
Vol:.(1234567890)

Acta Parasitologica (2020) 65:128–135
https://doi.org/10.2478/s11686-019-00134-9

1 3

ORIGINAL PAPER

A Comparison Between Manual Count, Flow Cytometry 
and Quantitative Real‑Time Polymerase Chain Reaction as a Means 
of Determining Babesia rossi Parasitaemia in Naturally Infected Dogs

Lourens de Villiers1  · Melvyn Quan2 · Milana Troskie2 · Joyce C. Jordaan3 · Andrew L. Leisewitz1

Received: 3 June 2019 / Accepted: 3 October 2019 / Published online: 13 November 2019 
© Witold Stefański Institute of Parasitology, Polish Academy of Sciences 2019

Abstract
Purpose Light microscopic manual count is the current gold standard for parasite quantification. The ability to determine 
parasite density in whole blood is crucial to understanding disease pathogenesis and finding a suitable automated method of 
Babesia rossi parasite quantification would facilitate higher throughput and provide results that are more objective. This study 
investigated both peripheral capillary and central venous whole blood to estimate the correlations between light microscopy, 
flow cytometry and quantitative real-time polymerase chain reaction (qPCR).
Methods Peripheral capillary and central venous blood were sampled from 40 naturally B. rossi-infected dogs and 10 healthy 
control dogs. Samples were analysed by reverse line blot hybridization assay to confirm a mono-B. rossi infection. Capillary 
blood parasite density was detected using light microscopic manual counting and venous blood parasitaemia detected by 
manual counts, flow cytometry and qPCR.
Results A significant correlation was found between the venous manual counts and flow cytometry (rs = 0.465; P < 0.001), 
as well as qPCR (rs = − 0.500; P < 0.001). A significant correlation was also observed between the capillary manual counts 
compared to venous manual counts (rs = 0.793; P < 0.001), flow cytometry (rs = 0.399; P = 0.004), and qPCR (rs = − 0.526; 
P < 0.001).
Conclusions The study results suggest that qPCR is of value as an alternative to the gold standard manual count for detecting 
B. rossi parasitaemia in canine whole blood and that flow cytometry may be useful with further refinement of issues such as 
background fluorescence and the influence of reticulocytes.
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Introduction

Babesia rossi is the most prevalent species of Babesia in 
South Africa [23], where acute B. rossi infections can be 
detected and quantified accurately by light microscopic dem-
onstration of parasitaemia on a thin stained capillary blood 
smear [4]. Light microscopy is utilized traditionally as the 
gold standard in diagnosis of B. rossi infections, but the limi-
tations of this diagnostic tool have been reported for both 
malaria [29, 30, 40] and Babesia [26]. Flow cytometry [17, 
21, 35] and quantitative real-time polymerase chain reac-
tion (qPCR) [16, 28, 37] are automated diagnostic modali-
ties that have been used for several studies in detection and 
quantitative analysis of malaria. Similarly, flow cytometry 
[2, 46] and quantitative real-time polymerase chain reaction 
[9, 43, 44] have proven efficient in detecting and quantifying 
Babesia infections, but an investigation into a comparison 
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between these diagnostic tools and light microscopy for the 
detection and quantification of B. rossi parasitaemia has 
not been observed. Light microscopy has been compared 
to flow cytometry and qPCR for malaria in the same study 
[7]. In the study presented here, we investigated the correla-
tion between the quantitative abilities of these three tools 
for the canine Babesia parasite. Flow cytometry facilitates 
higher throughput capabilities and less subjectivity [7], but 
unwanted background fluorescence may be problematic [14]. 
Excess background fluorescence results in discrepancies at 
low parasitaemias [18]. Reticulocyte interference is arguably 
the most important confounder in cytometric red blood cell 
(RBC) analysis due to the problems of non-specific staining 
of reticulocytes [14, 18, 45]. Other potential confounders 
such as normoblasts and Howell–Jolly bodies have also been 
recorded [38]. Conventionally, alternative staining method-
ologies are used to try and combat the issues of unwanted 
background fluorescence [21, 35]. The similarities shared 
between Babesia and malaria [8, 19, 34] are well docu-
mented and studies that investigated the correlation between 
parasite density and disease severity in malaria [11, 20] and 
Babesia [4] have highlighted the essential role parasite 
quantification plays in understanding disease pathogenesis. 
Investigations into the pathogenesis of malaria [25, 39] and 
Babesia [13, O’Connor et al. 1999] suggest that virulence is 
attributed to certain parasites, because of their unique abil-
ity to cytoadhere and sequester in the microvasculature [1, 
15]. The hypothesis that B. rossi sequesters in the capillary 
endothelium of its host and that parasite density and dis-
ease severity may be related to the parasite’s pathogenesis 
[4] deserves further consideration and necessitate the use 
of modalities that facilitate efficient parasite quantification. 
Our study sought to investigate if statistically significant 
correlations exist between manual light microscopic, flow 
cytometric and qPCR methods for detecting and quantifying 
B. rossi parasitaemia in fresh whole blood from naturally 
infected dogs.

