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Detection and identification of microorganisms are the first steps to quide susceptibility testing and enable clin-
icians to confirm diseases and guide therapy. The faster the pathogen identification is determined, the quicker
the appropriate treatment can be started. In the clinical microbiology laboratory, multiple methodologies can
be used to identify organisms, such as traditional biochemical testing or more recent methods like MALDI TOF MS
and nucleic acid detection/identification assays. Each of these techniques has advantages and limitations, and
clinical laboratories need to determine which methodology is best suited to their particular setting in terms of
clinical needs, availability of technical expertise and cost. This article presents a concise review of the history,
utilization, advantages and limitations of the main methods used for identifying microorganisms in microbiol-

ogy laboratories.

Introduction

Since the first description of microorganisms by Antonie van
Leeuwenhoek, the identification and taxonomy of microorgan-
isms have been evolving; today, we can detect and identify or-
ganisms directly from patient samples in less than an hour
using molecular testing, or give an identification in a few minutes
directly from pure colonies with MALDI-TOF MS.!

One of the main functions of the microbiology laboratory is the
rapid, sensitive and accurate identification of microorganisms re-
sponsible for infections. Knowing an organism’s identity allows
the microbiologist to correctly set up the appropriate susceptibility
testing and give the correct susceptibility interpretation according
to established breakpoints by regulatory bodies. Detection and
identification of microorganisms in the clinical specimens are the
first steps that enable clinicians to confirm the aetiology of an in-
fection and guide the choice of empirical therapy.”

A wide variety of methods are used for identification, as re-
flected in Figure 1 for blood cultures. The most frequently en-
countered organisms can easily be identified with typical
phenotypic profiles using morphology and rapid tests that are
easy to perform and relatively inexpensive, or semi-automated/
automated methods that include a battery of biochemical tests.
Usually, the time required for identification by these phenotypic
conventional methods is estimated to be 2-5 days. MALDI-TOF
MS instruments can identify organisms from pure colonies at

very low cost in a few minutes. They have extensive databases
approved for in vitro diagnostic use (IVD) and research use only
(RUO) that allow the identification of common and unusual or-
ganisms. Molecular assays can detect the genetic components
of single or multiple unknown microorganisms directly from pa-
tient samples, like throat swabs or stool specimens, in 1 h or
less.? The variety of approaches the laboratory uses for identifica-
tion depends on various factors such as the size of the laboratory,
the volume of testing, the experience of technical staff, access to
new technologies, and cost.

Biochemical identification techniques

Overview of biochemical identification techniques

Regardless of the changing trends in diagnostic microbiology, the
performance of well-characterized biochemical tests for the
identification of medically important bacteria is still relevant in
the clinical microbiology laboratory.*™®

The contributions of Fannie Hesse’ in 1881, who proposed
using agar in culture media, and Richard Petri® in 1887, who de-
veloped the Petri dish (plate), permitting the isolation and propa-
gation of pure cultures, were pivotal in advancing microbial
identification. The use of agar-based media spurred the develop-
ment of various selective, supplemented and enriched culture
media, enhancing the recovery of fastidious organisms from
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Figure 1. Biochemical assays, MALDI-TOF MS, and NAAT identification processes and performance turnaround times. NAAT, nucleic acid
amplification test. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

clinical specimens, enabling the characterization (morphology
patterns, staining and biochemical), identification and taxonomic
classification of bacteria.’

During the last two decades of the 19th and the early 20th
centuries, as biochemical tests were developed to differentiate
among bacterial genera and species, flow charts, dichotomous
keys and diagnostic tables were published to guide organism
identification.'® Various serological and immunological assays
(e.g. serotyping, latex agglutination) were also introduced in
the microbiology laboratories to detect microbial antigens or
antibodies in bacterial cultures and clinical samples for the pur-
pose of microbial identification. Simultaneously, software to ana-
lyse large amounts of data and miniaturized versions of
conventional systems were developed to shorten and automate
the identification process.

Bacterial biochemical characteristics refer to the ability of in-
dividual genera or species of bacteria to produce specific bio-
chemical end products from defined substrates. The difference
in protein and fat metabolism, carbohydrate metabolism, en-
zyme production and compound utilization of each organism
has enough specificity to provide information for classifying bac-
teria into different groups based on their reactions.*!

