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Development and evaluation of the internal-controlled real-time PCR assay for
Rhodococcus equi detection in various clinical specimens
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ABSTRACT. Rhodococcus equi is the causative agent of rhodococcosis in horses, resulting in significant morbidity and mortality in foals. This
bacterium has also been isolated from a variety of animals and is being increasingly reported as a cause of infection in humans, mainly in
immunosuppressed individuals. Laboratory diagnostics of R. equi infections based only on conventional microbiological methods shows
low accuracy and can lead to misidentification. The objective of the study was to develop and evaluate a real-time PCR assay for direct
detection of R. equi in various clinical specimens, including tissue samples. The species-specific region of the gene encoding R. equi
cholesterol oxidase, choE, was used as a qPCR-target. The diagnostic applicability of the assay was confirmed by testing various tissue
specimens obtained from horses with clinical signs of rhodoccocal infection and swine submaxillary lymph nodes. The rate of R. equi
detection in clinical specimens by the developed assay was higher in comparison to the culture method (90% vs. 60.0% of positive samples)
and conventional PCR (90.0% vs. 20.0% of positive samples). In case of 13 samples that were negative in the culture-based method, R. equi
was detected by the developed assay. Only in one case, it gave negative result for culture-positive sample. The assay may provide a simple
and rapid tool to complement the classical methods of R. equi detection based on culture and phenotypic identification of isolates, as the

performed evaluation indicated a high specificity and accuracy of the results.
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Rhodococcus equi is an important opportunistic pathogen
of animals and humans. In foals up to 6 months of life, it
causes rhodococcosis, most often manifested itself with seri-
ous purulent bronchopneumonia, and in pigs and cattle, a
variety of suppurative infections, mainly extrapulmonary [4,
71. R. equi infections in other domestic animals, such as goats
or sheep, and wild animals, have been reported occasionally
[7, 23, 32]. They are also rare in humans and generally oc-
cur mainly in host with immunosuppression [19, 30, 31, 33].
Moreover, R. equi may be found in the gastrointestinal tract,
lymph nodes and tonsils of asymptomatic animal hosts [7,
13].

R. equi is a Gram-positive, irregular, non-motile, non-
spore-forming, capsule-forming rod. It is a facultative intra-
cellular pathogen that is able to survive and multiply inside
the macrophages [13]. Virulent isolates harbor plasmids car-
rying genes encoding surface virulence-associated proteins
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(Vaps) [2, 13]. R. equi pathogenicity and host specificity
are related to a type of Vap [11, 35]. The majority of equine
isolates contain VapA, porcine and human isolates mainly
VapB, whereas bovine isolates often contain VapN [34]. The
VapA-positive R. equi strains are classified as virulent and
the VapB-positive ones as intermediately virulent based on
virulence in mice [27]. Strains that do not carry virulence-
associated plasmids (VAP), mostly environmental isolates,
are considered to be avirulent [28]. Additionally, some chro-
mosomally encoded factors, including cholesterol oxidase
(ChoE), hydroxamate siderophore rhequichelin, fibronectin-
binding proteins, NADPH-dependent glutamate synthases
and others, are required for R. equi virulence [14, 35].
Laboratory detection of R. equi in clinical specimens is
currently based mainly on conventional bacteriological
methods including isolation of bacteria and their phenotypic
identification [16]. However, in some cases, these methods
are insufficient to detect the pathogen or may lead to its mis-
identification. Many authors have reported problems with
discrimination between R. equi and Dietzia spp. only on
the basis of their morphological and biochemical properties
[17, 18]. Moreover, isolates that had been previously pheno-
typically identified as R. equi, were finally reclassified with
a support of molecular methods, not only as other closely
related actinomycetes but also as more taxonomically distant
species, such as Staphylococcus epidermidis, Exiguobacte-
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rium acetylicum, Ochrobactrum oryzae or Sphingomonas
dokdonensis [9, 10, 17]. The 16S rDNA sequence and pyrol-
ysis mass spectrometric analyses showed that R. equi strains
form a heterogeneous taxonomic group [12]. Thus, the use
of diagnostic methods based on PCR has greatly increased
in recent years. Nucleic acid amplification techniques allow
rapid, accurate and sensitive detection and quantification of
many pathogens and have become a valuable tool in rou-
tine diagnostics of infectious diseases. Molecular assays
have also been developed for R. equi detection, but they are
mainly focused on recognition of equine isolates [5, 6, 10,
20, 21, 24, 26, 29, 36].

