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Rapid diagnosis is essential for the management of Staphylococcus aureus infections. A host recognition protein from S. aureus
bacteriophage phiSLT was recombinantly produced and used to coat streptavidin latex beads to develop a latex agglutination test
(LAT). The diagnostic accuracy of this bacteriophage-based test was compared with that of a conventional LAT, Pastorex Staph-
Plus, by investigating a clinical collection of 86 S. aureus isolates and 128 coagulase-negative staphylococci (CoNS) from deep
tissue infections. All of the clinical S. aureus isolates were correctly identified by the bacteriophage-based test. While most of the
CoNS were correctly identified as non-S. aureus isolates, 7.9% of the CoNS caused agglutination. Thus, the sensitivity of the bac-
teriophage-based LAT for identification of S. aureus among clinical isolates was 100%, its specificity was 92.1%, its positive pre-
dictive value (PPV) was 89.6%, and its negative predictive value (NPV) was 100%. The sensitivity, specificity, PPV, and NPV of
the Pastorex LAT for the identification of S. aureus were 100%, 99.2%, 98.9%, and 100%, respectively. Among the additionally
tested 35 S. aureus and 91 non-S. aureus staphylococcal reference and type strains, 1 isolate was false negative by each system; 13
and 8 isolates were false positive by the bacteriophage-based and Pastorex LATs, respectively. The ability of the phiSLT protein
to detect S. aureus was dependent on the presence of wall teichoic acid (WTA) and corresponded to the production of ribitol
phosphate WTA, which is found in most S. aureus clones but only a small minority of CoNS. Bacteriophage-based LAT identifi-
cation is a promising strategy for rapid pathogen identification. Finding more specific bacteriophage proteins would increase the
specificity of this novel diagnostic approach.

Rapid identification of microbial pathogens improves patient
management by providing an earlier basis for the choice of an

optimal antimicrobial agent (1–3). This is of particular impor-
tance in cases of acute and life-threatening infections, such as
diseases caused by Staphylococcus aureus (4). Pathogen identifica-
tion is complicated in situations where causative and rather sap-
rophytic microorganisms of related species may co-occur in diag-
nostic specimens because of colonization of the same habitats or
contamination during specimen collection, transport, or process-
ing. One example with major diagnostic relevance is cocoloniza-
tion of the skin and mucous membranes by methicillin-suscepti-
ble S. aureus (MSSA) and methicillin-resistant coagulase-negative
staphylococci (CoNS), which may lead to false-positive results in
nucleic acid amplification assays based on the multiple-locus ap-
proach designed for the screening of methicillin-resistant S. au-
reus (MRSA) (5). While S. aureus is a major cause of skin, soft
tissue, respiratory, bone, joint, and endovascular infections, CoNS
are considered less pathogenic bacteria affecting mainly immuno-
compromised patients or those with indwelling devices (6). While
matrix-assisted laser desorption ionization–time of flight mass
spectrometry (MALDI-TOF MS) considerably accelerated the
identification of microbes (7), latex agglutination tests (LATs)
remain valuable, e.g., for preliminary, very rapid differentiation
between S. aureus and CoNS directly while reading cultures on
solid media (8, 9). Recent LATs for S. aureus identification are
based on the detection of coagulase activity due to the clumping
factor, protein A, and capsular polysaccharides 5 and 8. These
so-called third-generation LATs are characterized by increased
sensitivity; however, problems due to false-positive reactions re-
main (10–12).

Wall teichoic acid (WTA) is a surface-exposed glycopolymer
with a species-specific structure that has been proposed as a target
molecule for rapid species detection (13, 14). Because several bac-
teriophages use WTA to recognize specific host bacteria, corre-
sponding phage-encoded WTA-binding proteins may be suitable
tools for rapid diagnostic tests. In this study, we investigated a
novel LAT based on an engineered bacteriophage host recognition
protein.

(This work was presented in part at the Joint Annual Meeting
of the German Society for Hygiene and Microbiology and the
German Society for Infectious Diseases, Rostock, Germany, 22 to
25 September 2013 [DVP08].)