Processes and techniques involved

Traditionally, rapid tests are performed selectively and individual-
ly according to Gram staining and colonial morphology following
the recommendations of standard guides for rapid bacterial
identification. Some of the most rapid biochemical tests used

to identify a few organisms commonly encountered in clinical
microbiology are catalase, coagulase, leukocyte alkaline phos-
phatase, oxidase, indole, pyrrolidonyl arylamidase (PYR) and
bile solubility test. For example, Escherichia coli can rapidly be
identified by determining that the organism is Gram-negative,
spot-indole-positive, oxidase-negative and pB-haemolytic on the
blood agar plate or lactose-positive and PYR-negative.'?
Streptococcus pneumoniae occurs as Gram-positive lancet-
shaped cocci in pairs that are ‘catalase negative’, have a sharp
zone of a-haemolysis on a blood agar plate with a colony
>0.5 mm in diameter, and are bile-solubility positive.'? These ra-
pid tests take only a few minutes and permit the rapid identifica-
tion of a few commonly encountered pathogens. However, the
number of pathogens able to be identified with rapid tests is
small, limiting their use to only a few commonly seen organisms.

Identification relies on matching the characteristics of an un-
known organism to well-characterized established entities.*?
Gram staining, microscopic morphology, colonial morphology,
and growth on specific media are some of the first key character-
istics used for classifying organisms into specific genera or
species and dictate which additional key biochemical data are
needed to provide more in-depth identification to the species
level. Until manual miniaturized identification systems were
introduced in the late 1960s, each biochemical reaction was
set up manually in tubes.® Using miniaturized, multi-test identifi-
cation kits, like the API system (bioMérieux), was the first step
towards rapid bacterial identification. These identification kits
carefully preselected biochemical tests for different groups of
organisms, for example, Gram-negative versus Gram-positive,
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improving efficiency. The demand for quicker turnaround time,
efficiency and increased testing capacity pushed the introduction
of automation and computers into clinical laboratories through-
out the 1970s. Commercial automated systems, such as the
bioMérieux VITEK 2, the BD Phoenix and the Beckman Coulter
MicroScan, use identification cards or plates to simultaneously
test many biochemical reactions, increasing identification accur-
acy. The instrument performs the incubation, analysis and
interpretation of the biochemical reactions to produce an identi-
fication. The automated systems further developed their algo-
rithm to shorten their time to identification, and some systems
can give an identification within 4 h.'1°

Advantages and limitations of biochemical identification

The development of data analysis software and the expansion of
the databases of semi-automated or fully automated biochem-
ical identification systems have increased the accuracy of identi-
fying the most commonly encountered microorganisms in
routine clinical microbiology laboratories.*'® The fully auto-
mated systems have larger capacities and can accommodate la-
boratories with significant workloads. They require minimal
hands-on time to set up and generally can generate an identifi-
cation in less than 24 h. Their ability to simultaneously perform
susceptibility testing increases their efficiencies.

These identification systems generally work very well for com-
mon and non-fastidious pathogens but have difficulty differenti-
ating closely related and metabolically inert organisms. Not all
microorganisms are reliably identified by biochemical methods.
The time needed for microorganism identification based on the
traditional manual test-tube approach, which includes morph-
ology, physiology, chemistry and biochemical characterization,
is estimated to be at least 2-5 days. To stay accurate and up to
date, the databases associated with the commercially available
system need to be updated regularly. The accuracy of any system
is limited to the manufacturer’s claims and the current edition of
the database.

Manual or automated conventional identification methods in
clinical microbiology have been the only means of bacterial isola-
tion and identification for nearly 150 years and are still used
widely in clinical microbiology. However, the introduction of
more accurate and faster identification technologies, like nucleic
acid-based molecular testing and MALDI-TOF MS, has gradually
replaced the conventional biochemical test identification meth-
ods. They are still being used as a second line of identification
in laboratories that have adopted molecular and/or MALDI-TOF
as primary means of identification when identification needs
confirmation for a particular isolate or during repairs of the pri-
mary instrument. Most fully automated conventional systems
can perform automated susceptibility testing and thus are re-
quired in laboratories, explaining their continued use for identifi-
cation when needed.

