cost per sample of LTS is
substantially lower than the HTS for the low number of targets tested in clinical laboratories.
As aresult, LTS such as Sanger sequencing has been widely adopted by the clinical
laboratories, whereas the HTS is not an affordable option for the routine diagnostics. The
main disadvantage of LTS is its low throughput. The LTS is often used to read a DNA
fragment rather than the full-length sequence of the target gene or the genome. The partial
sequence would limit the phylogenic resolution in pathogen identification. Another major
drawback of LTS is its limited capability in analyzing polymicrobial samples. The
complexity of the chromatogram for polymicrobial infection limits Sanger sequencing to
analyzing only three or four bacterial species in one sample before the specificity starts to
decrease. (Kommedal et al., 2009)

2.1.2 High-Throughput Sequencing—Common HTS technologies include Illumina’s
reversibly terminated dye technology, 454 pyrosequencing technology, lon Torrent’s
semiconductor sequencing technology and Pacific Bioscience’s single molecule sequencing
technology. The HTS for bacterial identification remains costly to run on a regular basis and
not within the means of most laboratories. In addition, the entire sequencing workflow takes
several days to complete, which is unpragmatic as a routine diagnostic tool. (Gyarmati et al.,
2015) Nevertheless, with the advent of less expensive and more rapid HTS technologies,
genomic analysis could become a viable option for diagnostic laboratories. Successful
diagnostics of bacteremia in septic patients by the HTS has already been demonstrated in a
clinically relevant timeframe. (Grumaz et al., 2016) The HTS could easily sequence the
entire genome, providing a massive set of data that unveils any genetic and genomic
abnormalities. Besides its high-throughput, the greatest advantage of HTS is its high degree
of multiplexing, (Dubin et al., 2016; Huttenhower et al., 2012; Langille et al., 2013; Qin et
al., 2010; Qin et al., 2012) which makes HTS an ideal tool for diagnosing polymicrobial
infections. HTS has been demonstrated to differentiate tens to hundreds of bacterial species
present in the microbiota.(Qin et al., 2010; Qin et al., 2012) A very limited number of
studies have been reported on the diagnostics of infectious diseases using clinical samples
with HTS, among which HTS shows a 85%—-99% concordance with the culture-based assays
in terms of species identification and antibiotic resistance profiling. (Anis et al., 2018;
Stoesser et al., 2013) In terms of the disadvantage, the major drawback of the HTS is the
burden of big data. The HTS generates an enormous amount of data that may be excessive
for the simple task of pathogen identification. Clinical laboratories might be able to afford
the sequencing equipment, but would lack the necessary computational power and
specialized bioinformatician to make full sense of these data for diagnostics. This issue
could be mitigated by the development of more user-friendly bioinformatic tools and cloud
computing service. Compared with Sanger sequencing, the error rate of the HTS is slightly
higher. (Dewey et al., 2012) To address this issue, high-fidelity DNA polymerase has been
optimized specifically for HTS to lower the chance of introducing mutation and reduce the
GC bias, hence increase the accuracy of the sequencing data. (Oyola et al., 2012; Quail et
al., 2012) The library prepared using such as Kappa HiFi DNA polymerase is able be
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achieve a high performance similar to that of an amplification-free library. (Quail et al.,
2012)

Targeted HTS identifies bacterial species by profiling a specific DNA sequence instead of
the mapping out the entire genome. The 16S ribosome RNA (rRNA) gene is a widely used
marker sequence. Several bioinformatic databases are dedicated to the rRNA. (Cole et al.,
2008; Cole et al., 2013; Pruesse et al., 2007; Quast et al., 2012) These databases contain the
full sequence of the 16S rRNA gene of a large number of strains. The 16S rRNA gene has
several attractive features that make it a desirable biomarker for pathogen identification.
First, the 16S rRNA gene is a well-characterized gene that contains the unique signature of
the bacteria. The 16S sequence information alone is often sufficient to identify the bacterial
species and determine the phylogenetic relationship between species. (Clarridge, 2004;
Conlan et al., 2012) Second, the 16S rRNA gene contains highly conserved regions, which
could serve as the flanking region for the universal amplification of polymicrobial samples.
Studies of microbiome often use this approach to identify the bacterial species that are
present in the microbial community.(Huttenhower et al., 2012; Langille et al., 2013; Qin et
al., 2010; Qin et al., 2012)

Although the 16S rRNA gene has been used extensively in the bacterial classification, some
bacteria cannot be resolved beyond the genus level using this gene, such as certain
Escherichia and Shigella. (Janda and Abbott, 2007; Mignard and Flandrois, 2006)
Sequencing the 16S rRNA gene alone may not provide enough precision for clinical
diagnostics where the pathogenicity can depend on the species or even subspecies. Other
sequencing approaches make use of the 23S rRNA gene, the rpoB (RNA polymerase subunit
B) gene, the intergenic spacer region (ISR) between the 16S rRNA and 23S rRNA, or the
ISR between rpoB and rpoC.(Gurtler and Stanisich, 1996) These target sequences have their
own advantages. For example, rpoB has been shown to provide more details and allow for
sub-species identification.

There is a debate on whether to use targeted HTS or the whole genome sequencing (WGS)
for pathogen identification. The main advantage of targeted HTS is its cost effectiveness. It
is well suited for studies that require analyzing samples from a large cohort. However,
targeted HTS offers limited phylogenetic resolution. Because it only analyzes a number of
short DNA segments, the degree of sequence variation in these regions may not be adequate
to distinguish closely related species.(Vétrovsky and Baldrian, 2013) In several studies that
compared targeted HTS and the WGS, the number of species identified by targeted HTS was
significantly lower than the WGS.(Jovel et al., 2016; Ranjan et al., 2016) Furthermore, the
selection of the target regions and the design of flanking primers may cause bias during
amplification and lead to discordant results. In contrast, WGS uses random primers and
degenerate oligonucleotides, thus eliminating the need for designing specific primers if a
sufficiently conserved region cannot be found. Compared to targeted HTS, WGS s less cost
effective, but it is able to identify more species from the metagenome because WGS covers
more variable sites that could be used for the phylogenic classification. In addition, WGS is
able to concurrently identify bacteria, viruses, fungi and other organisms present in the
metagenome. In polymicrobial BSI, in addition to bacteria, fungi such as Candida species,
viruses such as Herpes Simplex Virus or Cytomegalovirus (particularly in
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immunocompromised patients), and other organisms such as Plasmodium species or
Trypanosoma cruzi may be present in the blood sample. Only the WGS can the identify
other microorganisms in addition to bacteria. It can also predict antimicrobial susceptibility
profiles based on the presence of resistance genes.(Hasman et al., 2014)

In the diagnostic context, the accuracy and the cost are the primary concerns. Low-
throughput sequencing, e.g. Sanger sequencing, meets most of the current diagnostic needs,
which usually only requires targeted sequencing instead of WGS and does not need the
throughput level of HTS after taking the cost into consideration. However, Sanger
sequencing has limited success in characterizing polymicrobial samples. The HTS certainly
has an edge in diagnosing polymicrobial infection. While both targeted HTS and WGS show
a high degree of multiplexing capability, only the WGS could identify coinfections by
microbes of different kingdoms, such as bacteria-fungi coinfection and fungi-parasites
coinfection. The technical advantages of WGS in diagnosing polymicrobial infections are
unparalleled. Yet, WGS is the technique that faces the greatest challenge to enter the
diagnostic laboratory due to its high cost. A compromise must be made, at least for now,
between the cost and the test accuracy to benefit the patients most.