Received 19 May 2014 Returned for modification 20 June 2014
Accepted 9 July 2014

Published ahead of print 16 July 2014

Editor: K. C. Carroll

Address correspondence to Karsten Becker, kbecker@uni-muenster.de.

* Present address: Sonja Molinaro, MicroCoat Biotechnologie GmbH, Bernried,
Germany; Guoqing Xia, Microbiology and Virology Unit, Faculty of Medical and
Human Sciences, Institute of Inflammation & Repair, The University of Manchester,
Manchester, United Kingdom.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/JCM.01432-14.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JCM.01432-14

3394 jcm.asm.org Journal of Clinical Microbiology p. 3394 –3398 September 2014 Volume 52 Number 9

http://orcid.org/0000-0003-4492-9156
http://dx.doi.org/10.1128/JCM.01432-14
http://dx.doi.org/10.1128/JCM.01432-14
http://dx.doi.org/10.1128/JCM.01432-14
http://jcm.asm.org


MATERIALS AND METHODS
Bacterial strains. A clinical collection of 86 S. aureus and 128 CoNS se-
quential isolates (1 isolate per patient) recovered from deep tissue infec-
tions (e.g., bone, joint, cardiovascular, and soft tissues) during 2012 was
used (Table 1). MALDI-TOF MS (15) and species-specific PCR and/or
universal PCR and sequencing approaches (16) were used as reference
methods for identification to the species level. Additionally, a collection of
126 staphylococcal reference and type strains including 35 S. aureus and
91 non-S. aureus strains and comprising 55 species and subspecies was
tested (see Table S1 in the supplemental material). All bacterial isolates
were subcultivated overnight on Columbia blood agar prior to testing.

Bacteriophage-based LAT. A host recognition protein, H-SA-BP-1,
from S. aureus bacteriophage phiSLT, modified for better solubility and
binding affinity, was recombinantly produced in Escherichia coli. The bi-
otinylated protein was used to coat streptavidin latex (Microcoat Biotech-
nologie GmbH) beads to develop an agglutination test (Hyglos GmbH,
Bernried, Germany). We evaluated the diagnostic accuracy of this phage-
based test and compared it with that of a conventional LAT, Pastorex
Staph-Plus (referred to here as Pastorex; Bio-Rad, Marnes-la-Coquette,
France), which is based on the simultaneous detection of the fibrinogen
affinity antigen (clumping factor), protein A, and capsular polysaccha-
rides 5 and 8 of S. aureus (17). For each test isolate, one drop of test latex
from a dropper bottle was placed into a circle of a paper test card and one
drop of control latex as a negative control was placed into another circle of
the test card. One to several colonies were removed from the agar with an
inoculating loop and emulsified in the latex drop by spreading it over the
surface of the circle. The same procedure was performed for Pastorex. The
test was considered positive if clearly visible agglutination was observed
with the test latex. The bacteriophage-based test was performed in tripli-
cate independently by three investigators, who were blinded to the iden-
tities of the isolates tested, to the result of other investigators, and to the
Pastorex results.

Flow cytometric analysis of S. aureus cells. Wild-type S. aureus
USA300, its isogenic tagO mutant, and the complemented mutant (18)
were used for flow cytometric analysis. To detect bound H-SA-BP-1 pro-
tein, 100 �l S. aureus cells (suspension with an optical density at 578 nm of
0.5) were incubated with biotin-labeled H-SA-BP-1 protein (5 �g) in 100
�l Tris-buffered saline–Tween 20-CaCl2– bovine serum albumin buffer,
washed, and then incubated with Alexa Fluor 488-streptavidin (1:200;
Invitrogen) at 4°C for 1 h. Washed S. aureus cells were sonicated for 15 s to
disperse clumped cells before examination by flow cytometry (Accuri C6;
Beckman Coulter).