The aim of this study was development, optimization and
sensitivity evaluation of a quantitative real-time PCR assay
for detection of R. equi in various clinical samples irrespec-
tive of their origin using TagMan® chemistry.

MATERIALS AND METHODS

Primer design: Primers and a probe targeting a highly
conserved region of R. equi gene encoding cholesterol
oxidase (choE) (GeneBank: accession no. KF670817.1)
were designed using LightCycler Probe Design 2 software
(Roche Diagnostics Ltd., Rotkreuz, Switzerland) (Table
1). Sequence specificity of the primers and the probe was
confirmed in silico using Basic Local Alignment Search
Tool (BLAST) (www.ncbi.nlm.nih.gov/blast/). FAM was
chosen as a reporter dye and BHQ-1 as a quencher. In order
to control the efficiency of DNA extraction and the pres-
ence of PCR inhibitors in the reaction mixtures, an internal
control (IC) was performed. The real-time PCR for IC was
carried out in the same run, using the primers and the probes
targeting the equine f-2-microglobulin gene (GeneBank: ac-
cession no. AY 124664.1) and swine p-2-microglobulin gene
(GeneBank: accession no. AF452448.1), labeled with ROX
as a reporter dye and BHQ-2 as a quencher (Table 1). All
primers and probes used in the described experiments were
made by Metabion (Planegg-Martinsried, Germany).

DNA extraction: Total genomic DNA from bacterial cul-
tures or clinical specimens was isolated using GeneMATRIX
Tissue & Bacterial DNA Purification Kit® (EURx, Gdansk,
Poland), according to the manufacturer’s instructions with
minor modification. Tissue samples (100 mg) were cut into
pieces and completely homogenized with 1 m/ of buffered
saline. One hundred u/ of the appropriate material (bacterial
cultures, tissue homogenate or other clinical samples) was
mixed with 300 u/ of LyseT buffer, 40 u/ of BL buffer and 10
ul of lysozyme (100 mg/m/), and the mixture was incubated
for 30 min at 37°C. The next isolation steps were performed
according to the instructions. Isolated DNA was resuspended
in the final volume of 100 u/ of elution buffer. The amount
and quality of DNA were determined using The Thermo
Scientific NanoDrop™ 1000 Spectrophotometer (Thermo
Scientific, Waltham, MA, U.S.A.).

Real-time PCR: All real-time PCR reactions were per-
formed using the amplification mixture TagMan Master Kit®
(Roche Diagnostics GmbH, Mannheim, Germany). Besides
chemicals supplied by the kit producer, each final reaction

mixture contained 5 u/ of DNA template, 1.75 uM of each
primer and 150 nM of the probe, in the total volume of 20
ul. The best results of amplification were obtained with ac-
tivation of thermostable hot-start DNA polymerase for 10
min at 95°C, followed by 40 cycles comprising: denaturation
(10 sec at 95°C), primers annealing (15 sec at 62°C) and
strand elongation (15 sec at 72°C). After the end of cycling,
mixture was cooled down to 40°C for 60 sec. Fluorescence
levels were read at wavelengths of 530 nm (FAM) for R. equi
DNA and 610 nm (ROX) for IC detection. Each run included
positive and negative control reactions. A positive result was
defined as a Cp (crossing points) value less than 38.0 cycle.
All experiments were performed using LightCycler 2.0 in-
strument (Roche Diagnostics Ltd.).