Materials and Methods

The study population consisted of 50 dogs, 40 having been 
confirmed infected with babesiosis and 10 healthy dogs sam-
pled as controls. Dogs were selected for the study based 
on clinical findings classically suggestive of babesiosis and 
confirmed on a thin, stained capillary blood smear. Sam-
ples were scrutinized further by means of reverse line blot 
hybridization assay (RLB) to ensure a mono-infection of B. 
rossi. Control dogs were considered healthy based on his-
tory, clinical examination, peripheral blood smear evaluation 
and RLB to rule out parasitaemia.

A thin peripheral capillary blood smear was made from 
the ear pinna of each dog. Approximately 4 ml of venous 

blood was collected into ethylenediamine tetra-acetic acid 
(EDTA) tubes from either the jugular or cephalic vein of 
each animal and stored at 4 °C until processed within 12 h. 
A thin venous blood smear was also made from each EDTA 
sample.

The RLB was conducted by the Department of Veterinary 
Tropical Diseases (DVTD) at the Faculty of Veterinary Sci-
ence, Onderstepoort, South Africa as described previously 
[43]. The assay ensured that the infected samples included 
in the dataset contained a mono-infection of B. rossi and 
excluded other species of Babesia, Ehrlichia, Theileria and 
Anaplasma, and that the control samples were free of Babe-
sia and other pathogens. The qPCR assay was performed by 
the DVTD according to standard operating procedures as 
previously described [43].

A semi-quantitative non-volumetric method was used to 
quantify parasitaemias similar to what has previously been 
described [4]. A total of 1950 red blood cells were exam-
ined per smear. Results were calculated and for each smear 
expressed as a percentage parasitaemia by use of the for-
mula: total number parasitized RBCs/total number RBCs × 
100 = % parasitaemia.