RESULTS

All of the S. aureus isolates from the clinical collection were cor-
rectly identified by both the bacteriophage-based test and Past-
orex. Among CoNS, nonspecific agglutination of test and control

samples in both the phage-based test and Pastorex was observed
with one S. epidermidis isolate, which was excluded from the anal-
ysis for this reason. While most of the clinical CoNS isolates were
correctly identified as non-S. aureus isolates by the phage-based
test, 7.9% (10/127) of the CoNS (7 S. epidermidis, 1 S. pettenkoferi,
1 S. saprophyticus, and 1 S. warneri) caused agglutination. Pastorex
produced a false-positive result in 0.8% (1/127). The only falsely
identified isolate was S. lugdunensis. The sensitivity, specificity,
positive predictive value (PPV), and negative predictive value
(NPV) of the bacteriophage-based test and Pastorex for identifi-
cation of S. aureus among clinical staphylococcal isolates are
shown in Table 2. For 96.9% (124/128) of the clinical isolates, the
results of the bacteriophage-based test read by three independent
investigators was the same, demonstrating that reading of results
was technically easy and unambiguous in most cases.

The performance of both tests was more variable when a col-
lection of 126 staphylococcal reference and type strains was tested
(see Table S1 in the supplemental material). The bacteriophage-
based test and Pastorex each produced one false-negative result.
The phage-based test did not identify reference S. aureus strain
ATCC 27664, and Pastorex failed to detect type strain S. aureus
subsp. anaerobius DSM 20714. The result was uninterpretable be-
cause of the nonspecific agglutination in control latex with four
and eight of the non-S. aureus reference strains in the bacterio-
phage-based test and Pastorex, respectively. Nonspecific aggluti-
nation was not observed with S. aureus strains. Overall, 14.9%
(13/87) and 9.6% (8/83) of the interpretable non-S. aureus refer-
ence and type strains were false positive in the bacteriophage-
based test and Pastorex, respectively (see Table S1 in the supple-
mental material).

Because most staphylococcal bacteriophages are known to
bind teichoic acids (19, 20), the phiSLT H-SA-BP-1 protein from
the bacteriophage-based test was studied for its capacity to bind to
S. aureus USA300 and an isogenic WTA-deficient tagO mutant. Of
note, the mutant failed to bind H-SA-BP-1 but complementation
with a wild-type copy of tagO restored binding (Fig. 1), thereby
demonstrating that H-SA-BP-1 requires WTA for binding. Typi-
cal S. aureus produces ribitol phosphate WTA, while most CoNS
have different WTA types, such as glycerol phosphate WTA (21).
In order to determine if the ability of the bacteriophage-based test
to detect S. aureus depends on the presence of ribitol phosphate
WTA, the binding of H-SA-BP-1 to the rare S. aureus sequence
type 395 (ST395) lineage, which produces CoNS-related glycerol
phosphate WTA (21), was analyzed. ST395 prototype strain
PS187 failed to bind H-SA-BP-1, thereby providing evidence that
ribitol phosphate WTA is the specific diagnostic target of H-SA-
BP-1.

TABLE 1 Species distribution among 214 clinical staphylococcal isolates

Species No. of isolates

S. aureus 86

Non-S. aureus 128
S. epidermidis 89
S. capitis 15
S. haemolyticus 9
S. lugdunensis 6
S. caprae 4
S. pettenkoferi 1
S. saprophyticus 1
S. sciuri 1
S. simulans 1
S. warneri 1

TABLE 2 Performance of the bacteriophage-based LAT in comparison
with that of the conventional LAT Pastorex for distinguishing S. aureusa

from CoNSb

Method % Sensitivity % Specificity % PPV % NPV

Phage-based test 100 92.1 89.6 100
Pastorex 100 99.2 98.9 100
a n � 86.
b n � 128. One S. epidermidis isolate, which caused nonspecific agglutination of test and
control latex in both the phage-based test and Pastorex, was excluded from the analysis.
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DISCUSSION

Bacteriophages, or phages, are viruses that bind to specific recep-
tors on the bacterial surface to eventually infect the host (22).
Phages are utilized for patient treatment in some parts of the
world (23), and recombinant bacteriophage endolysins have re-
cently been suggested for use as therapeutic agents against bacte-
rial infections (24–26). Also in diagnostics, the use of phages as a
tool for S. aureus typing because of their high specificity has a long
history (27, 28). Although it is still in use in some countries (29),
this method has been widely replaced by new molecular methods.
Recently, novel bacteriophage-based diagnostic applications have
appeared, as reviewed elsewhere (22, 30). They include suscepti-
bility testing with phage amplification assays to detect multidrug-
resistant pathogens (31–33). Tailspike proteins, which are used by
many phages to bind specifically to the cell surface, have recently
been suggested for use as molecular probes for bacterial detection
(34). Our study investigated a novel application of engineered
bacteriophage host-binding protein as a rapid diagnostic tool in
the form of a LAT.