Specificity: The reference strain of R. equi ATCC 33701
served as a positive control in all performed reactions. The
inclusivity of the method was evaluated by analyzing two
reference R. equi strains (ATCC 33701 and ATCC 6939) and
fifteen clinical R. equi isolates of different origin from the
collection of the Department of Preclinical Sciences, Faculty
of Veterinary Medicine, Warsaw University of Life Sciences
(Table 2). The DNA isolated from 12 bacterial non-Rhodo-
coccus strains and two equine viruses (EHV-1 and EHV-2)
was used to assess the analytical specificity of the developed
real-time PCR assay (Table 2).

Analytical sensitivity: Analytical sensitivity of the devel-
oped assay was determined by analysis of serial dilutions of
the R. equi ATCC 33701 genomic DNA (final concentrations
of a template ranged from 44 to 0.004 ng/reaction) in six
independent repetitions.

Clinical specimens: The diagnostic applicability of the
developed assay for a direct detection of R. equi in clinical
samples was evaluated by testing 20 specimens collected
from swine submaxillary lymph nodes and 20 specimens re-
covered from diseased horses, including tracheal wash (n=4),
abscess (n=3), nasal swab (n=1) and 12 tissue samples (lung,
n=9; liver, n=1; spleen, n=1; and lymph node, n=1). The
results of the assay were compared to the results of standard
laboratory methods, such as a culture of specimens and a
conventional PCR technique that targets the choE gene of R.
equi. For the R. equi culture, the specimens were inoculated
into Columbia agar with sheep blood and a selective CAZ-
NB medium (Mueller-Hinton agar base supplemented with
ceftazidime—20 xg/m/ and novobiocin—25 ug/m/) modified
by an addition of cycloheximide—26 xg/m/ and 0.005% po-
tassium tellurite. Each R. equi isolate was tested for the vap
genes presence by PCR as was described previously [22].

The conventional PCR with primers targeting the choE
gene was carried out as described by Ladron et al. [10].
Amplification reactions were carried out in a 25 u/ reaction
mixture containing 12.5 ul of DreamTaq Green PCR Master
Mix (Fermentas, ThermoFisher Scientific Inc.), 10 pmol of
each primer (Genomed S. A., Warsaw, Poland) and 5 u/ of
total genomic DNA. The PCR thermal profile was: an initial
denaturation at 94°C for 5 min, followed by 30 cycles of
denaturation at 94°C for 1 min, annealing at 55°C for 1 min
and extension at 72°C for 2 min. After the last cycle, a final
extension was performed at 72°C for 10 min. Products of
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The sequences of primers and probes used in the real-time PCR assay for R. equi detection and for
the internal control

Primer Target gene Sequence (5'-3") Amplicon size
RhodF choE TCGCTCGACAAGACCTAC

RhodR TTCCATCGTCACGCTGT 120 bp
RhodP FAM-AGCTGACGATCACGACTCTGCA-BHQI

hB2M-F equine f2-M GACCTGTCTTTCAGCAAGGA

hB2M-R GGGTCTTTGAGAGTAGAGTG 113 bp
hB2M-P ROX-TGGTGTGGATGAGTATAGTTGCCG-BHQ2

sB2M-F  swine 2-M GATCCTTAACCCACTGAGC

sB2M-R AGAGTCAACTCAAAGTAGGTTTGTA 122 bp
sB2M-P ROX- GTTCCTAGTCGGATTCATTAACCACTGC-BHQ2

Table 2.  Rhodococcus equi and non-Rhodococcus strains tested
for specificity of the developed assay

Rhodococcus equi strains

Rhodococcus equi ATCC 33701
Rhodococcus equi ATCC 6939

. equi 442/04
. equi 794/04
. equi 1151/04
. equi 969/05
. equi 541/12

equi 14/sw
equi 44/sw
equi 61/sw

. equi 129/sw
. equi 228/sw
equi 3/d

. equi 67/d

. equi 274/d

. equi 166/s
. equi 145/j

equine isolates VapA-positive

swine isolates VapB-positive

wild boar isolates

plasmid-less

roe deer isolate

IR R R E E R R I R

red deer isolate

Non-Rhodococcus strains

Trueperella pyogenes ATCC 49698

Trueperella pyogenes ATCC 19411
Corynebacterium pseudotuberculosis ATCC 43927
Escherichia coli DH5a