Sample staining using SYBR Green I nucleic acid gel 
stain—10,000× concentrate in dimethyl sulfoxide (Invitro-
gen, catalogue no. S7563) was performed similar to what 
has previously been described [36], but was optimized for B. 
rossi. SYBR Green I working stock was prepared at a 1:1000 
concentration by diluting 1 µl SYBR Green I stock with 
999 µl phosphate-buffered saline (PBS). Two falcon tubes 
were marked ‘unstained’ and ‘stained’, respectively. 50 µl 
whole blood sample was pipetted into each of the two falcon 
tubes and cells washed with 1.5 ml PBS, vortexed for 5 s, 
centrifuged at 450 relative centrifugal force (rcf) (1725 revo-
lutions per minute (rpm), where the radius (R) = 135 mm) for 
5 min at 23 °C and the supernatant pipetted off. The cell pel-
let in the tube marked ‘unstained’ was re-suspended in 20 µl 
PBS, and the pellet re-suspended in 5 µl SYBR Green I dye 
working stock (1:1000 dilution). Both tubes were vortexed 
for 5 s and incubated in the dark for 30 min at 37 °C. Follow-
ing incubation, the contents of each tube were washed with 
1.5 ml PBS, vortexed for 5 s, centrifuged as before for 5 min 
at 23 °C and the supernatant pipetted off. Each tube’s cell 
pellet was finally re-suspended in 500 µl PBS, vortexed for 
5 s and analysed by use of an Accuri C6 flow cytometer (BD 
Biosciences, Franklin Lakes, New Jersey, USA) interfaced 
with a computer and analysed using BD CSampler Software 
(BD Biosciences, Franklin Lakes, New Jersey, USA). Both a 
stained and unstained preparations were analysed. An opti-
mized gating strategy was used as a template to gate for the 
red cell zone of interest. Fifty thousand events were recorded 
per sample. The number of gated events was recorded on a 
forward scatter (FSC) versus side scatter (SSC) dot plot. 
By use of an optimized quadrant marker on the FL-1 vs. 
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FL-4 dot plot, the number of SYBR Green I positive events 
detected in the FL-1 channel in the upper left quadrant were 
recorded. Unadjusted parasitaemia was determined by the 
following formula: (SYBR Green I positive events/total 
gated events) × 100 = estimated % parasitaemia (unadjusted).

A correction factor methodology was designed that 
allowed for mathematical correction of the parasitized red 
cell percentage for background fluorescence and reticulo-
cytes counted to calculate an adjusted flow cytometric result, 
which presented a more accurate estimate of the percentage 
parasitaemia (Online Resource 1). Reticulocyte interference 
was estimated by determining what percentage of SYBR 
Green I event fluorescence could likely be attributed to retic-
ulocytes. The reticulocyte percentage was determined by the 
ADVIA 2120 automated cell counter (Siemens, Munich, 
Germany). Both infected and control samples were cor-
rected for reticulocytes. The correction factor allowed for 
an adjusted flow cytometric estimate of parasitaemia, which 
represented a truer estimate of % parasitaemia after correc-
tion for both background and reticulocyte count.

Data analysis was performed using IBM SPSS Statis-
tics version 24, (International Business Machines Corp., 
Armonk, NY, USA) and MedCalc for Windows, version 18 
(MedCalc Software, Ostend, Belgium). Spearman’s rank-
order correlation coefficient (rs) was used to describe the 
correlations among the parasite quantification methods, 
due to the non-normal data distribution and small sample 
size. The probability value (P value) was calculated based 
on the  rs to determine significance. Scatter plots were used 
to graphically present correlations between the assays and 
a linear regression line fitted to indicate the direction of the 
relationship. Pearson’s correlation coefficient (rp) and the 
coefficient of determination (R2) was calculated for the pur-
pose of regression analysis. Statistical results were inter-
preted at the 5% level of significance. A receiver-operating 
characteristics (ROC) curve analysis was employed to meas-
ure diagnostic test performance and the Youden J index was 
used to identify the most efficient cutoff value for classifica-
tion of case and control dogs.

Results

Table 1 presents the Spearman’s rho correlations and the 
significance of the correlations for the three diagnostics tools 
used to detect B. rossi parasitaemia in this study. Figures 1, 
2, and 3 show the scatter plots between the measurements 
from the diagnostic tools and include fitted linear regression 
lines. The linear regression lines fitted to each scatter plot in 
Figs. 1 and 2 demonstrate a positive correlation between the 
data points. The regression lines fitted to the scatter plots in 
Fig. 3 demonstrate a negative correlation due to the inverse 
proportional relationship between parasitaemia and Cq. The 
rp and R2 are also presented to show how close the data fits 
to each regression line. Capillary and venous manual para-
site count had a high and significant correlation (rs = 0.793, 
P < 0.001, Fig. 1) for determining parasite density, as seen 
in Table 1. Significant correlations for parasite quantifica-
tion were observed between flow cytometry and capillary 
manual count (rs = 0.399, P = 0.004, Fig. 2a), as well as 
venous manual count (rs = 0.465, P < 0.001, Fig. 2b), as 
seen in Table 1. Finally, significant correlations for parasite 
quantification are recorded in Table 1 between qPCR Cq and 