Providing results within seconds, manual rapid on-plate tests
are useful for preliminary identification of colonies cultivated
both from primary sterile body sites, as well as from samples that
normally contain colonizing microflora. If staphylococci are
found in normally sterile samples, the S. aureus or CoNS differen-
tiation result can swiftly be provided to a clinician by entering it
into the clinical computer-based information system directly
while reading the culture. Thus, a physician can make decisions on
antimicrobial treatment based on local susceptibility data even
before confirmative identification (e.g., by MALDI-TOF) and an-
timicrobial susceptibility testing (AST) have taken place. For crit-
ically relevant samples, rapid identification of S. aureus will allow
a microbiologist to inform a clinician immediately by phone. In
the case of samples from nonsterile body sites, rapid identification
of presumable S. aureus colonies within mixed indigenous flora
may directly guide the microbiologist’s decision to proceed with
further diagnostic procedures, i.e., confirmative MALDI-TOF MS
identification and AST, rather than to report a sample as contain-
ing only normal flora. Even in a well-organized microbiological
laboratory in the era of MALDI-TOF MS, it can take a longer time
until the cultures in question are forwarded to the MALDI-TOF
MS station, the analysis is performed, and the results are validated.
In contrast, S. aureus LATs are performed directly during routine

plate reading and differentiation between S. aureus and CoNS is
available within seconds.

Similar to various other currently available conventional third-
generation S. aureus LATs, Pastorex, used as a comparator in this
study, represents a rapid LAT based on the detection of clumping
factor, protein A, and the type 5 and 8 capsular polysaccharides of
S. aureus (8, 9, 17, 35).

While all clinical S. aureus isolates were unambiguously iden-
tified by the phage-based test, the rate at which false-positive re-
sults were obtained with CoNS was 7.9%. The phage-based test
contains latex particles sensitized with a binding molecule highly
specific for its WTA target, which is conserved in the cell wall of S.
aureus. Although bacteriophages are, in general, highly specific, it
was previously shown with recombinant bacteriophage proteins
that this specificity is not absolute (24, 25) and that S. aureus
bacteriophages can occasionally infect certain CoNS (21). In line
with the notion that H-SA-BP-1 binds ribitol phosphate WTA,
some of the false-positive CoNS, S. saprophyticus and S. xylosus,
are known to produce S. aureus-related ribitol phosphate WTA
(36). Among the clinical strains, Pastorex produced only one
false-positive result, with an S. lugdunensis isolate. Positive third-
generation S. aureus LAT results for CoNS have been previously
reported for S. lugdunensis (17) and were attributed to the ability
of this species to produce clumping factor (37).

It is noteworthy that both recent studies that evaluated a com-
mercially available phage amplification assay for S. aureus detec-
tion and determination of methicillin susceptibility directly from
positive blood cultures demonstrated the excellent specificity but
moderate sensitivity of this approach (31, 32). This is quite con-
trary to the results obtained with the test used here, since we ob-
served perfect sensitivity but moderate specificity of the phage-
based test. This might be explained by the different characteristics
of the phages on which the tests are based. Finding more suitable
phages by screening natural habitats, followed by determination
of the binding characteristics, or alternative use of molecularly
engineered cell wall-binding domains of bacteriophage endolysins
(24) would increase the diagnostic utility of phage-based detec-
tion methods. An important factor that could contribute to the
reduced sensitivity of the phage amplification assay (31, 32) is that
it was performed directly with positive blood cultures, which is
obviously more challenging than identification from isolated col-
onies. Application of the bacteriophage-based LAT might theoret-