Pseudomonas aeruginosa ATCC 27853
Staphylococcus aureus ATCC 25923

Streptococcus pyogenes ATCC 19615

Pasteurella multocida 1308/05 (clinical isolate)
Proteus mirabilis 1279/12 (clinical isolate)
Klebsiella pneumoniae ATCC 700603
Streptococcus pneumoniae ATCC 39938
Staphylococcus spp. coagulase negative (clinical isolate)

Equid herpesvirus 1 (EHV-1) (laboratory strain Rac-H)
Equid herpesvirus 2 (EHV-2) (laboratory strain 86/67)

the amplification were separated by electrophoresis through
1.5% agarose gel in TAE buffer, stained with ethidium bro-
mide, visualized and analyzed using a VersaDoc Model 1000
Imaging System and Quantity One software (version 4.4.0;

BioRad Laboratories, Hercules, CA, U.S.A.). GeneRuler
100bp DNA Ladder Plus (Fermentas, ThermoFisher Scien-
tific Inc.) was used for estimating the molecular size of the
obtained PCR product.

RESULTS

The designed primers and the probe recognized only
the target sequence of R. equi and did not show any cross
homologies in in silico analysis using the nucleotide blast
search. The capacity of the assay to detect only a specific
template was also confirmed experimentally with genomic
DNA samples extracted from R. equi, including two refer-
ence strains and fifteen clinical isolates from different hosts,
and 14 non-target templates listed in Table 2. The assay was
specific, because all tests with studied R. equi strains gave
positive results, and no unspecific amplification signals or
cross-reactions with other non-target microorganisms, in-
cluding common bacterial and viral species, were observed.

The analytical sensitivity of the developed assay was
evaluated with serial dilutions of genomic DNA of reference
R. equi strain ATCC 33701. A positive signal of amplifica-
tion was obtained in all DNA dilutions which means that
the sensitivity of the assay was at least 0.004 ng of template
DNA.

In order to evaluate the usefulness of the developed assay
in direct detection of R. equi in specimens, we performed
tests for different clinical materials. A total of 20 specimens
collected from horses with clinical symptoms of rhodococ-
cal infection and 20 specimens collected from swine were
tested using the developed assay, a culture method as the
‘gold standard’ for the laboratory diagnostics and a conven-
tional PCR for amplification of choE gene. The results are
shown in Table 3. Among 40 clinical specimens tested by
the culture method, 24 were positive for R. equi (60.0%),
whereas R. equi DNA was detected by the developed assay
in 36 samples (90.0%). The conventional PCR targeting the
choE gene has the lowest detection rate, and only 8 studied
specimens (20.0%) were positive. The results of both PCR
assays were consistent only in 12 samples (30%), while the
agreement between developed assay and culture method was
65.0%. Only one sample negative for real-time PCR was
culture positive. This sample was also negative in conven-
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Table 3.  The results of the R. equi detection in clinical specimens from horses and swine using different techniques
. R. equi detection
Sample IDY  Specimen type - - Comments
Culture®  conventional PCRY  real-time PCRY Concordance®
1/h abscess + + + PC, PP
2/h lung + - + PC
3/h lung - - + N frozen material of poor quality
4/h tracheal wash + + + PC, PP
5/h tracheal wash - + + PP frozen material
6/h abscess + + + PC, PP
7/h nasal swab - - - PC, PP
8/h lung + - + PC
9/h lung + - + PC
10/h lung + + + PC, PP
11/h liver - - - PC, PP
12/h spleen - - - PC, PP
13/h lung + - + PC
14/h lymph node - —/+ + PP frozen material of poor quality
15/h lung - - + N frozen material of poor quality
16/h lung - - + N frozen material of poor quality
17/h abscess + - - N predominance of pus
18/h lung + - + PC
19/h tracheal wash - —/+ + PP Proteus spp. growth
20/h tracheal wash - - + N Proteus spp. growth
1/s submaxillary lymph + - + PC
2/s nodes _ — + N
3/s + - + PC
4/s + - + PC
5/s — — + N
6/s - - + N
7/s - - + N
8/s + - + PC
9/s + - + PC
10/s + - + PC
11/s + - + PC
12/s - - + N
13/s + - + PC
14/s + - + PC
15/s + - + PC
16/s - - + N
17/s + - + PC
18/s + - + PC
19/s + I+ + PC, PP
20/s + - + PC

