
are usually infected by inhalation of aerosols, contaminated 
by infectious particles derived from domestic animals, par-
ticularly after contact with parturient females and their 
birth products (Babudieri, 1959; Marrie, 1990). Q fever is 
a zoonosis with a worldwide distribution. Many species of 
mammals, birds, and ticks are reservoirs of C. burnetii in 
nature. The infection in an animal is most often latent, with 
persistent shedding of bacteria into the environment. How-
ever, in the female reproductive tract, high-level shedding 
occurs at the time of parturition, with millions of bacteria 
being released in the placenta.

Treatment with antimicrobial agents is recommended for 
both acute and chronic Q fever. For acute Q fever, a variety of 
antibiotics have been used, but the member of a tetracycline 
group, doxycycline, is considered the medicament of choice. 
Doxycycline has been shown to result in a mean time to de-
fervescence of 2–3 days, whereas untreated patients resolve 
the fever after a mean of 12.5 days. This antibiotic has shown 
effectivity also for therapy of chronic form, but it was demon-
strated that the combination of doxycycline with chloroquine 
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Introduction

Coxiella burnetii is an intracellular Gram-negative cocco-
bacillus that is a causative agent of Q fever in mammals and 
humans. The disease is often asymptomatic but under certain 
circumstances can be manifested as a mild illness similar 
to influenza with debilitating fever. A small percentage of 
people who become infected with C. burnetii may develop 
a more serious chronic form of the disease that is usually 
exhibited as culture-negative endocarditis in patients with 
previous valvulopathy (Maurin and Raoult 1999). Humans 
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or hydroxychloroquine had much higher bactericidal activity 
than doxycycline alone (Raoult et al., 1999). It significantly 
reduced the time of treatment in chronic Q fever patients to 
18 months for those with native heart valves and 24 months 
for patients with prosthetic valves, which was previously as 
long as five years. While, resistance to these antibiotics does 
not appear to be common, natural resistance is still a concern. 

C. burnetii has a low rate of duplication. As an obligate 
intracellular pathogen, it can be cultivated in yolk sacs of 
embryonated hen's eggs and in various cell lines, including 
human embryonic fibroblast cells, mosquito cells, L cells or 
Vero cells (Baca and Paretsky, 1983). However, it has recently 
been set free from the strictly intracellular conditions with 
successful cultivation in an acidified citrate cysteine medium 
(ACCM) (Omsland et al., 2009, 2011). There are several 
direct and indirect methods for determination of the cell 
growth and/or viability, each with its characteristic pros 
and cons. Direct methods include microscopic counting, 
electronic particle counting, image analysis, in situ biomass 
monitoring, and dielectrophoretic cytometry. Indirect meth-
ods involve the chemical analysis of a culture component 
or a measurement of metabolic activity. The most common 
direct method is optical density measurement of bacterial 
biomass by spectrophotometry. This approach is well suited 
for high throughput screening (HTS) but does not differenti-
ate between dead and living bacteria. Moreover, the method 
has a very low sensitivity. Thus, for counting the number of 
viable cells, a plaque-forming unit (PFU) method seems to be 
a good choice. Using this method, only the viable infectious 
particles are counted on the agar overlay, since the inactive 
particle failing to infect a host cell will not be able to produce 
a plaque. However, the most important disadvantage of this 
method is that clumps of bacterial cells can be miscounted 
as a plaque. In addition, the PFU method is relatively time-
consuming and quite tedious. Thus, it is not well suited for 
HTS studies (as monitoring of the effect of antibiotics on 
growth, viability, and apoptosis) (Wike et al., 1972).