2.2 Fingerprinting Technology

Fingerprinting refers to a set of technologies that identify pathogens by capturing their
unique genetic, proteinic or extrinsic optical signatures. Fingerprinting technologies do not
intend to obtain the entire genomic or proteomic information. Instead, only selected
information unique to the species is collected for the purpose of pathogen identification and
differentiation. This information, which is often an indirect spectral profile, /.e. the spectral
information that does not contain the DNA sequence or protein structure, is compiled into a
database. Unknown samples are identified by matching their spectral profiles against the
database.

2.2.1 Genetic Fingerprinting—Genetic fingerprinting for the identification of bacterial
pathogens usually starts with a broad PCR that uses flanking primers to amplify certain
hypervariable regions. Amplicons of these hypervariable regions carry the signature of the
pathogens. Various techniques are implemented to transform the pathogen-specific
information embedded in the amplicons to a unique fingerprint spectral profile which is then
matched against a spectral database for a possible hit. In this section, we will discuss two
well-established genetic fingerprinting technologies that use the high-resolution melting
curve (HRM) (Andini et al., 2017; Athamanolap et al., 2014; Fraley et al., 2016; Fraley et
al., 2013; Hardick et al., 2012; Jeng, Kevin et al., 2012; Masek et al., 2014; Reed et al.,
2007; Velez et al., 2017; Won et al., 2010; Yang et al., 2009) and the electrospray ionization
mass spectrometry (ESI-MS) (Ecker et al., 2005; Ecker et al., 2008; Jacob et al., 2012;
Kaleta et al., 2011a; Pierce et al., 2012; Sampath et al., 2012) to analyze the broad PCR
amplicons for the bacterial pathogen identification.

2.2.1.1 Genetic fingerprinting by HRM: Broad PCR followed by the HRM analysis
generates melt curve profiles that are unique to the pathogens. The melting curve profile is
dependent on the size and the sequence of the PCR amplicon.(Reed et al., 2007) By
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targeting the hypervariable regions of the 16S rRNA, each bacterial species would result in a
unique PCR amplicon thus a distinctive melt curve profile. This melting curve profile allows
us to differentiate bacterial species based on the sequence variations without having to
determine the exact sequence. Furthermore, the HRM analysis is a single-tube assay that
uses a small volume of reagents and the sample. Hence, it is a low-cost and reliable assay
that only takes a few hours to complete, falling within the optimal time window for the
urgent care of infectious diseases. Several works have demonstrated the successful
identification of bacterial species in blood samples by amplifying the hypervariable regions
of the 16S rRNA gene followed by the HRM fingerprinting of the amplicons.(Andini et al.,
2018; Won et al., 2010) To increase the phylogenic resolution of the HRM fingerprinting
technology, three strategies have been proposed to enhance the sequence variation of the
amplicons. One of the early strategies is to produce multiple amplicons, each of which
targets one hypervariable region of the 16S rRNA gene.(Yang et al., 2009) As a result,
multiple melting curve profiles are generated for each sample, and all the melting curve
profiles must match the database to qualify for a hit. This approach is relatively tedious and
resource-demanding as each sample must be analyzed multiple times. To simplify this assay,
later an alternative strategy has been proposed to cover multiple hypervariable regions with a
long amplicon.(Andini et al., 2017; Fraley et al., 2016; Velez et al., 2017) The long amplicon
would generate highly complex melting curve profiles with more distinctive features. (Fig.
2) Machine learning programs have been developed to match these highly intricate melting
curve profiles against the database. Using this approach, Fraley and colleagues has identified
37 clinically relevant bacterial in positive blood culture samples by targeting the 16S region
with an accuracy of 100%. (Fraley et al., 2016) By targeting the internal transcribed spacer
(ITS) region, the same group has achieved 95% accuracy in identifying 89 bacterial isolates
and 90% accuracy in identifying pathogens in 59 positive blood culture samples at species
level. (Andini et al., 2017) Later, the same approach has been extended to the whole blood
sample. (Andini et al., 2018) The authors have achieved a detection sensitivity of 1 CFU/mL
in the whole blood sample for four nosocomial organisms (Bcinetobacter baumannii,
Escherichia coli, Klebsiella pneumoniae, and Staphylococcus aureus) using the broad PCR
to target the ITS region. All four bacterial species have been successfully identified in the
whole blood samples.(Andini et al., 2018) Yet another unconventional strategy uses
molecular beacon instead of the intercalating dye as the melting probe.(EI-Hajj et al., 2009)
A set of “sloppy” molecular beacons labeled with different fluorescent dyes would hybridize
to the amplicon. The sequence variation leads to different mismatch patterns between the
molecular beacons and the amplicon, generating multiple melting curves in different
fluorescent channels, each of which represents a melting curve from one molecular beacon.
Although it has the potential for a higher degree of multiplexing compared to the
intercalating dye-based HRM fingerprinting, the molecular beacon-based HRM is less cost-
effective and more resource demanding. Unfortunately, there is no follow-up clinical study
to demonstrate the capability of the “sloppy” molecular beacon in pathogen identification. In
the context of molecular diagnostics, the intercalating-dye based HRM fingerprinting is
more widely used for pathogen identification.