Table 1  Spearman’s rho 
correlations between capillary 
and venous manual counts, flow 
cytometry and qPCR

rs Spearman rank-order correlation coefficient, P value: probability value

Test 1 Test 2 Popula-
tion size

Spearman’s rho  (rs) P value

Capillary manual count Venous manual count 50 0.793 < 0.001
Flow cytometry Capillary manual count 50 0.399 0.004
Flow cytometry Venous manual count 50 0.465 < 0.001
qPCR Log (capillary manual count) 50 − 0.526 < 0.001
qPCR Log (venous manual count) 50 − 0.500 < 0.001

Fig. 1  Correlation between capillary manual count and venous man-
ual count
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both log-transformed capillary manual count parasitaemia 
(rs = − 0.526, P < 0.001, Fig. 3a) and log-transformed venous 
manual count parasitaemia (rs = − 0.500, P < 0.001, Fig. 3b).   

The ROC curve analysis which includes an area under the 
curve (AUC) and P value, as well as the Youden index J for 

manual counts, flow cytometry and qPCR of the study popu-
lation are presented in Table 2. The AUC and significance 
of the ROC curves analysis allows making an assessment 
of the diagnostic test performance of each assay. RLB data 
were used as the baseline metric diagnostic test for analysis. 

Fig. 2  Correlations between flow cytometry and capillary manual count (a) and venous manual count (b)

Fig. 3  Correlations between qPCR and capillary manual count (a) and venous manual count (b)

Table 2  ROC curve analysis 
and Youden J index of capillary 
and venous manual counts, flow 
cytometry, and qPCR

AUC  area under the ROC curve, CI confidence interval
P value probability value, where for the null hypothesis the true area = 0.5

Variable Population 
size

AUC P value 95% CI Youden J index

Capillary manual count 50 1.000 <0.001 (1; 1) 1.000
Venous manual count 50 0.925 <0.001 (0.853; 0.997) 0.850
Flow cytometry 50 0.850 <0.001 (0.74; 0.96) 0.650
qPCR 50 1.000 <0.001 (1; 1) 1.000
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ROC curve analysis revealed excellent test performance 
(AUC = 1.0, Youden J index = 1.0) for capillary manual 
count for diagnosis of Babesia. Likewise, good diagnostic 
test performance was observed for venous manual counts 
(AUC = 0.925, Youden J index = 0.85). This was expected, 
because light microscopy is currently the gold standard 
for parasite diagnosis and quantification [41]. ROC curve 
analysis provided fair diagnostic test performance for flow 
cytometry (AUC = 0.85, Youden J index = 0.65). ROC curve 
analysis revealed excellent diagnostic test performance for 
qPCR (AUC = 1.0, Youden J index = 1.0), the same as the 
gold-standard capillary manual count.

Discussion

Our study sought to investigate alternative diagnostic tools 
to conventional microscopy to detect and quantify the para-
sitaemia of B. rossi. Flow cytometry has been used in a prior 
study that investigated white blood cell phenotypes in B. 
rossi-infected whole blood [32], but has never before been 
used to detect and quantify B. rossi parasitaemia. SYBR 
Green I dye has been enlisted in several malaria studies 
as a stain for parasites [31, 33, 42], but its use in Babesia 
parasitaemia research has been limited to B. divergens [36]. 
Molecular diagnostics like qPCR have been used with suc-
cess in investigations of B. rossi and other Babesia parasites 
[9, 43, 44], but comparing microscopy, flow cytometry and 
qPCR as a means of detecting parasite density in one study 
provides the opportunity to correlate their diagnostic and 
quantitative abilities with each other. Studies which com-
pared these three tools as a means of diagnosis and to deter-
mine parasite density in investigations of malaria in humans 
[7] and to diagnose Babesia in cattle [10] prompted this 
study to adapt a similar approach for canine babesiosis. The 
success with which flow cytometry [17, 21, 35] and quanti-
tative real-time polymerase chain reaction (qPCR) [16, 28, 
37] have been used in diagnostic and quantitative analysis 
of malaria suggest that similar success could be achieved 
with the use of these modalities in canine babesiosis. More 
objective results facilitated by modalities that have higher 
throughput and that can detect and quantify parasitaemia 
with ease will likely aid future studies investigating the rela-
tionship between B. rossi parasite biomass, disease severity 
and parasite pathogenesis.