Several methods based on polymerase chain reaction 
(PCR) have been developed for detection and estimation of 
the bacterial quantity. Nevertheless, also these approaches 
have some drawbacks. The correlation between cell viabil-
ity and detection of DNA is problematic due to persistent 
DNA, which can be present in the medium for a period of 
time even after cell death (Masters et al., 1994). Thus, the 
DNA analysis can extremely increase the false-positive 
rate of the detection (Keer and Birch, 2003). On the other 
hand, utilization of mRNA as viability marker seems to be 
more trustworthy because this molecule is more labile and 
has a shorter half-life after its synthesis inside the cell than 
DNA (Keer and Birch, 2003). For its utilization, is necessary 
reverse transcription PCR (RT-PCR), in which the RNA is 
transcribed to complementary DNA (cDNA), which is then 
used as a template for quantitative detection of gene expres-

sion (Bustin and Nolan, 2009). Herein, we report a bacterial 
cell counting method that allows rapid quantification of the 
absolute or relative number of live cells in a bacterial culture 
in a high throughput manner.

Materials and Methods

pCB-dotA plasmid construction. A 291  bp fragment from C. 
burnetii Nine Mile dotA gene was amplified using the primer pair 
dotA30/31(5'-GGCAATCCCGAAGATGATTA-3' and 5'-CATT 
GCGCCATCACTTCC-3'). The PCR was performed on a Bio-
metra thermocycler (Analytic Jena Company) as follows: initial 
denaturation at 95°C for 30 s, 37 cycles of denaturation at 95°C 
for 1 min, annealing at 56°C for 30 s, and extension at 72°C for 
30 s followed by a final extension period at 72°C for 5 min. The 
amplicon was then subcloned into a pCR2.1 TA cloning vector (In-
vitrogen - ThermoFisher Scientific) and propagated in Escherichia 
coli DH5α. The plasmid DNA was extracted from the cultures using 
the QIAGEN miniprep kit, quantified by spectrometry (NanoDrop 
2000, Thermo Scientific), visualized in 0.7% agarose gel, and stored 
at -20°C until use.

C. burnetii propagation in axenic culture. The C. burnetii strain 
Henzerling RSA 331 in phase II, obtained by passaging in embryo-
nated hen's eggs in the presence of increasing doses of chlortetra-
cycline (Brezina et al., 1975), was used in this study. The cells were 
propagated in ACCM-2 axenic medium at pH 4.75 as described 
previously (Omsland et al., 2009; Stead et al., 2013). A volume of 
40 ml of medium was inoculated with a 3-day-old cell culture seed 
containing 1x109 cells as quantified by qPCR. The bacterium was 
propagated for 6 days in vented 75 cm3 culture flask at 37°C under 
the atmosphere of 2.5% O2 and 5% CO2 using Galaxy-170R incuba-
tor (New Brunswick Scientific). For the growth kinetic experiments, 
the cells were harvested daily with the sample taken immediately 
after inoculation considered 0 days post-inoculation (dpi). To the 
treated culture, sterile doxycycline (1 mg/ml in milliQ H20,) was 
added every 24 hours to a final concentration of 0.5 µg/ml. Finally, 
the bacterial cells were recovered by centrifugation at 19,000 x g in 
an Eppendorf 5810 centrifuge and washed twice with phosphate 
buffer saline before further analyses. A defined volume of various 
dilutions of C. burnetii cultures was used for direct counting us-
ing the Live/Dead BacLight bacterial viability kit (Thermo Fisher 
Scientific) following the manufacturer's recommendations.

DNA and RNA purification and cDNA synthesis. The DNA and 
RNA were extracted from the cellular pellet using the AllPrepDNA/
RNA/Proteins kit from QIAGEN. The extracted RNA was treated 
at 37°C for 8 h with RQ1 RNA-free DNAase (Promega) to elimi-
nate possible contamination with genomic DNA according to the 
manufacturer's instructions. The reaction was stopped by DNAase 
inactivation reagent for 10 min, then cleaned by RNeasy minElute 
cleanup kit from QIAGEN and quantified by spectrometry (Nano-
Drop 2000, Thermo Scientific). The presence of contaminating 
DNA was evaluated by PCR amplification of dotA-fragment gene 
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using the primers dotA30/31 according to the conditions described 
above. The absence of 300 kb amplicon was verified by 1% agarose 
gel electrophoresis. Then, aliquots of 1 µg of RNA were reverse 
transcribed using First-Strand cDNA synthesis kit (Thermo Scien-
tific) in accordance with manufacturer's instructions. The resulted 
single-stranded cDNA was stored at -20°C until use.