Overview of MALDI-TOF MS

Historically, MALDI-TOF MS was used in research to characterize
proteins.’’ However, it was discovered in 1996 that it could
also be used for microorganism identification from whole-cell
preparations without the need for pretreatment and then was

used for identification in the clinical microbiology laboratory en-
vironment in the early 2000s.'® There are several MALDI-TOF MS
instruments on the market now, but the two most prevalent for
clinical microbiology laboratories are manufactured by
bioMérieux (VITEK MS or VITEK MS PRIME) and Bruker (Biotyper
and Sirius). These instruments have clinical laboratory-friendly
workflows and databases for bacteria and fungi that are ap-
proved for IVD as well as RUO. Additionally, these instruments
provide rapid and accurate identification of bacteria frequently
identified in the clinical laboratory.®:2°

MALDI-TOF MS identifies organisms by analysing their protein
profile. A sample is placed on a target slide, and matrix,
a-cyano-4-hydroxycinnamic acid, is added and allowed to dry. In
some cases, formic acid is added and allowed to dry prior to the
addition of matrix. The target slide with the sample is then placed
in the instrument and the laser is activated to strike the sample
spot. Sample particles are ionized and transformed into a gas
phase. The ionized particles make their way through the flight
tube and the mass/charge (m/z) ratio is calculated from the speed
of travel of the ions through the vacuum tube; this creates a unique
spectrum that is the microorganism’s protein profile or fingerprint.
The protein profile can then be compared with a database to de-
termine the identification of the organism. This process is quite ra-
pid, with the potential for an identification in minutes.

Processes and techniques involved

Though quite rapid, MALDI-TOF MS identifications still require an
organism first to be grown on an agar plate for at least 18 h. Asa
result, for time-critical samples, such as positive blood cultures,
laboratories have investigated methods to decrease the time
needed prior to identification. Two specific approaches that
have shown success are short-incubation cultures (‘smudge’ or
‘scum’ plates) or direct from blood culture preparation methods.

For short-incubation, laboratories subculture a positive blood
culture and then incubate plates for a shorter timeframe before
setting up MALDI-TOF MS from the small amount of growth avail-
able. Several studies have been performed on this off-label meth-
od using various media, incubation times, and both the VITEK MS
and Bruker Biotyper. Overall, performance reported for both
instruments in multiple different studies with incubation times
ranging from 3 to 6 h showed 78.3%-91% and 61.8%-88% iden-
tification to the species level, respectively, for VITEK MS and
Bruker Biotyper, with higher percent identification to the genus
level and as high as 93.4% for Gram-negative bacteria.?! 2
These results are not surprising, because Gram-negative bacteria
generally grow faster than Gram-positive bacteria and yeast, and
inherently short-incubation culture will work better for organisms
that grow faster.

For even more rapid identification, many studies have investi-
gated MALDI-TOF MS identifications directly from positive blood
culture. Before placement on the target slide, samples must first
be processed. Multiple approaches have been used for sample
processing, including centrifugation, centrifugation plus lysis,
and centrifugation plus lysis plus additional extraction methods,
with varying success.””*® Some commercially available process-
ing kits include the BACpro II kit (Nittobo Medical Co., Ltd), the
FAST™ System (Quella), the VITEK® MS Blood Culture Kit (RUO)
(bioMérieux) and the Rapid MBT Sepsityper® IVD Kit (Bruker
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Daltonics). The Sepsityper is the most commonly used, and there
are many reports in the literature for performance, so focus will
be placed on recent studies with larger sample numbers. Two re-
cent large studies, one with over 2000 Gram-negative positive
blood cultures and the other with over 6000 Gram-positive and
Gram-negative positive blood cultures, both showed good per-
formance using the Sepsityper with the Bruker Biotyper, with
92.1% identification to the species level for the Gram-negative
study, and 86.3% overall identification and 97% identification
for Enterobacterales for the larger study.?®>° Two other studies
with 443 and 227 monomicrobial positive blood cultures, both
using the Rapid Sepsityper method and Bruker Biotyper, respect-
ively showed similar results, with 87.6% and 89.4% identification
to the species level and better performance for Gram-negative
(98.6% and 95.2% identification) than for Gram-positive (85.9%
and 84.4%).213? However, in contrast to these, a recent report
showed lower performance using the Rapid Sepsityper protocol
combined to the MBT-Sepsityper module, with 65.4%, 78.9%
and 62% identification to the species level of monomicrobial
positive blood culture growing respectively Gram-positive bac-
teria, Gram-negative bacteria or yeast.?” And in another study
with 560 positive blood cultures, 69.3% identification to the spe-
cies level was observed, with 85.8% for Gram-negative and
59.7% for Gram-positive.*® For the BacPro II kit using the Bruker
instrument, rates of identification reported are 80.8%, 87.4%
and 80% to species level, with 92.3% for Gram-negative and
72.4% for Gram-positive.>>> And for VITEK MS Blood Culture
Kit (RUO) combined with the RUO VITEK MS and SARAMIS data-
base, 78.2% of positive blood cultures were identified to the spe-
cies level.*® A newer preparation kit on the market, the FAST
System, has shown 87.7% species identification with VITEK MS,
89.5% identification with the Bruker Biotyper, and 93.8% identifi-
cation with Bruker Biotyper.?’°