A commercially available assay known as the SeptiFast MG (Straub et al., 2017; Warhurst et
al., 2015) is capable of detecting a panel of 25 different fungal, Gram-positive, and Gram-
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negative pathogens within six hours directly from blood based on the HRM fingerprinting
technology. It uses both universal flanking primers and specific primers to amplify the ITS
region of the bacteria and fungi. In addition, sequence specific melting probes are added to
enhance the distinguishability of the amplicons.(Lehmann et al., 2008) The analytical
sensitivity of Septifast ranges from 3 CFU/mL to 100 CFU/mL depending on the
microorganism. (Lehmann et al., 2008) In spiked whole blood samples, the authors
successfully identified all 25 species at 100 CFU/mL with a 100% hit rate. At 30 CFU/mL,
all 25 species were correctly identified, and 20 out of 25 had a 100% hit rate. At 3 CFU/mL,
21 out 25 species were correctly identified, and 15 out 25 species had a hit rate over 75%.
The authors also tested over 1500 clinical isolates, and there was only 1.2% discrepancy
from the conventional PCR and the culture-based approach. In clinical validation studies, the
overall agreement between Septifast and blood culture is between 70%-80%. (Casalta et al.,
2009; Westh et al., 2009)

A significant drawback of the conventional HRM fingerprinting technology is its difficulty
in distinguishing individual pathogens in the polymicrobial sample based on the melting
curve profile alone.(Corless et al., 2000; Garcia et al., 2004; Tong and Giffard, 2012;
Weinstein et al., 1997) Although the complex melting curve profile of a polymicrobial
sample can be deconvoluted to identify the individual components as demonstrated with the
SeptiFast MG, it is limited to 2—3 microorganisms.(Mancini et al., 2009) The deconvolution
requires that the melting curve profile of each microorganism is significantly different from
each other. Even though, the deconvolution process becomes exponentially more difficult
with increasing number of microorganisms in polymicrobial infections. This issue could be
resolved with the digital HRM fingerprinting (dHRM) technology (Fig. 3). In dHRM, the
DNA sample is partitioned by limited dilution so that each PCR compartment contains only
one target DNA template.(Fraley et al., 2013; Quail et al., 2012) Essentially, each PCR
compartment only generates one melting curve profile according to the type of DNA
template it contains. The combined melting curve profiles from all the digitized PCR
compartments would indicate all the pathogens in the polymicrobial infection. The digital
HRM technology shows a great promise in both the quantification and identification of
bacterial pathogens in polymicrobial samples. Nonetheless, it remains a proof-of-concept
technology at current stage with demonstration performed with only bacterial isolates.

2.2.1.2 Genetic fingerprinting by ESI-MS: The broad PCR amplicons can also be
fingerprinted using ESI-MS. ESI-MS analyzes the base composition of the amplicon (/.e. the
number of A, T, C and G) using the mass information of the nucleotide bases. Usually,
multiple amplicons that target the variable regions are analyzed using ESI-MS. The base
compositions of all the amplicons of an unknown sample are subsequently matched against
the reference MS database.(Jordana-Lluch et al., 2014) An automated ESI-MS platform
(PLEX-ID) with a built-in assay for BSI pathogen identification (BAC Spectrum Assay) is
commercially available (Abbott Laboratories, Lake Bluff, United States).(Jacob et al., 2012)
On the PLEX-ID platform, the base composition are analyzed for the identification of
pathogens at species level or even subspecies level. Results are usually available within a
few hours using whole blood samples, (Laffler et al., 2013) falling within the optimal time
window for the urgent care of infectious diseases. ESI-MS also provides information for
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antibiotic susceptibility (BaldZova et al., 2014; Hrabék et al., 2013) as well as fungal(Kaleta
etal., 2011a; Kaleta et al., 2011b; Simner et al., 2013) and viral(Mengelle et al., 2013;
Metzgar et al., 2010; Tang et al., 2013) infections. Unfortunately, Abbot discontinued the
PLEX-ID platform due to possible financial, logistic and regulatory issues. (Ozenci et al.,
2017)

2.2.2 Protein Fingerprinting—The total protein profile could serve as a fingerprint of a
species. Early forms of total protein profiling of microbes use the high-performance liquid
chromatography (HPLC), and the resulting spectral profile are analyzed and matched against
a known spectral database. More recent developments such as the electrospray ion (ESI) and
the matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry have improved the resolution and the coverage substantially.(van Baar, 2000)
ESI and MALDI are two different popular ionization techniques employed by mass
spectrometry. (EI-Aneed et al., 2009) ESI takes soluble samples dissolved in a polar solvent
and favors molecules with multiple charges. Therefore, ESI is well-suited to analyze PCR
amplicons. MALDI is the most popular ionization technique used for protein analysis. It
crystalizes the sample in an appropriate solid matrix. The sample-matrix crystal absorbs the
laser energy, causing the analyte to ionize and desorb from the matrix. As the ionized
molecules from the whole bacteria sample fly through a vacuum tube, they are separated
based on their mass-to-charge (m/z) ratio, generating a m/z profile of all the proteins in the
sample. MALDI-TOF has been in existence since the 1980s. Only in recent few years, it has
obtained US FDA approval and Europe CE mark for the diagnostics of infectious disease in
clinical laboratories.(La Scola, 2011) MALDI-TOF MS’s exceptional identification
accuracy is the primary highlight of this technology. The bacteria identification rate by MS
fingerprinting is similar to that of 16S gene sequencing.(Benagli et al., 2011; Saffert et al.,
2011; Tan et al., 2012) MS has been primarily used with microbes growing on the solid
culture media, but it has also been implemented with microbial suspension. While the
analysis itself can be completed within minutes, the requirement of culture growth is a
significant limitation that contributes to the amount of processing time needed.(Mancini et
al., 2010) MS is unable to perform direct analysis on clinical blood samples because of the
low microbial abundance. Usually blood culture is required to enrich the bacteria to a
detectable level. Low reproducibility is also an issue because of the variability in preparatory
methods and the matrix composition. (van Baar, 2000) Another limitation of MS-based
fingerprinting is its limited capability in classifying multiple pathogens from the
polymicrobial samples.(Chen et al., 2013; Lagacé-Wiens et al., 2012; Tadros and Petrich,
2013) Compared to the spectral profiles generated by the genetic fingerprinting techniques,
MS’s spectral profile is more complex, which makes it problematic to deconvolute the
composite spectra collected simultaneously from multiple bacterial species in the
polymicrobial sample.