Real-time PCR (qPCR) and standard curve construction. Five 
replicative runs of a real-time PCR (qPCR) with seven tenfold di-
lutions of the plasmid pCB-dotA were performed. The number of 
plasmid copies per nanogram of DNA mass were calculated using 
the equation: (n x MW)-1 x (N x 10-9), where n is the number of base 
pairs of the plasmid (4,191 bp), MW is the molecular weight per 
base pair (649 g/mol) and N is the Avogadro constant (6.022x1023 
molecules per mol). For the calibration curve construction, 
aliquots of the plasmid in dilutions ranging from 3x101 to 3x108 
copy numbers were applied. The qPCR assay was based on the Taq 
Man chemistry using the primers dotAF (5'-GCGCAATACGCT-
CAATCACA-3'), dotAR (5'-CCATGGCCCCAATTCTCTT-3') 
and QdotA (5'-Fam-CCGGAGATACCGGCGGTGGG-Tamra-3') 
described by Coleman et al. (2004). The reaction was executed in the 
CFX96 Touch Real-Time PCR Detection System (BioRad) utiliz-
ing the Scientific Maxima Probe/ROX qPCR Master Mix (Thermo 
Scientific). The PCR cycle consisted of initial denaturation at 95°C 
for 10 min, 40 cycles of denaturation at 95°C for 30 s, annealing at 
60°C for 1 min. For the standard curves, the threshold cycle (Cq) 
values were calculated using the CFX Maestro Software provided 
by the qPCR equipment manufacturer.

Quantitative reverse transcription polymerase chain reaction (RT-
qPCR) of C. burnetii cells. The PCR reaction mixture consisted of 
20 pg aliquot of DNA isolated from the harvested cells at specific 
time intervals from the day of inoculation or 25 ng of cDNA (ob-
tained from 5 µl of 1:100 dilution in water of cDNA synthesized 
from 1 µg of RNA), 100 nmol/l of each qPCR primer, 0.8 µmol/l 
of probe, 12.5 µl of Scientific Maxima Probe/ROX qPCR Master 
Mix (Thermo Scientific) in DNAse- and RNAse-free water added 
to a final volume of 25 µl. Since only a single copy of the dotA 
gene is present in C. burnetii genome, the genome equivalents 
(GE) were calculated using the equation: g x m, where g is the 
number of genomes per nanogram resulting from the real-time 
PCR calculated by extrapolation from the standard curve and m is 
the total amount of respective DNA or cDNA extracted from the 
sample. The specificity test was performed with 20 ng of DNA from 
either C. burnetii strain Henzerling RSA 331 in phase II, tolerant to 
chlortetracycline (Brezina et al., 1975), DNA from C. burnetii strain 
Scurry in phase I; NCBItxid:1321948 (Samuel et al., 1985), Rickett-
sia akari strain MK (ATC VR-148), Rickettsia slovaca strain 13-B; 
NCBItxid:941638 and Rickettsia conorii strain 7; NCBItxid:272944 
obtained from the strain collection of the Laboratory for Diagnosis 
and Prevention of Rickettsial and Chlamydial Infections, Depart-
ment of Rickettsiology, Institute of Virology, Biomedical Research 
Center, Slovak Academy of Sciences, Bratislava, Slovak Republic. 
All the real-time PCR products were analyzed by electrophoresis 
in 2% agarose gel.

