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Keywords: fact that the results of phenotypic methods are strongly dependent on environmental

Staphylococcus aureus, conditions, they can still be useful in the investigation of epidemic strains of S. aureus.

phenotypic methods, In this article, the potential application of commonly used phenotypic methods in

?lffféenuauon’ epidemiological studies of S. aureus was analysed. Advantages and disadvantages of

e methods such as biotyping, serotyping, phage typing, AST (Antimicrobial Susceptibility
Testing), SDS-PAGE (Sodium Dodecyl Sulphate Polyacryl Gel Electrophoresis), MLEE
(Multilocus Enzyme Electrophoresis) and MALDI-TOF MS (Matrix-Assisted Laser
Desorption/Ionization Time-Of-Flight Mass Spectroscopy) were also discussed. Finally,
phenotypic techniques were compared in terms of their discriminatory potential,
typeability of isolates, time of analysis, reproducibility, ease of performance and ease of
results interpretation.

INTRODUCTION

Staphylococcus aureus is one of the most widespread
bacteria in the environment. On the one hand, it can belong
to the physiological human microbiota, on the other, it is eti-
ological factor in many kinds of diseases, ranging from mild
to potentially fatal [1]. In 1961, the first strains of MRSA
(methicillin-resistant S. aureus) appeared in hospitals. Since
then, S. aureus strains, especially that multi-resistant, have
spread around the world, both in hospital environments
and in the community, causing a global problem to public
health [2]. The control of dissemination and the understand-
ing of the clonal structure of multidrug resistant strains of
S. aureus are some of the most challenging issues of modern
epidemiology.

Nowadays, typing of S. aureus is based mainly on molec-
ular techniques. Although genotyping techniques are well-
known for their high discriminatory power and reproducibil-
ity, not all laboratories have access to the equipment which
is necessary to conduct the studies. Before the molecular
biology era, phenotypic methods were used in epidemio-
logical studies of S. aureus. Phenotypic methods measure
the visible characteristics of tested microorganisms, and
the main disadvantage of these methods is that expression
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of bacterial genetic material may occur spontaneously or
as a response to stimuli from the environment. The effect
is that genetically indistinguishable isolates can have dif-
ferent phenotypes and the unrelated strains may exhibit the
same phenotype properties. Moreover, large fractions of
strains are often untypable [3]. Despite this disadvantages,
phenotypic methods can be still regarded as irreplaceable
tool in the early stages of epidemiological studies of human
pathogens, including S. aureus [4].

BIOTYPING

Biotyping is one of the first methods developed for differ-
entiating bacterial strains. In its simplest version, biotyping
of S. aureus is based on the results of three reactions: pro-
duction of staphylokinase and B-hemolysin enzymes, coagu-
lation of bovine plasma and observation of growth proper-
ties on an agar containing crystal violet [5,6]. This method
allows for differentiation of bacterial strains from various
animal species and thus assigns bacterial isolates to biotypes
and ecological variants [7]. Since the method was developed,
the panel of studied biochemical characteristics of tested
isolates has been extended [6]. Nowadays, biochemical
tests are diagnostic tools used in routine species identifica-
tion based on the ability of microorganisms to synthesize
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enzymes and degrade and assimilate different compounds,
for example, carbohydrates [8]. Biotyping, similarly to other
phenotypic methods, has a very low discrimination power in
comparison to genotypic methods [9,10]. Phenotypic traits
of the same isolate included in biotyping may vary in dif-
ferent environmental conditions [10]. Because of the low
cost of the method and its simplicity, it is still performed in
diagnostic laboratories and considered a valuable auxiliary
tool in the epidemiological studies of S. aureus. Moreover,
there are many commercially available tests for determining
biochemical profiles, for instance, the automated VITEK
systems and manual API tests, usually used for diagnostic
purposes [7].

SEROTYPING

Serotyping is based on differences in the structure of
antigenic determinants (such as lipopolysaccharides and
membrane proteins) located on the surface of bacterial cells
[11]. Currently, 11 capsular types of S. aureus are distin-
guished, whereas 85-90% of all tested MRSA strains belong
to type 5 or 8 [6,12]. This low degree of allelic variation
of genes encoding particular types of capsular polysaccha-
rides was also confirmed in molecular analysis conducted
by Sutter ef al. [13], where genetic material of all tested
CA-MRSA (community-acquired MRSA) isolates contained
cap5 and cap8 genes. Since the production of capsular poly-
saccharides is highly dependent on environmental factors,
molecular methods are currently used to determine the
capsular type of isolates [14].