a) /h, horse origin; /s, swine origin; b) +, positive result; —, negative result; —/+, uncertain result; ¢) PC, concordance with culture-based
method present; PP concordance within PCR present, N, lack of concordance.

tional PCR and gave the negative result in the internal con-
trol reaction. The range of Cp value for the positive samples
was from 32.87 to 35.58. All equine isolates harbored the
vapA gene, and swine isolates were vapB-positive.

The internal control for verification of DNA extraction and
purification process was included in the study of all clinical
specimens. The amplification of the equine and swine p-2-
microglobulin genes in all tested samples, except one, showed
that the used method of DNA isolation was effective and that
no inhibition of the real-time PCR occurred due to the pres-
ence of nonspecific polymerase inhibitors in the reactions.

DISCUSSION

Previously developed molecular tests for species-specific
detection of R. equi were applied to amplification of differ-
ent target sequences, including a region of 85-90 kb VapA
plasmid found in virulent strains [5, 6, 15, 20, 21, 24, 26, 29],
a R. equi specific fragment of the 16S rRNA gene [24, 36],
the choE gene [5, 10, 21] or an unidentified genomic region
of R. equi [1]. These methods were used to identify the pure
culture of strains or to detect the pathogen in certain type
of clinical specimens, such as nasopharyngeal swabs [20,



DETECTION OF RHODOCOCCUS EQUI BY REAL-TIME PCR 547

24], tracheobronchial aspirate [6, 20, 24, 29, 36], bronchoal-
veolar lavage (BAL) [21], blood, serum [24] or feces [20,
36]. To our knowledge, this is the first paper describing the
real-time PCR assay applicable for direct R. equi detection in
various specimens, including animal tissues. Moreover, the
assay allows to amplify the conserved choE gene of R. equi
and thus, to detect all strains, not only virulent ones.

The results of the present study show that the use of the
developed real-time PCR assay is a rapid, accurate and use-
ful tool for direct detection of that R. equi in different clinical
specimens. The specificity of the assay was confirmed with
DNA extracted from other clinically relevant bacterial and
viral pathogens, especially those associated with pulmonary
infections in horses, as well as DNA samples extracted
directly from various clinical specimens from horses and
swine. We showed the advantages of the developed approach
over the culture method and conventional PCR assay. The
DNA of R. equi was detected in 23 of 24 culture-positive
samples and in 13 of 16 culture-negative samples. Although
the real-time PCR assay targets the same region of the R.
equi genome as conventional PCR, the results of both tests
were consistent for only 11 of 40 samples. That confirms
the high sensitivity of the developed assay and its advan-
tages over the conventional PCR based on the same target.
In contrast to number of PCR for detecting equine isolates
harboring a VapA plasmid, the present real-time PCR assay
is designed to the conserved choE gene that is present in all
R. equi strains, including those isolated from other hosts.