Results and Discussion

During the last decades, several qPCR-based diagnostic 
assays were developed to detect C. burnetii DNA from cell 
cultures or clinical samples. The prerequisite for such a di-
agnostic is a target sequence that is specific for C. burnetii to 
exclude false positive results with other organisms and also 
conserved in all isolates to prevent false negative reactions. 
The target sequences used so far include the plasmid genes 
(QpH1, QpRS) (Willems et al., 1993), the singular chromo-
somal genes like com1, htpB, (Seshadri et al., 2003), icd (Klee 
et al., 2006), icmX, icmW, icmV, icmT, dotB (Morgan et al., 
2010), dotA (Omsland et al., 2009; Cockrell et al., 2017), 
gyrA gene (Pradeep et al., 2017) or the transposase gene of 
insertion element IS1111, which is present in the genome of 
C. burnetii in multiple copies. Although qPCR quantification 
of the C. burnetii cells is very sensitive due to the presence of 
a multicopy number of this insertion element in the genome, 
the number of copies of this element in different isolates 
seem to be highly variable, which makes the quantification 
difficult (Klee et al., 2006).

Plasmid construction

With the aim to assess viable cell counts, we designed and 
evaluated an RT-qPCR assay that targeted the singular dotA 
gene (CBU1648) in the C. burnetii genome that is conserved 
among the known isolates (Segal et al., 2005). This gene is 
encoding an integral cytoplasmic transmembrane protein 
with eight membrane-spanning domains that form a pore 
for transport of effectors into the host cytoplasm during 
infection (Luedtke et al., 2017). The protein is a structural 
component of the type IVB secretion system (T4SS), the 
machinery that is evolutionarily related to bacterial conjuga-
tion. The system facilitates the transport of effector molecules 
(nucleic acids or proteins) into the interior of host cells with 
the aim to potentiate the bacterial survival and virulence 
(Luedtke et al., 2017). The plasmid pCB-dotA employed in 
the assay was assembled using a 291 bp fragment from C. 
burnetii Nine Mile dotA gene (Fig. 1a). This gene has shown 
a constant relative expression level during morphological 
differentiation of C. burnetii (Coleman et al., 2004).

Determination of reproducibility, precision, specificity, 
and efficiency of the qPCR assay

To determine whether false positive reactions may occur 
with the selected dotA fragment, identical qPCR reactions 
were performed with DNAs isolated from purified bacte-
rial species R. akari, R. slovaca, R. conorii, C. burnetii strain 
Scurry in phase I, and C. burnetii strain Henzerling RSA 331 
in phase II. The product of the dotA qPCR assay was then 
evaluated by agarose gel electrophoresis (Fig. 1b). A single 
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band of about 100 bp was detected in C. burnetii samples. 
This band was absent from all other tested related bacterial 
species, which confirms the specificity of the target sequence.

A set of qPCR assays in a tenfold dilution series of the 
plasmid pCB-dotA were performed. Representative ampli-
fication curves are shown in Fig. 1c. Table 1 summarizes the 
average from five replicate runs of the eight independent 

tenfold dilutions of the plasmid. The results showed that 
the quantification was linear over a range of 3x101 to 3x108 
plasmid copy numbers (Fig. 1d). The calculated average value 
of the slopes from the standard series was -3.44 with a stan-
dard deviation of the mean (SD) of ±0.04, which indicated a 
mean assay efficiency of about 95.14% with a SD of ±1.38% 
according to the equation E = 10-1/s – 1, where E is the run 
efficiency and s refers to the slope of the standard curve (Fink 
et al., 1998). Furthermore, low variability, with a Coefficient 
of Variation (CV) ranging from 2.58% to 6.23%, indicated 
efficient reproducibility of the assay. Using this approach, 
we determined that the minimal number of copy numbers 
that could be detected with a 97.42% probability was 3x101, 

while in the upper level 3x108 copies can be detected at 
93.77% feasibility.

Assessment of the viable cell counts of C. burnetii propa-
gated in axenic culture.

evaluate the analytical performance of the proposed assay, 
we measured the growth of C. burnetii Henzerling RSA 331 

Fig. 1

Title
(a) Map of the pCB-dotA plasmid. (b) amplification of C. burnetii dotA gene. Ten microliters of the products after RT-PCR were resolved in 2% agarose 
gel. From left to right: Molecular weight marker and samples from 1) Rickettsia akari, 2) Rickettsia slovaca, 3) Rickettsia conorii, 4) C. burnetii strain 
Henzerling RSA 331 and 5) C. burnetii strain Scurry. (c) Amplification plots of dotA standards from 3x101 to 3x108 copies. (d) Standard curve generated 
from the Cq values calculated by the CFX Manager Software.