Another version of serotyping (used mainly in Japan)
is coagulase typing. In this, the domination of the two
aforementioned serotypes of this enzyme among the tested
isolates has also been observed. Due to the very low dis-
criminating power, serotyping is not used in the epidemio-
logical studies of S. aureus [15].

PHAGE TYPING

Phage (bacteriophage) typing was developed in the 1940s.
This method has been standardized very early. Indeed, [UMS
(International Union of Microbiological Societes) began
working on the unification of the phage typing principles
as of 1953 [11,12,15]. Bacteriophages are characterized
by specificity - they can interact only with certain bacte-
rial strains. Bacteria, in turn, have a specific phage pattern,
what means that they can only be lysed by certain kind of
phages. Four groups of phages (I-IV) and one mixed group
were identified in the phagotyping of human pathogenic
S. aureus strains [6]. Since then, a set consisting of 23
phages has been commonly used [6,12,16]. Phages are
inoculated on agar surface on which the tested S. aureus
isolate is located. Areas where lysis of bacterial cells has
occurred are called ‘phage plaques’. Such a reaction may
be classified as weak or strong. If less than 50 plaques on
a plate are observed, the reaction is treated as weak [12,17].
In studies aimed at determining the phylogenetic relationship
of S. aureus strains, only the results obtained in strong reac-
tions are taken into account. In the absence of such reaction,
a hundred fold concentration of phages is used.

Although phage typing is one of the most useful pheno-
typic methods in epidemiological studies, it has numerous
disadvantages. Its discriminating power can be reduced by
the fact that some of the tested bacterial strains are untyp-
able. In case of phage typing of MRSA strains, the percent-
age of untypable isolates reaches at least 20-30%. Moreover,
the phage pattern of some strains can undergo significant
changes over time. Such a poor reproducibility of the already
labor-intensive and time-consuming method limits the pos-
sibility of obtaining information on the relationship of the
tested strains. It is also necessary to follow the instructions in
the protocols very carefully in order to maintain the desired
population of phages and achieve reliable and internation-
ally comparable results [11]. Furthermore, insufficient dif-
ferentiation potential has contributed to the decline in the
popularity of the once often used method of staphylococcal
typing [6,12]

The advantage of the method is that individual types of
phages and individual phage groups can be linked to traits
of high importance in the context of nosocomial infections,
such as drug resistance [18]. Moreover, many researchers
have found a connection between 81 phage type and the
sensitivity of these strains to all antibiotics except for peni-
cillin [19]. Phagotyping can, hence, be used in the initial
epidemiological studies of MRSA strains, for example, in
the identification of previously known epidemic strains in
the occurrence of an outbreak [11,20]. Until the early 1990s
and the introduction of the first method of molecular typing
of microorganisms — PFGE (Pulsed-Field Gel Electropho-
resis), phagotyping was the main method used in typing
of clinical S. aureus strains [17]. Currently, this method is
less frequently used, but it can provide valuable information
about the prevalence of epidemic S. aureus strains [21].

ANTIMICROBIAL SUSCEPTIBILITY TESTING (AST)

The typing of microorganisms based on their antibiotic
susceptibility profile is a commonly used method which is
widely recognized due to the simplicity of its implemen-
tation, low costs and the fact that it is well standardized
[6,12,22,23]. Standardization allows for the comparison
of results between laboratories around the world that work
according to the standards set by NCCLS (National Com-
mittee for Clinical Laboratory Standards) [6]. The inter-
pretation of antibiograms is relatively easy because many
organizations, such as CLSI (Clinical Laboratory Standards
Institute) or EUCAST (European Committee on Antimi-
crobial Susceptibility Testing) are still working on the
improvement of the AST protocols [24]. The most popular,
routinely used version of the method for the determination
of antimicrobial susceptibility is the Kirby-Bauer method
[6,23]. Theoretically, determining the resistance or sensitiv-
ity to an antimicrobial drug allows to classify the isolate to a
particular clone. However, it is well-known that the expres-
sion of antimicrobial resistance is strongly dependent on
environmental conditions. Therefore, the same antibiograms
can be obtained by examining strains that are not related
to each other, such as strains belonging to the same clone
which may have a different susceptibility profile [6,11,12].
Despite the satisfactory speed of obtaining results, however,
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they are not a sufficient basis for MRSA typing [11]. This is
because antibiotic resistance patterns are highly dependent
on selective antibiotic pressure, as well as the presence of
plasmids carrying antibiotic resistance genes or other mobile
genetic elements like transposons [6,11,12,22,24].