Advantages and limitations of MALDI-TOF MS

Some key advantages of MALDI-TOF MS are the ease of target
slide preparation, rapid identification once the target slide has
been loaded on the instrument, and the ability to potentially
identify any organism that is in the database. However, when
working with direct specimens such as direct from positive blood
culture, additional processing is needed prior to loading the sam-
ple on the slide, increasing the sample preparation time.
Additionally, reports for both direct from blood culture and short-
incubation cultures have shown that MALDI-TOF MS performs
much better for Gram-negative bacteria and often struggles
with the identification of Gram-positive microorganisms. Finally,
one major limitation is related to the database itself; though
there are comprehensive IVD and RUO databases available, the
chance of identification of an organism is only as good as the
database used. Moving forwards, there are opportunities for con-
tinued expansion of IVD databases as well as a need forimproved
direct from positive blood culture processing methods for identi-
fication of Gram-positive microorganisms.

Overview of molecular testing identification

The introduction of molecular testing identification has trans-
formed the field of clinical microbiology, permitting rapid and

accurate detection and identification of microorganisms, allow-
ing for early targeted management of patients and improving
their subsequent clinical outcomes.**“* The history of molecular
testing identification can be traced back to the development of
the PCR by Kary Mullis and the team at Cetus Corporation in the
1980s, which subsequently led Mullis to earn the Nobel Prize in
Chemistry in 1993.“*"%* Since this time, the routine use of PCR
and similar molecular testing technology has exploded in clinical
microbiology as streamlining and automation of nucleic acid pro-
cessing, amplification and detection techniques have evolved in
addition to progressive decreases in costs.*®

Molecular testing allows for nucleic acid detection, quantifica-
tion and sequencing from specific DNA or RNA genetic markers,
enabling both qualitative determination of organisms and quan-
titative assessment of abundance depending on the technique
employed.“® For most applications, this generally requires nucleic
acid extraction and amplification, then detection, allowing for
species determinations Clinical laboratories employed early non-
amplified probe technologies such as fluorescent in situ hybrid-
ization to detect isolates from culture, for example, blood cul-
tures, which became more routinely used in the early 2000s.
Whereas single-target PCR has been employed since the 1980s
for HIV, the use of multiplex PCR for detection of multiple targets
in a patient presenting with a potential infectious disease clinical
syndrome has more recently developed with the earliest device
approved in 2012 by the FDA.*® Similarly, routine and broad use
of sequencing-based approaches such as metagenomics allow-
ing for the detection of all possible pathogens is still evolving as
the processing requirements, data analysis infrastructure and
cost continue to improve. With continued improvement, the im-
pact of molecular technologies on clinical microbiology and pa-
tient outcomes will continue to progress.

Processes and techniques involved

To begin the process of PCR testing, a clinical sample (e.g. blood,
stool, swab, other body fluid) is collected for preparation.*> The
preparation includes lysis of microbial cells for the extraction
of nucleic acids—both RNA and DNA. After extraction, the ampli-
fication step occurs, which includes denaturing, annealing and
elongation of the nucleic acids; in many applications this requires
thermocycling for the primers to attach and detach with each cy-
cle. These cycles are repeated 25-40 times, increasing the copies
of nucleic acid products with each cycle. These products are de-
tected and sometimes quantified with probes such as fluores-
cent probes. The design of primers and probes is critical to the
performance of PCR testing. Also critical to testing is ensuring a
quality specimen and processing to avoid contamination as
both can lead to erroneous results.

Akin to PCR, next-generation sequencing (NGS) starts with
extraction of nucleic acids from the clinical specimen; this
also requires a quality specimen and processing to ensure qual-
ity results.*” NGS often additionally includes a step for frag-
mentation of the DNA to create shorter fragments that are
appropriate for sequencing. After this step is the library prepar-
ation stage in which adapter sequences are added that enable
the DNA fragments to bind the sequencing platform. An enrich-
ment process occurs next to amplify the DNA to guarantee
there is enough DNA for sequencing. In contrast to Sanger
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sequencing, which sequences a single fragment at a time, NGS
then sequences millions of fragments at the same time in a
parallel manner, which substantially increases the throughput
of sequencing. Finally, after sequencing is finished, data ana-
lysis is completed with bioinformatics. This involves quality
assurance, alignment of sequence outputs to a reference data-
base, and determining an explanation of results. The bioinfor-
matics steps require substantial expertise and computational
resources.