(a) (b)

(c) (d)

Table 1. Summary of the average of PCR runs performed with eight 
tenfold dilutions of the plasmid pCB2-dotA

Dilution Mean Cq SDa CV b %
3 x 108 11.91 0.74 6.23
3 x 107 15.83 0.82 5.16
3 x 106 19.13 0.80 4.18
3 x 105 22.76 0.90 3.96
3 x 104 25.72 0.72 2.81
3 x103 29.45 0.76 2.57
3 x 102 32.78 0.85 2.58
3 x 101 38.27 1.81 4.73

aSD standard deviation of five PCR runs. bCV coefficient of variation.
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strain tolerant to chlortetracycline in axenic culture under 
absence and presence of 0.5 µg/ml doxycycline for 6 days. 
Hence it was assumed that only a single copy of the dotA 
gene is present in the C. burnetii genome and only one copy 
of the chromosome is present per bacterial cell, which can 
be expected for a slow-growing bacterium like Coxiella; the 
number of GE based on dotA quantification should be com-
parable to the number of bacterial cells. Thus, we determined 
the GE in the culture over a particular period of time and 
plotted a growth curve (Fig. 2). Analysis of the data showed 
decreased growth of C. burnetii in the presence of doxycy-
cline. While the cell count was only 0.002 times greater in the 
antibiotic-free (AF) compared to antibiotic-treated culture 
(AT) at 1 dpi, this difference changed significantly over the 
time. At 3 dpi, the GE of AF vs. AT culture was 3,74 times 
higher, probably due to the susceptibility of the bacterial 
culture to doxycycline (Yeaman et al., 1989; Gikas et al., 
2001). The discrepancy in GE level decreased to 2.82 at day 
6 as a result of decreased growth rate due to limited nutrient 
supply present in the medium (Fig. 2a). 

As the correlation between the presence of DNA and 
cell viability is ambiguous (Keer and Birch, 2003), we per-
formed RT-qPCR utilizing cDNA synthesized from RNA. 
Similarly as above, the GE number estimated for AF culture 
was only a little higher (0.32 times) as for AT at 1 dpi. This 
difference, however, continually increased over the time 
due to sustained growth in AF culture, where the cells were 
propagated steadily up to day 5. On the other hand, bacteria 
in the doxycycline-treated medium grew slowly until day 3 
when they reached the maximum and remained constant 
up to the end of the kinetic plot. The highest difference was 
observed at 6 dpi when the GE number in the AF culture was 
30.79 times higher than the AT. The slight increase in the cell 
count in AT culture followed by slow reduction is probably 
associated with the bacteriostatic effect of doxycycline and 

moderate adaptation of the bacterium to the agent. This 
observation indicates that a small population of C. burnetii 
preserves the ability to reproduce while the remaining cells 
are either dead or have inhibited growth as a consequence 
of antibiotic treatment. To assess whether the cell densities 
quantified by qPCR provide a reliable result, we validated 
them by commercial Live/Dead BacLight bacterial viability 
kit. Indeed, the dotA copies were correlated well with the 
numbers of particles determined microscopically (data not 
shown). Moreover, a high percentage of cells with a com-
promised membrane that is considered to be dead or dying 
was confirmed on the last days of antibiotic- treated culture.

Conclusion

We validated a TaqMan-based qPCR assay targeting the 
fragment of C. burnetii dotA gene. The assay was shown 
to be specific, sensitive and efficiently reproducible. Copy 
numbers of the designed plasmid were quantified in a range 
from 3x101 to 3x108 bacteria with a high reliability, allowing 
the monitoring of behavior of the cell culture exposed to 
doxycycline. In this regard, the capacity to evaluate the ef-
fect of different agents could be crucial for the development 
of studies focused not only in the basic knowledge of the 
bacteria but also on the development of alternative therapies 
to contend with this dangerous pathogen.
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Growth kinetics of C. burnetii
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