FIG 1 Ribitol phosphate WTA is required for H-SA-BP-1 binding to S. aureus. Results of flow cytometric analyses of H-SA-BP-1 binding to wild-type S. aureus
(USA300wt), isogenic WTA-deficient mutant (�tagO), plasmid-complemented mutant (�tagO/O), and wild-type S. aureus (PS187wt) cells are shown. Shaded
and open peaks correspond to samples without and with H-SA-BP-1, respectively. FITC, fluorescein isothiocyanate.
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ically also be possible for direct detection of S. aureus in positive
blood cultures. However, the relatively small amount of bacterial
cells in positive blood culture broth (compared to the colony bio-
mass), as well as blood and broth components, may hinder detec-
tion. Nevertheless, preprocessing of positive blood cultures, e.g.,
bacterial cell pellet preparation by lysis and centrifugation, could
improve detection. Direct determination of methicillin suscepti-
bility would not be possible with such a phage-based LAT, but it
might be combined, e.g., with a penicillin binding protein 2a LAT
for detection of MRSA. These approaches warrant further studies.

Among the large collection of staphylococcal reference and
type strains, one S. aureus reference strain was not identified by
each test (see Table S1 in the supplemental material), in contrast
to clinical strains, where no false-negative results were obtained
with either system. It is noteworthy that S. aureus ATCC 27664,
which produced a false-negative result, belongs to the rare ST395
lineage (38) with CoNS-related WTA (21). The proportion of
false-positive findings was higher in the reference strain collection
than in the clinical strains, too (see Table S1). Some of those spe-
cies, e.g., S. lugdunensis and S. schleiferi, have been previously re-
ported as falsely identified by Pastorex because of the production
of clumping factor (8). The following reasons for false-positive
LAT results have also been described: reactivity of S. haemolyticus
and S. hominis strains with monoclonal antibodies to S. aureus
capsular polysaccharides (11, 17), a noncapsular heat-stable anti-
gen in S. epidermidis (12), unspecific aggregation of latex particles
caused by S. saprophyticus (39), cross-reaction of some strepto-
cocci with latex because of a protein with an affinity for the Fc
fragments of immunoglobulins (40), nonspecific latex agglutina-
tion by Candida spp. (10), etc. The worse performance of both
tests with the reference strain collection has only limited clinical
importance because most of the non-S. aureus species tested are
not relevant to humans. However, the potential occurrence of
both false-positive and false-negative results demonstrates that
microbiologists should be watchful while evaluating LAT results.
Additional diagnostics are needed in situations when an unex-
pected LAT result is observed with isolates exhibiting typical mor-
phology.

Nonspecific agglutination in test and control latex samples
of both the phage-based test and Pastorex occurred with one S.
epidermidis isolate in the clinical collection (Table 2) and was also
observed among reference strains (see Table S1 in the supplemen-
tal material). Such nonspecific reactions render the results unin-
terpretable and have also been reported for S. aureus LATs by
others (8, 9, 35, 39). Attention should be paid to such results of
diagnostic tests since nonspecific agglutination can also occur
with nonrelated microorganisms erroneously picked up from
the agar with mixed cultures, e.g., streptococci or Candida spp.
(10, 40).

Our study had several limitations. First, this proof-of-principle
study was retrospective, using previously characterized staphylo-
cocci. A prospective clinical trial is required to understand the true
performance characteristics of this assay. This is especially impor-
tant since medical laboratory personnel using the test would first
need to identify suitable colonies on a plate for testing. Second,
organisms other than S. aureus and CoNS were not included in the
analysis. Characterization of the performance characteristics of
this assay using other organisms with Gram stain characteristics or
colony morphologies similar to those of staphylococci would be
useful and should be performed in the framework of a prospective

clinical evaluation. Third, further applications of this assay to the
direct detection of S. aureus in clinical specimens would clearly
have more impact on early clinical decision making than identifi-
cation from cultivated colonies. One such application may be S.
aureus detection from positive blood cultures, as described above.

In conclusion, bacteriophage-based identification by a LAT is a
promising strategy for rapid pathogen identification directly from
agar plates. Finding more specific phage proteins would increase
the specificity of this novel diagnostic approach.
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