Until recently, antibiogram was considered a valuable
tool for differentiating CA-MRSA from HA-MRSA (hospi-
tal-associated MRSA). Unfortunately, because of the trans-
mission of CA-MRSA strains to the hospital environment
and the increase in their resistance to antibiotics, distin-
guishing CA-MRSA from HA-MRSA is becoming more
problematic [24].

Antimicrobial susceptibility testing is still a valuable
tool in preliminary studies of multi-drug resistant strains
of S. aureus. For example, sensitivity to gentamycin is an
important epidemiological marker in the identification of
certain MRSA clones, and clindamycin sensitivity is charac-
teristic for CA-MRSA strains [11]. In the current epidemio-
logical studies of multi-drug resistant S. aureus strains, it is
a method that can be very helpful in initial characterization
of the tested isolates [12,22].

PROTEIN PROFILING BY SODIUM DODECYL
SULPHATE POLYACRYL GEL ELECTROPHORESIS
(SDS-PAGE)

Protein electrophoresis allows an analysis of the profile
of cellular proteins, and enables a comparison of individual
bacterial strains. The principle of all variants of this method
is basically the same. After the lysis of the bacterial cell,
the electrophoretic separation of the proteins is performed
[6]. If all proteins present in the bacterial cell are subjected
to the separation, this method is called SDS-PAGE [12]. In
this method, the proteins are extracted from the cell, sepa-
rated with SDS and stained by Coomassie, silver, zinc or
fluorescent dye [11]. As a result of this separation, a pattern
of approximately 50 bands is obtained.

This method is, unfortunately, practically completely
unusable for epidemiological analysis of S. aureus, even
if the differences between completely unrelated strains of
this microorganism are not minor [6,11,12]. It is also not
possible to link the results obtained with this method with
other typing methods — an activity which could enrich the
results obtained in the studies. In addition, SDS-PAGE is
very sensitive to fluctuations of environmental factors, which
make it rarely used in epidemiological studies [12].

Currently, there are many improved and modified forms
of techniques based on protein electrophoresis. A very
well-known example is immunoblotting, which involves
the Western-Blot reaction using labelled staphylococcal anti-
bodies with the antigens of the tested strain [6,11,12]. The
source of those antibodies can be the plasma of an organism
that previously had contact with S. aureus [12]. Due to the
smaller number of obtained bands, immunoblotting is more
useful than SDS-PAGE because its results are easier to inter-
pret. However, its discriminating power is still insufficient
to be considered useful in the study of epidemic strains [6].
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ENZYME PROFILING BY MULTILOCUS ENZYME
ELECTROPHORESIS (MLEE)

Another variant of protein electrophoresis is the MLEE,
which analyses the enzymes of bacterial cells. On the basis
of the differences and similarities in the electrophoretic
profile of isolates, they are classified into individual elec-
trophoretic types. MLEE uses the phenomenon of cellular
enzymes polymorphism [6,12,25]. An important element
that can significantly increase the discriminating power of
this method is the appropriate selection of a wide panel
of studied enzymes. The enzymes taken into account in
this reaction cannot be monomorphic, because of their low
degree of allelic variation. Due to the relatively high repro-
ducibility, it is one of the most acceptable methods for dif-
ferentiating bacterial isolates based on their phenotypic traits
[6,25]. The degree of enzyme migration in the gel depends
on their amino acid composition. Indeed, it has been shown
that over 80% of substitutions can be detected by appropriate
selection of reaction conditions.

Such an enzymatic profile may theoretically be a substi-
tute for molecular methods because it allows to indirectly
reflect the variants of genes encoding the tested enzymes
[12]. It is worth noting that in the case of MRSA, all strains
are typable, although the differentiating potential depends
strictly on the number and type of the selected enzymes
[11]. The basic panel contains from 12 to 20 enzymes [12].
Metabolic enzymes are not directly subjected to selective
pressure or evolutionary convergence and their individual
loci are usually independent and coded by the housekeeping
genes. Because of that, such analysis provides additional
phylogenetic information [26]. The application of the MLEE
method in S. aureus population studies has revealed the
clonal nature of the population of this pathogen [25].

PROTEIN PROFILING BY MATRIX-ASSISTED LASER
DESORPTION/IONIZATION TIME-OF-FLIGHT MASS
SPECTROMETRY (MALDI-TOF MS)

Identification of microorganisms by the means of mass
spectrometry is a method widely used in microbiological
diagnostics. MALDI-TOF MS can identify animal patho-
gens, as well as microorganisms, from clinical sources and
from the environment [27]. It is based on examining the
protein profile of the isolate, and it creates a ‘fingerprint’
unique for a given species. Furthermore, it is simple to
execute and is automated [27-30]. Moreover, its use sig-
nificantly shortens the time of identification of the tested
microorganism — after bacteria isolation and preparation
of sample, only a few minutes are needed for examination
[27,29]. It also does not need large amounts of diagnostic
material for analysis. The minimum number of bacterial
cells necessary for correct identification of a species is about
103 [27]. Additionally, it was noticed that the concentration
of bacterial cells in the sample significantly influences the
efficiency of the method [28].