2.2.3 Fingerprinting by Surface Enhanced Raman Spectroscopy (SERS)—
SERS measures the Raman scattering of the target molecules on the surface made of metal
or other materials such as graphene.(Campion and Kambhampati, 1998; Schliicker, 2014;
Stiles et al., 2008; Yang et al., 2015; Yang et al., 2016). Raman scattering is a label-free
technology for the molecule identification. When excited by the laser, the vibrational
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motions of each molecule generate a unique and accurate light spectrum that serves as the
molecule signature. The surface plasmonic effect in SERS substantially enhances the Raman
scattering signals by many orders of magnitude to achieve a high detection sensitivity. In
addition to the solid surface, metal colloidal particles can also function as the solid substrate
for surface plasmonic enhancement. SERS can easily detect the presence of bacterial cells
on the surface and yields an information-rich spectrum that could be used as a fingerprint for
pathogen identification.(Boardman et al., 2016; Dina et al., 2017; Jarvis and Goodacre,
2004; Premasiri et al., 2017; Premasiri et al., 2016; Wang et al., 2016; Wu et al., 2015) The
SERS spectral profile is then matched against a reference database. Bacteria have been
successfully discriminated at the strain level by SERS-based fingerprinting.(Walter et al.,
2011) In one study,(Boardman et al., 2016) pathogens from the positive blood culture
samples were concentrated by centrifugation after selectively lysing the blood cells and
measured by SERS on a silica substrate covered with gold nanoparticles. 17 bacterial species
were successfully identified based on their SERS spectral profiles. Similar to MS, the major
drawback of SERS is its limited capability in analyzing polymicrobial samples. Although a
composite spectrum can be deconvoluted in theory, it may prove technically challenging as
the SERS spectral profile is highly complex. The single-cell sensitivity of SERS gives a
silver lining. (Boardman et al., 2016; Dina et al., 2017; Wang et al., 2016) With its ability to
analyze a single bacterial cell, we propose a digital SERS for the diagnostics of
polymicrobial BSI. Similar to digital PCR (Fig. 3), the bacterial cells are digitalized by
limited dilution so that no more than one bacterial cell is contained in each micro
compartment. The SERS spectrum could be measured from each compartment, and the
bacterial species could be identified one at a time to diagnose polymicrobial infections.

2.2.4 Fingerprinting Technology and Polymicrobial Infection Diagnostics—In
the context of molecular diagnostics, the fingerprinting technologies have compelling
advantages over HTS. Although HTS provides a detailed genetic or genomic map, it
generates a massive amount of information and overwhelms the user with unnecessary data
burden. The simplicity, low cost and fast turnaround time suggest that the fingerprinting
technology is more well-suited for molecular diagnostics in clinical settings. Unfortunately,
the fingerprinting technology has limited multiplexing capability which is the key to
diagnosing polymicrobial infections. Although PCR followed by ESI-MS fingerprinting has
been demonstrated to resolve pathogens in polymicrobial infections, the workflow is
technically complicated by clinical diagnostic due to the requirement of multiple amplicons.
(Jeng, K. et al., 2012) In theory, one could deconvolute a composite HRM, an MS or a SERS
spectral profile of multiple pathogens into individual spectrum to match against the
reference database. In reality, this approach proves challenging. As the number of species
increases in polymicrobial infections, the composite spectral profile becomes too intertwined
to be deconvoluted. In addition, the interactions between different targets may further
obscure the true identity of individual species in polymicrobial infections. For example, the
main concern for polymicrobial HRM fingerprinting is the distorted melting curves caused
by inter-strand interactions between amplicons resulted from different species. In such a
case, the resulted composite melting curve profile is not a simple convolution of individual
melting curves.
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We propose one potential solution to accomplish a high degree of multiplexing for the
diagnostics of polymicrobial infections by fingerprinting technologies is the digitization at
the single-molecule or the single-cell level (Fig. 3). In a way, the digitization physically
deconvolutes the fingerprinting spectral profiles and employs the large-scale parallelization
for multiplexing. At the single-molecule level, each DNA template is partitioned into an
individual compartment for digital PCR. The amplicon in each partition originates from a
single species and can be easily identified using the HRM or the ESI-MS fingerprinting
technology. The compiled spectral profiles from all the particles paint a full picture of the
microbial composition in the polymicrobial sample. At the single-cell level, each cell could
be partitioned for direct PCR (/.e. without DNA extraction) and identified using the HRM or
the ESI-MS fingerprinting. Alternatively, each single bacterial cell could be directly
analyzed using its protein fingerprint or the SERS fingerprint. The single-cell fingerprinting
techniques do not have an amplification mechanism. Therefore, the detection sensitivity is
the greatest limiting factor. Although both MS and SERS show a single-cell sensitivity, these
techniques are still immature for clinical implementation.

2.3 Target-Specific Testing

The sequencing and fingerprinting technologies intend to classify all pathogens in
polymicrobial infections, hence are categorized as the broad testing. In contrast, the target-
specific testing is designed to check if certain pathogens of interest are present, but does not
examine other possible pathogens. The target recognition is accomplished either by
sequence-specific primers during PCR or through the sequence-specific probe that hybridize
to amplicons post-PCR or directly to RNA in situ.

2.3.1 Multiplexed PCR—Real-time quantitative PCR (qPCR) is capable of multiplexed
pathogen identification of polymicrobial infections. Because real time gPCR checks for the
presence of DNA, it is useful in situations where antibiotics have previously been
administered, or if bacteria do not grow well in the culture. Multiplex real-time gPCR uses
several different sequence-specific primers and probes to target the pathogens of interest;
each primer/probe set recognizes one pathogen. The pathogen identification is based on the
successful amplification by each of these primer/probe sets. The diagnoses of polymicrobial
infection are made possible through this method, because each target is reported by a distinct
fluorescent dye. However, the competition for PCR reagents may hinder the accuracy of
real-time qPCR in the detection of polymicrobial infections.(Dierkes et al., 2009; Tsalik et
al., 2010) An alternative approach is to separate each target and run several PCR in parallel.
This approach avoids the complication in multiplexed PCR, but it increases the reagent
consumption and demands more effort in assay preparation.

A commercial system known as the Xpert from Cepheid uses a self-contained cartridge for
both the sample preparation and multiplexed real-time PCR in infectious diseases
diagnsotics.(Cepheid) It uses the traditional Tagman® probe for multiplexing. Due to the
limited width of the fluorescent spectrum, Xpert and other real-time gPCR systems have a
limited multiplexing capability. Usually only up to 5 targets can be detected in a single
reaction. As a matter of fact, most Xpert panel targets only one or two pathogens. Its Carba-
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R panel has the highest degree of multiplexing and detects 5 target resistant genes for
carbapenemase.(Tato et al., 2016)

Another commercial product is known as the FilmArray from Biomérieux. Its blood culture
panel is capable of detecting 3 antibiotic resistant genes in addition to 24 pathogen targets,
including Gram positive bacteria, Gram negative bacteria and yeasts.(Altun et al., 2013) It
uses a two-stage nested PCR approach. After the first amplification, the amplicons are
divided into a microwell array for the second stage PCR. The multiplexing is realized by
spatially separating each reaction into a micro reaction chamber, and only one fluorescent
dye is required. Although the FilmArray uses the melting curve to confirm the identity of the
pathogen, the primary detection strategy relies on the target-specific primers. Using the
positive blood culture sample, the assay turnaround time is 1 hour with only 2 minutes of
hands-on time with an automated instrument. The manufacturer claims that “you can
identify pathogens in 9 out of 10 positive blood cultures”. Users’ evaluation suggests this
number could be true for monomicrobial infections if all pathogens are on the panel.(Altun
et al., 2013) The number drops to ~80% once microorganisms outside the panel are present
in the sample. In the case of polymicrobial infections, the FilmArray is only able to detect
all the target pathogens in ~70% of the positive blood culture samples.(Southern et al., 2015)
The FilmArray is a closed system with dedicated instrumentation. While this standardizes
the results, it also increases equipment expenses for laboratories that currently use a different
machine for gPCR.