The sensitivity of the culture-based method can be im-
perfect, because results are strictly dependent on bacterial
growth and thus on quality of specimens. Optimal sample
preparation procedures, especially appropriate storage and
transport conditions of specimens, are required to reach
good sensitivity of a culture, since dead or inhibited bacteria
cannot be detected by this method. It should be noted that
the samples shipped to the laboratory do not always meet
quality standards or may be analyzed immediately. In case
of 5 PCR-positive samples where specimens were frozen
and of poor quality, no growth of R. equi was observed.
Inhibition of bacterial growth may be noted also in clinical
specimens obtained during administration of antibiotics [1].
Molecular methods allow detecting the presence of nucleic
acids from viable as well as non-viable cells, even in a case
of low bacterial number, and thus may exhibit the highest
sensitivity. Besides the physiological status of cultured cells,
false negative results can also be ascribed to the presence of
multiple bacteria species contaminating clinical specimens
and overgrowth of fast growing microorganisms that quickly
dominate and impair the ability to isolate of R. equi. This
situation was observed in two other PCR-positive samples in
which R. equi detection by culture was impossible as a result
of Proteus spp. growth.

PCR methods are more specific and sensitive to detect
a small number of bacteria, even before development of
clinical signs of infection and below an amount that could
be detected in microbial cultures. On the other hand, the
sensitivity of PCR methods may be influenced by the pres-
ence of PCR inhibitors, such as DNA-degrading enzymes

in a template or in reaction reagents, and by the insufficient
quality of a DNA template. The presence of inhibitors in-
terfering with nucleic acid extraction and/or amplification
has been observed in different clinical samples, especially
in tissue specimens [3, 8]. The presence of large amounts
of eukaryotic DNA in a template has also been shown to
have inhibitory properties [8]. Difficulties in isolation of
DNA from Gram-positive bacteria, such as R. equi and an
excess of co-extracted equine DNA from tissue specimens
may pose a problem leading to false-negative results in PCR.
The optimal sample preparation, monitoring and accurate as-
sessment of the presence of PCR inhibitors are required in
order to eliminate false negative results. The inclusion of the
internal control to the PCR confirms correct extraction and
purification steps and thus acceptable quality of a template.
Therefore, in the present real-time PCR assay, the internal
control with oligonucleotides specific for equine and swine
B-2-microglobulins was performed for all clinical samples
to check the presence of inhibitors and to eliminate false
negative results. The internal control assay gave positive
result for 39 samples, which indicated the lack of inhibi-
tor components in the reaction mixture. The PCR negative
samples were collected from abscess with predominance of
pus, which is known inhibitor of PCR reaction [8]. The de-
veloped assay can also be used to detect R. equi in specimens
collected from hosts other than horses and pigs, however,
the appropriate internal control (e.g. the primers/probe set
targeting the host species-specific reference gene), should be
included.

The developed real-time PCR assay is a useful and
rapid tool applicable to direct detection of R. equi in various
specimens, including tissue samples, and to identification
of isolates of different origin, also those carrying virulence-
associated plasmids different than VapA or plasmid-less. The
detection of environmental avirulent isolates, which may be
present in upper respiratory tract of horse as normal biota,
could be some limitation of the newly developed assay as
a diagnostic tool for analysis of some specimens in foals,
such as tracheal washes or nasal swabs. On the other hand,
R. equi isolation from tissue samples of other hosts can be
problematic, as was shown by testing submaxillary lymph
nodes specimens of swine origin. Moreover, in the pathogen-
esis of R. equi infections in humans may be included mecha-
nisms other than those associated with Vaps. For example,
the mycolic acids in the cell wall play a crucial role in the
intracellular survival of these bacteria and the formation of
granulomatous lesions in patients [25]. Takai et al. (1994)
showed that 31 of 39 clinical isolates of R. equi from patients
with and without AIDS did not carry the virulence plasmid
and were avirulent in mice [25]. Thus, detection of both,
virulent as well as avirulent strains causes that the test is a
good tool for the detection of R. equi in case of other host,
including humans. The assay allowed to detect R. equi in
more clinical samples when compared to the culture method
and conventional PCR assay and thus, it could complement
the standard bacteriological methods and improve the diag-
nostics of R. equi infections.
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