Compared to routinely used biochemical methods for iden-
tification of microorganisms, methods based on mass spec-
trometry also allow the identification of rare microorganisms.
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In addition, MALDI-TOF MS databases are more devel-
oped than those used in biochemical techniques [27].
In studies conducted by Szabados ef al. [31], this method
identified 361 species correctly from 363 MSSA strains,
whereas of MRSA, it was 100% correct identification.
By way of this method, it is also possible to determine
the degree of relationship between the bacterial strains
belonging to the same species. Moreover, it is possible to
analyse many samples in a short time, and, above all, it
does not require preliminary identification, as is in the case
of biochemical tests, where it is necessary to classify the
investigated organism first. Despite the fact that proteomic
technology is commonly used for

CONCLUSION

Several phenotypic methods were used for differentia-
tion of S. aureus strains (Table 1). Nowadays, only some
are useful for epidemiological purposes, among these, bac-
teriophage typing or protein electrophoresis techniques.
However, their application is limited due to long time of
analysis, insufficient percentage of typable strains and the
relatively poor differentiation potential of investigated
S. aureus isolates. On the other hand, methods such as bio-
typing, AST and MALDI-TOF MS are being used success-
fully for diagnostic purposes.

Table 1. Comparison of phenotypic methods used for differentiation of Staphylococcus aureus

species identification, currently,

rosearchers are Ving 0 INCIICL | gy | ooty Bt e o o feprocucity s Crtatns| P
ifferences in the spectra of proteins [days]
and assign them to genetic informa- | Biotyping 100% easy easy good 1 low : d:n'ifﬁcc‘:;on
tion obtained by using molecular ] determining
. Serotyping 100% easy easy very good 1 very low capsular type
methods. However, in the search for of isolate
such links, several factors that can . _ ‘ . d‘g:get';t;?:g’”
signiﬁcantly inﬂuence thC results Phage typing 70-90% medium medium good 1 medium of epidemic
of the study should be taken into de:et:;'?:ing
account. For example, two spectra | asT 100% casy casy very good 1 low of antibiotic
may differ in such parameters as the profile
signal strength or its total absence. |SDS-PAGE | 90-100% | easy easy good 1 low peibisiank
These discrepancies in signals do | mLee 90-100% |  easy medium good 1-2 | medium |ierentiation
not need to correlate with the differ- [\ pirorms | 100% | medium | medium | very good 1 high : dei'i;.cci:;on

ences in bacterial genome because
they may be the result of various
microbial incubation conditions. The disappearance of the
signal at a particular site may mean the lack of expression
of a certain gene encoding given protein, a mutation in the
genetic material or the presence of a stop codon. Researchers
constantly try to identify polymorphic peptides visible in
the resulting spectrum and establish the correlation between
obtained results and differences in bacterial genome. Most
of the studied signals are created by ribosomal proteins and
toxins, especially those encoded by less conservative genes
than the housekeeping genes [32].

Studies on adapting this method to the detection of viru-
lence factors and resistance markers are in progress. These
studies demonstrated the utility of MALDI-TOF MS in
determining the ability of S. aureus strain to produce a delta
toxin (spectral peaks corresponding to this protein have been
identified) [29]. As of the moment, the main reason why
MALDI-TOF MS is not used for routine epidemiological
studies is lack of guidelines for its validation, application
and interpretation of obtained data in the context of bacte-
rial typing. Adapting MALDI-TOF MS for epidemiological
typing is, hence, still in progress. Researchers have found
that discriminatory power of MALDI-TOF MS and spa
typing are comparable. What is more, basing on present
studies results, MALDI-TOF MS has a potential to become
a quick screening method for detecting epidemic strains of
S. aureus, such as USA300 [33]. Currently, there are no
official guidelines for the standardization of this method,
especially for the process of preparing samples for the study,
yet, standardization facilitates the comparison of results
between laboratories [27].

Phenotypic methods will never match genotypic methods
in their discriminatory power, reproducibility, typability and
time of analysis. However, it should be remembered that
the former are less expensive, often easier to perform, and
do not require specialized and expensive equipment. Most
of these techniques are, however, treated as an auxiliary
methods for genotyping systems as they provide valuable
information about tested isolates, while some are being
successfully adapted for epidemiological typing.
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