The SeptiFast MG system mentioned in the previous section uses HRM fingerprinting to
identify pathogens. However, it introduces the sequence-specific probes to facilitate the
melting curve analysis. These melting probes enhance the distinguishability of the melting
curve profiles. In addition, several sequence-specific primers are added in addition to the
universal flanking primers. Strictly speaking, SeptiFast MG is a hybrid of sequence-specific
testing and genetic fingerprinting.

2.3.2 Digital PCR—Digital PCR quantifies by counting the number of DNA template
molecules. The DNA template is diluted and partitioned into hundreds to thousands of
separate wells or droplets, each of which contains a digital copy of the DNA template, /.¢e. a
single DNA template molecule or no molecule at all. The wells containing the molecule of
interest are then amplified by the target-specific PCR, allowing for a precise quantification
of the DNA template by counting the number of positive wells.(Hindson et al., 2011)
Applied to pathogen detection, the use of digital PCR eliminates the possible bias caused by
the preferential amplification as there is only one target template in each reaction and no
PCR competition. Digital PCR is capable of quantifying extremely low concentrations of
bacterial pathogens. A multiplexing digital PCR could be used to identify pathogens in
polymicrobial infections.(Whale et al., 2016) However, same as the real-time gPCR, the
multiplexing capability of digital PCR is also limited by the fluorescent spectrum with a
maximum of 5 optical channels available for different targets.(Buchan and Ledeboer, 2014)
The substantial increase in the quantification resolution by digital PCR is a significant
advantage, but the numerous wells require greater volumes of reagents and longer
processing time compared to the gPCR, which contributes to a higher cost.(Yang et al.,
2014) Although recent development in microfluidic digital PCR technology has substantially
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reduced the reagent volume and the cost associated with microfluidic chip and equipment,
the additional microfluidic processing time brings new challenges. By analyzing the
circulating DNA in the plasma from the sputum smear-positive pulmonary tuberculosis
patients, Ushio and colleagues detected Mycobacterium tuberculosis using digital PCR and
achieved 69% sensitivity and 93% specificity.(Ushio et al., 2016) In another study that
detects Helicobacter pyloriin the stool sample, the digital PCR assay achieved 84%
sensitivity and 100% specificity when benchmarked against the serological test.(Talarico et
al., 2016) As a recently developed diagnostic device, digital PCR lacks the substantive
clinical records that many other techniques have. So far, digital PCR is only used as a
generic technology platform. Its applications in infection disease diagnostics are being
explored, but no diagnostic product has been deployed. Nevertheless, its powerful
quantification capability promises great diagnostic potential for polymicrobial infections.

2.3.3 Microarray—Microarray utilizes surface-immobilized oligomeric probes (DNA,
RNA and their derivatives) to capture and detect DNA/RNA of the pathogens through the
sequence-specific complementary hybridization. It reduces the sample and reagent
consumption and related cost. Microarray is highly accurate and able to discriminate down
to the species or strain level.(Ballarini et al., 2013) Complex bacterial pathogen communities
can be differentiated by microarrays. For instance, the BactoChip is capable of
distinguishing six different Staphylococcus species from a mixed sample.(Ballarini et al.,
2013) Its fluorescent probes can detect and quantify up to 54 distinct species, and its
accuracy does not decrease with more complex samples.(Ballarini et al., 2013) Several other
commercially available microarray platforms read the scattering signals from the gold/silver
nanoparticle-labeled probes that recognize specific bacterial pathogen targets. The Verigene
platform from Luminex Corporation has two separate panels for Gram-negative (Wojewoda
et al., 2013) and Gram-positive (Dodémont et al., 2014) blood culture samples. The Gram-
positive panel detects 9 bacterial species and 3 antibiotic resistant genes against methicillin
and vancomycin. The concordance with the blood culture is generally above 90% for
monomicrobial infections.(Beal et al., 2013; Samuel et al., 2013; Wojewoda et al., 2013)
The platform has very limited ability in diagnosing polymicrobial infections. In one study, it
only correctly identified 3/9 polymicrobial infections, although 8/9 detected at least one
target in the polymicrobial sample.(Beal et al., 2013) The Verigene’s Gram-negative panel
detects 5 species and 6 antibiotic resistant genes for carbapenemase and extended-spectrum
beta-lactamases. The performance of the Gram-negative panel is satisfactory for
monomicrobial infections with a concordance rate generally over 90%. (Bork et al., 2015;
Dodémont et al., 2014; Mancini et al., 2014) For polymicrobial infections, the panel
correctly detected all targets in only ~50% of the cases, but identified at least one target in
~95% out of 40 cases. In these 40 cases, 22 contained two organisms in the panel, 5
contained three organisms in the panel, and 13 contained two organisms with one of which
outside the panel.(Ledeboer et al., 2015) The company Genmark has a microarray platform
known as the ePlex which measures electrochemical signals instead of optical signals of the
probes. Three blood culture panels for Gram-positive, Gram-negative and fungal pathogens
have been recently announced.(GenMark) These panels use samples from the blood culture
bottle as the input and cover a wider range of targets than the Verigene and the FilmArray
panels. So far, there is no independent evaluation of these newly launched blood culture
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panels. However, independent evaluation of other ePlex panels, such as the respiratory
infection panel and the pharmacogenetic panel, has demonstrated satisfactory performance.
(Guerendiain et al., 2016)

These microarray technologies are able to identify pathogens 24 hours earlier than the
conventional culture-based approach because it bypasses the sub-culture.(Bork et al., 2015;
Huang et al., 2019) While the traditional high-density microarray remains expensive, the
low-density microarray that targets a relatively small number of pathogens has a reasonable
price tag for clinical diagnostics. In theory, the microarray has a high degree of multiplexing
capability. In reality, its ability to correctly identify all pathogens in polymicrobial infections
is far from ideal.(Samuel et al., 2013) The unsatisfactory performance may be attributed to
the competition of multiple targets during the labeling reaction. So far, no commercial
microarray platform has been optimized to diagnose polymicrobial infections.