Advantages and limitations of molecular testing
identification

Advantages and limitations of molecular testing can be divided
among pre-analytical, analytical and post-analytical stages of
testing. The pre-analytical stage of testing includes the processes
prior to testing (sample collection, transport, preparation).
Advantages of molecular testing include the eligibility of broad
sample types for testing. Additionally, testing is sensitive enough
often to require minimal sample in addition to allowing for
utility of samples that have had antibiotic pre-exposure.*®
Disadvantages of molecular technology include being prone to
contamination and the need for careful sample preparation
and handling. Additionally, with increased sensitivity, selecting
the right patient for testing becomes increasingly important.*”
In the absence of this, detections may be clinically unclear, as
in the example of Clostridiodes difficile PCR testing.”%°?
Solutions to this clinical ambiguity have focused around diagnos-
tic stewardship—ensuring the right test for the right patient at
the right time. For C. difficile PCR testing, guidelines have recom-
mended multistep algorithms for combining sensitive and
specific tests to increase the overall clinical utility. Alternatively,
guidelines have recommended increasing the pre-test probability
of disease with pre-analytical strategies by only testing patients
without recent laxative use but with unexplained and new onset
of three or more unformed stools in 24 h. Similar approaches
have been more recently suggested with PCR testing of respira-
tory samples due to the increased sensitivity and diagnostic yield
compared with the historical gold standard of culture.?

For the analytical phase, there are several advantages to mo-
lecular testing. PCR has mostly replaced viral cultures based on
the technical challenges and time to result for those ap-
proaches.*> Additionally, the decreased turnaround time—often
results come within 1 h for PCR—has allowed for earlier appropri-
ate therapy decisions, which has translated to decreased length
of stay (meningitis/encephalitis, acute respiratory tract infections
and bloodstream infection) and mortality (bloodstream
infections).“%>>>* Moreover for NGS, the broad detections allow
for determination of atypical aetiologies of disease.”> One disad-
vantage of molecular testing with PCR is non-standardized
quantification in most use cases leading to inability to create con-
sensus standards and evidence for management decisions.*®
Additionally, PCR may not detect all aetiologies of an illness,
which may be limiting in certain patient populations with broader
differentials of disease.”® In contrast, NGS testing allows very
broad detection of potential aetiologies of disease, which may of-
ten require expert knowledge and interpretation for the clinical
relevance of the detections.” Finally, NGS currently has pro-
longed turnaround times, increased costs, large infrastructure

requirements, and a need for significant expertise for use, which
are all challenges to widespread implementation.”?

Finally, for the post-analytical phase, newer technologies have
the advantage over manual biochemical identifications by gener-
ally being connected to laboratory information systems, allowing
for ease of data capture without manual entry. The resultant
connectivity can also aid in tracking antimicrobial resistance
and outbreaks at the local, regional, national and international
levels, which can facilitate antimicrobial stewardship, infection
control and public health efforts.>” A disadvantage of post-
analytical molecular techniques is that many newer technologies
may require education or gquidance for their results.’®
Opportunities in standardizing reporting results due to current
heterogeneity have been reported and are critical as generally
in microbiology these variations in reporting have been shown
to significantly impact antimicrobial prescribing.”? ¢

Conclusion

In the practice of clinical microbiology, there has been a trajec-
tory towards advanced diagnostic testing, transforming the field.
Firstly, the identification of bacteria has evolved considerably in
clinical microbiology from historical techniques of biochemical
testing to modern approaches with the protein profiling with
MALDI-TOF and the accuracy of molecular testing. Secondly, al-
though biochemical testing continues to provide results for
many specific applications and settings, MALDI-TOF and molecu-
lar testing have transformed clinical microbiology with the speed
and accuracy of their results. Thirdly, it is important to keep in
mind that each testing approach has differing advantages and
disadvantages, with their collective contribution allowing for
fast treatment decisions and improved clinical outcomes.

Clinical microbiologists and bedside practitioners should an-
ticipate future enhancements in approaches. These include:
(i) the increasing role of automation and bioinformatics
(including machine learning and artificial intelligence); (i) routine
clinical practice use of sequencing for typical bacterial infections
for management and infection prevention activities; and
(iii) introduction of next-generation host response technologies
incorporating transcriptomics and/or proteomics. As these tech-
nologies advance, there is little doubt that further evolution in ra-
pid identification of microorganisms and improved treatment of
patients will continue.
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