2.3.4 Peptide Nucleic Acid Fluorescence In Situ Hybridization (PNA-FISH)—
PNA-FISH is a well-known clinical diagnostic method that detects blood pathogens through
target-specific rRNA hybridization with fluorescent peptide nucleic acid probes.(Frickmann
et al., 2017) It has been used in various microbiological contexts, from diagnosing
polybacterial infections in the blood to polyfungal infections in the cerebrospinal
fluid(Calderaro et al., 2014) and the lung tissue(Rickerts et al., 2013). Compared to MALDI-
TOF mass spectrometry, PNA-FISH produces results at least one day faster.(Harris and
Hata, 2013) PNA-FISH is more tolerant of impurities than PCR or microarray-based
methods.(Stender et al., 2002) PNA probe hybridizes more readily than DNA probes.(Peleg
et al., 2009) Studies have demonstrated that PNA-FISH can identify and quantify different
species in mixed bacterial biofilm.(Almeida et al., 2011) The turnaround time for PNA-FISH
following positive blood culture is rapid, completed in approximately 1.5-3 hours.(Kothari
et al., 2014) Moreover, more rapid diagnostics by PNA-FISH not only helps direct more
accurate antimicrobial therapies sooner, contributing to substantial pharmaceutical cost
savings, but also reduces median hospital charges by nearly $20,000.(Ly et al., 2008) The
time and cost savings provided by PNA-FISH make this molecular method a well-suited
alternative to the conventional blood culture without a substantial loss of accuracy.
Nevertheless, the drawbacks of PNA-FISH are its limited breadth of detection for pathogens,
need for skilled technicians, and reliance on Gram stain results.(Afshari et al., 2012) Its
lower limit of detection is 10* CFU/mL, making it unable to detect dilute microorganisms.
(Peleg et al., 2009)

2.4 Molecular Antimicrobial Susceptibility Testing (AST)

The ultimate goal of a diagnosis is to guide clinical decisions and initiate clinical
interventions for disease treatment and management. In the context of infectious disease,
identifying the infectious pathogens alone does not guarantee the effective therapeutic
regimen because the ever-increasing antibiotic resistance has greatly limited our treatment
options. Conventional AST by culture-based phenotypic assays often requires an additional
1-2 days post enrichment and plating, which results in a significant delay in clinical decision
making. As a consequence, empiric treatment regimens with broad-spectrum antibiotics are
often administered to manage the infection during the critical clinical phase before the AST
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results become available. Unfortunately, the over prescription of these reserved antibiotics
leads to a further spreading of multi-resistant microbes. Molecular AST predicts pathogens’
antibiotic resistance profile by analyzing the drug-resistant genes the pathogens carry using
the techniques mentioned above. Compared to conventional AST, molecular AST drastically
shortens the turnaround time, which enables the timely selection of antibiotics for the most
effective treatment. In case of inducible antimicrobial resistance, such as inducible
clindamycin resistance in Bacteriodes, in which conventional phenotypic AST may results in
false susceptibility, molecular detection of resistance genes (e.g. erm genes) may prove to be
more reliable.(Johnsen et al., 2017)

From the technical point of view, molecular AST shares the same characteristics as the
molecular pathogen identification. In theory, any aforementioned techniques that are capable
of reading gene sequences could be employed to detect antibiotic-resistant genes for AST.
Although the basic research in antibiotic resistant genes has drawn substantial attention,
(Allen et al., 2010; Martinez, 2008) molecular AST has yet to become a common clinical
practice. Among all the aforementioned commercial molecular diagnostic platforms, only
limited number of testing panels include resistant gene targets. Out of the five FilmArray
molecular diagnostic panels, only the blood culture identification (BCID) panel includes 4
antibiotic resistant gene targets — mecA for the methicillin resistance, vanA and vanB for the
vancomycin resistance, and KPC for the carbapenem resistance. (Fiori et al., 2016; Southern
et al., 2015) ePlex’s respiratory panel does not include any resistant gene target. Although
Genmark claims the ePlex blood panel would include several resistant gene targets that
encode methicillin, vancomycin, carbapenem and extend spectrum B-lactam resistance
(ESBL), this panel is still under development. The Gram-positive blood culture panel by
Verigene includes three resistant gene targets for the methicillin and vancomycin resistance
(\Vareechon et al., 2018), and its Gram-negative blood culture panel includes six resistant
gene targets for the ESBL and carbapenem resistance. (Ledeboer et al., 2015) Xpert system
has two test kits for the detection of MRSA by detecting methicillin-resistant gene mecA
and mecB in addition to the target gene for S. aureus identification.(Yarbrough et al., 2017)
Xpert also has two kits for the detection of the carbapenem resistance and vancomycin
resistance, but these two kits cannot identify the pathogens. Septifast MG does not test for
the antibiotic resistance, but it has a separate mecA test to follow up with the positive
identification of the S. aureus.(Straub et al., 2017; Warhurst et al., 2015)

Among all these systems, only FilmArray’s BCID panel, Verigene’s two blood culture
panels, and Xpert MRSA kit, are capable of combined pathogen identification and AST.
Other platforms separate pathogen identification and AST onto different panels and have
limited multiplexing capability. The number of resistant gene targets in the FilmArray’s
BCID panel is very limited. It only includes KPC, but not NDM, OXA, IMP nor VIM,
which are all common carbapenem resistant genes. It does not include ESBL resistant gene
either. Although the Verigene has a wider coverage of resistant genes, the blood culture
identification is separated into two panels for Gram-positive and Gram-negative infections.

One key issue with combined molecular pathogen identification and AST for the
polymicrobial infection is the inability to attribute the resistant gene to the pathogen.
Although highly multiplexed detection platforms, such as FilmArray and Verigene, are
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capable of identifying all the pathogens and the antibiotic resistant genes in polymicrobial
infections, they are unable to tell whether these resistant genes are carried by all the
pathogens or only some of them. Likewise, these testing panels are unable to tell whether a
specific pathogen carries all the antibiotic resistant genes, or only a subset of these resistant
genes, or any of these resistant genes at all. The solution to this problem again is
digitalization (Fig. 3). By partitioning individual pathogens into a separate chamber, the
resistant genes detected by the molecular AST are associated with one pathogen, which
allows us to identify what pathogens are in the polymicrobial infection and what resistant
genes each pathogen carries.

While genotypic detection of a limited number of resistance genes can be performed by
multiplexed PCR, it is an unreliable proxy for resistance phenotype and lacks
comprehensiveness.(Evans et al., 2017; Evans et al., 2016) Antimicrobial resistance
mechanisms are complex, particularly for Gram negative bacteria, and will continue to
evolve.(Bard and Lee, 2018) Genotypic approaches also cannot provide quantitative
susceptibility information to guide treatment with minimum inhibitory concentration (MIC).
As such, phenotypic assays continue to remain as the gold standard for AST despite a
lengthy assay time. To further accelerate phenotypic AST, the concept of “pheno-molecular
AST” by coupling quantitative PCR with culture has been introduced recently. Quantitative
PCR can be used to assess drug susceptibility with MIC reporting by enumerating changes
in microbial DNA copies as a surrogate measure of microbial growth in the presence or
absence of antimicrobials. Pheno-molecular AST targeting the 16S rRNA gene (rDNA),
when applied to positive blood cultures, has demonstrated high overall agreement with
conventional AST in a randomized controlled trial and improved turnaround time by 16
hours. (Beuving et al., 2011; Beuving et al., 2015)

More recently, our group demonstrated the use of PCR with HRM of the ITS region for
broad bacterial detection, identification, and AST directly from whole blood with results
available as early as 8 hours [Andini N et al, 2018]. Although promising, this approach still
relies on cell division, which may be prolonged for species with longer generation time.
Pheno-molecular AST has the potential to be accelerated further by rapidly detecting
transient changes in levels of novel RNA biomarkers for susceptibility.(Khazaei et al., 2018)

3. Other Emerging Technology

The development of novel diagnostic tools advances mainly on two fronts. First, point-of-
care diagnostic platforms with the sample-to-answer capability are still highly coveted to
address the needs for rapid diagnostics in resource-limited settings. Second, novel
biosensing modalities point out new ways of detecting biomarkers for infectious diseases
diagnostics. These emerging technologies promise a great potential to change current
clinical practice for better clinical outcomes. Nevertheless, most of these new technologies
are still a proof-of-concept thus not clinically ready.

3.1 Point-of-Care Testing (POCT)

POCT for the diagnostics of infectious disease in low-resource settings or in response to an
emergency outbreak is an attractive concept. The key characteristic of a true POCT is its

Biotechnol Adv. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 18

sample-to-answer capability. A POCT must be able to process the sample (or be able to use
the sample as-is) for the downstream analysis. Microfluidics has been long proposed to
facilitate the sample and reagent transfer and to integrate all functional components into a
lab-on-a-chip system for POCT.(Chin et al., 2007; Park et al., 2011) Several sample-to-
answer diagnostic platforms have been successfully launched for infectious disease
diagnostics. The Filmarray, the Xpert and the \erigene systems mentioned above all have a
microfluidic component. Nevertheless, these systems are not meant for POCT because of the
intricate fluidic control and the requirement for bulky instrumentation.

To avoid the complex instrumentation required by the conventional microchannel-based
microfluidics, several alternatives have been proposed. One solution is to use droplets as
virtual reaction chambers and to manipulate these droplets with a magnet.(Zhang and
Nguyen, 2017; Zhang et al., 2013; Zhang and Wang, 2013) Such a magnetic digital
microfluidic platform uses the magnet for fluidic control hence eliminates the need for the
pressure source and pumps. It is able to operate in a true “power-free” manner, which is
well-suited for POCT.(Zhang and Nguyen, 2017) Another promising POCT system is based
on the centrifugal microfluidics. Centrifugal microfluidics uses a simple spinning motion for
luidic control.(Gorkin et al., 2010) Although existing centrifugal microfluidic platform still
requires relatively bulky instrument, manual centrifugal devices for clinical sample
preparation, such as the egg beater, salad spinner and spin disk centrifuge,(Bhamla et al.,
2017; Brown et al., 2011; Wong et al., 2008) shed some light on a new direction. Heating
source is another concern for POCT. Chemical heating device that uses exothermic reactions
with everyday materials or natural resource, such as the lime with water, flame, and sunlight,
to control temperature for isothermal amplification completely eliminates the need for power
source.(Poole et al., 2017; Snodgrass et al., 2018) A recent magnetic digital microfluidic
platform developed by Shih et. al. brought the platform into the clinics.(Shin et al., 2017)
This platform provided the sample-to-answer diagnostics by identifying pathogens using an
isothermal amplification assay. It consisted of a cartridge pre-loaded with required reagents
in the form of droplets. An automated control system used a permanent magnet to move
silica magnetic particles between droplets to perform the extraction of nucleic acids. In the
end, the nucleic acids were eluted in the buffer containing the reagent for the loop mediated
isothermal amplification (LAMP), and the reaction was performed in droplets. The authors
successfully tested samples from patients infected with Chlamydia trachomatis with a
cellphone-controlled magnetic digital microfluidic platform in the emergency department
and achieved 100% concordance with results obtained in centralized laboratories performed
with a commercial molecular diagnostic system.

Paper is an old medium used for diagnostics. The capillary force by the paper is indeed the
simplest fluid pumping mechanism. Lateral flow strips, such as the pregnancy test kit, are
one of the first reliable POCT devices. However, the paper-based system is troubled with
low sensitivity. Paper has experienced a resurgence in the last few years since several new
methods had been proposed to pattern the paper with defined fluidic paths for making paper-
based microfluidic devices.(Carrilho et al., 2009; Dungchai et al., 2011; Yetisen et al., 2013;
Zhang et al., 2015) Earlier development of paper-based microfluidic devices is limited to
simple one-step biochemical and enzymatic assays. Later, more complex paper platforms
have been developed for AST(Deiss et al., 2014) and molecular diagnostics using PCR and
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isothermal amplification.(He et al., 2012; He et al., 2011) Unfortunately, none of these
platforms fulfils the promise of a true POCT because they still require resource-demanding
instruments for the temperature control and the optical signal readout. So far, the POCT
research community has not been made aware of the pressing need for the diagnostics of
polymicrobial infections. Research in related field is greatly lacking.

3.2 Novel Biosensing Strategies

3.2.1 Electrochemical Sensing—Diagnostic biosensors often take an electrochemical
approach towards the target identification. They rely on species-specific probes or antibodies
that emit an electrical signal after binding to their target, and the intensity of the signal
corresponds to the relative amount of the target species. Not only do they identify bacteria in
a matter of minutes to hours, but they also do so with a great specificity.(Lam et al., 2013)
Biosensors designed for urinary tract infections are capable of detecting polymicrobial
infections in just one hour. Although these devices have a high specificity, current biosensors
have limits of detection of 104-108 CFU/mL. (Lam et al., 2013; Mach et al., 2009) This
sensitivity may not be sufficient for detecting BSI where the concentration of bacteria in the
blood can be a mere 1-10 CFU/mL (Jordana-Lluch et al., 2014). Most biosensors are limited
in their scope and insufficient for the broad-range detection, but they offer a rapid method of
diagnosis for specific diseases or microorganisms using only small sample volumes.(Lam et
al., 2013) More work on biosensors is necessary to improve the cost of the biosensor
devices, but the specificity and speed of current technologies is exceptional and may be
useful in urgent situations.

3.2.2 Electronic Nose—Bacteria emit unique combinations of volatile organic
compounds depending on their species, an attribute used by electronic nose (e-nose)
technologies to diagnose polymicrobial infections. E-nose devices are handheld devices that
sense vaporous compounds using an array of sensors coated with odor-sensitive absorbent
materials. The sensory data is then matched to an existing library of microorganisms.
Although the odor detection step is completed within minutes, it is performed after bacteria
have been incubated on agar medium for 24 hours, thus limiting the speed of diagnosis.
(Trincavelli et al., 2010) E-nose technology has been used to diagnose monomicrobial blood
samples and polymicrobial samples taken from foot infections with an accuracy over 95%
(Trincavelli et al., 2010; Yusuf et al., 2015), and it has also been shown that its sensors can
differentiate fungi in cereal grains (Wilson and Baietto, 2011). More clinical studies are
needed to establish that such artificial olfaction systems can reliably detect polymicrobial
infections in blood or urine samples. E-nose technology lacks the ability to detect antibiotic
resistance, but it possesses quantification abilities that would be useful in determining the
relative abundances of each microbe in polymicrobial infections or in the microbiota.
(Wilson and Baietto, 2011) Electronic olfactory devices have potential to become an
inexpensive and portable alternative to mass spectrometry.

4. Conclusion

While the traditional culture-based approach of diagnosing infections remains the standard
procedure in many clinical laboratories, molecular methods are progressively proving to be a
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superior option for identifying microorganisms. Blood culture misses almost one out of
every two cases of bacteremia, emphasizing the urgent need for more accurate diagnostics.
(Fenollar and Raoult, 2007; Laffler et al., 2013) The development of new technologies has
increased the accessibility of molecular methods, especially in terms of the reproducibility
and cost, but their ability in diagnosing polymicrobial infection is inadequate. Emerging
research emphasizes the complexity and the severity of polymicrobial infections, calling for
the use of more sensitive and multiplexed assays that can deliver diagnoses to clinicians
faster. Such improvements in identification assays would lead to an earlier transition from
the empirical treatment to a more informed, diagnosis-based treatment regimen for
polymicrobial infections, thus improving the patient outcome. Other potential clinical uses
include monitoring disease progression based on changes in microbiota composition,
assessments of antibiotic resistance or pathogen virulence, and epidemiological surveillance.

Nonetheless, these molecular methods primarily serve as supplements to culture rather than
replacements. Many techniques still require the pre-enrichment by culture. There is also a
need to establish a consistent procedure, because the preparation method, the equipment, and
the computer software analysis differ across protocols, and identification results may
occasionally vary. Reproducibility still comprises a major issue in the standardization of any
molecular method. Inter-laboratory variations must be resolved in order to make molecular-
based methods a standardized test for polymicrobial identification and differentiation.
Ongoing research continues to investigate culture-free, non-amplification methods that can
produce more data, such as antibiotic susceptibility profiles, in a single run. These
advancements would significantly augment our understanding of diseases and lead to better
patient outcomes.

We have summarized the technologies in this review (excluding the emerging technologies)
in a table (Tab. 2) and compared their performance in terms of the cost, the sensitivity, the
turnaround time and their multiplexing capability of diagnosing polymicrobial infections.
Each category is given a score from one to three stars. One star suggests the feature is least
desired (e.g. high cost, long turnaround time, and limited multiplexing capability), and three
starts suggest the feature is most desired (e.g. low cost, short turnaround time and high
degree of multiplexing). Although the analysis time for certain technology platforms are
short (e.g. PNA-FISH and MALDI-TOF MS), bacterial culture and plating are compulsory
prior to the analysis. Therefore, the overall turnaround time is still long. Similarly, the assay
cost per sample for several molecular diagnostic platforms is relatively low, but the
equipment (e.g. mass spectrometry) increases the overall cost substantially.

Based on the current development of molecular techniques, there are still obvious limitations
indicating that solely relying on these methods may not be sufficient for disease diagnosis,
prognosis, and treatment. Using combinations of genomic and/or proteomic-based methods
may be an alternative to overcome these limitations. Eventually, bringing together the power
of pathogen identification and host markers assays will be the most definitive way to manage
polymicrobial infections. In the meantime, molecular methods like sequencing, PCR, and
MS are steadily replacing conventional methods, and research has demonstrated that they
might become the mainstream infectious disease diagnostic technique in the future.
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. The challenges in diagnosing polymicrobial bloodstream infections is to

. Various existing molecular diagnostics methods have limited capability in

. One potential promising solution to polymicrobial infection diagnostics is to

correctly identify all microorganisms with low loading.

diagnosing polymicrobial infection diagnostics.

apply digitization to existing molecule diagnostics.

Biotechnol Adv. Author manuscript; available in PMC 2020 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhang et al.

Polymicrobial Infections

o o %
7 F

°
@ ® O
A “Culture" Shift

Culture
(Golden Standard)

Molecular Diagnostics

Fig. 1.

Sequencing

Fingerprinting
Technology

Target-
Specific
Testing

Emerging
Technology

Page 34

Sanger Sequencing
* Targeted sequencing

Genetic Fingerprinting
* High-resolution melt
* ESI mass spectrometry

Protein Fingerprinting
* MALDI-TOF mass
spectrometry

Electronic nose

Single molecule detection

A “culture” shift towards molecule diagnostics of polymicrobial infections.
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Fig. 2.
The complex melting curve profile of several bacterial species after the broad-PCR

amplification that targets the ITS region. Reproduced from Andini et al., 2017 with the
permission from Nature-Springer under the agreement of the creative common license.
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Medium

Fig. 3.
Digitization. Samples are partitioned into individual PCR reactions so that no single

partition contains more than 1 copy of the DNA template. The quantification is
accomplished by counting the number of positive partitions. The digitization also applies to
cells by partitioning a single cell into each compartment. By digitization, polymicrobial
samples are physically deconvoluted to “monomicrobial” samples. There is only one
pathogen in each partition, and the combined information from all partitions reveals the
composition of the polymicrobial sample.
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Tab. 1

Common sample types for BSI molecule diagnostic technologies

Common Sample Type

Primary Blood Sample  Blood Culture  Bacteria Isolate

Low Throughput Sequencing \/# Vv
High Throughput sequencing V# v Vv
Genetic Fingerprinting HRM V# Vv Vv
Mass Spectrometry NG Vv v
Protein Fingerprinting v v

Raman Spectroscopy

Multiplex gPCR v Vv
digital PCR Vv
Microarray Vv
PNA-FISH Vv

#Rely on pre-enrichment by PCR
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