The differences in parasite density found in capillary and 
venous blood is documented for B. rossi [4] and other Babe-
sia parasites [6, 24] and prompted a comparison between 
blood sourced from both sites. The capillary parasitaemia 
was significantly higher than the venous parasitaemia for 
the majority of the B. rossi-infected population, similar to 
observations made in a previous study of B. rossi [4]. Inter-
estingly, 5/40 (12.5%) infected samples had a higher venous 

parasitaemia than capillary parasitaemia; a phenomenon also 
observed in a prior study [4] and suggest that sequestration, 
if indeed present in B. rossi, only occurs in some individuals 
or is associated with certain stages of infection. Sequestra-
tion may be associated with specific parasite genotypes [22], 
but further investigations into this hypothesis are needed. 
Capillary and venous manual parasite counts showed a 
high and significant correlation between the parasitaemias 
recorded for B. rossi in the same dog and regression analysis 
revealed a positive correlation between the datasets. Further-
more, results show that capillary parasitaemias are generally 
higher compared to venous parasitaemias, which indicate 
that parasite sequestration may be occurring or there may be 
a rheological phenomenon resulting in parasite accumulation 
in the microvasculature.

Flow cytometry [17, 21, 35] has been used with success 
for several studies on detection and quantitative analysis of 
malaria, but has never before been used in the quantifica-
tion of B. rossi parasitaemia. Although SYBR Green I is an 
effective nuclear marker for the detection of babesiosis using 
flow cytometry [36], analysis was limited by use of SYBR 
Green I as a single dye reagent. Lack of a duel- or tri-stain-
ing methodology complicated distinguishing pRBCs from 
reticulocytes. This is of particular importance in infections 
of the red blood cell that result in anaemia (as in babesio-
sis) and thus an expected increase in the reticulocyte count. 
Unresolved issues of reticulocyte interference remain that 
relate to a lack of knowledge regarding to what extend B. 
rossi targets immature RBCs, as is seen with other Babesia 
parasites [5]. A non-conventional approach to the problem 
of background and reticulocyte confounders was utilized by 
introducing a correction factor that mathematically adjusted 
the raw flow cytometric results to compensate for both auto-
fluorescence and reticulocyte interference (Online Resource 
1). The results still yielded only a rough estimate of para-
sitaemia and the methodology would only prove valuable 
for routine use with further refinement. Several limitations 
of this study render the adjusted flow cytometry results an 
estimate of parasitaemia at best. Our methodology did not 
account for infected reticulocytes and research into the pre-
dilection of B. rossi for immature RBCs should be explored, 
as has been done for B. gibsoni [46] and observed for other 
Babesia parasites [5]. In addition, depending on an assay’s 
performance and limitations, it may fail to detect very low 
parasitaemias compared to more sensitive methods such a 
qPCR. The influence of other potential confounders such as 
normoblasts and Howell–Jolly bodies [38] was regarded as 
negligible compared to the issues introduced by reticulo-
cytes in this study. Although the correction factor methodol-
ogy improved the results in this study, the importance of the 
impact autofluorescence and reticulocyte interference have 
on parasite detection and quantification results need to be 
investigated further. Cytometric profiling can, however, be 
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performed relatively quickly and provides the advantages 
of automation [7], despite the problems of background and 
reticulocyte interference encountered [14]. Overall, the 
results from the flow cytometric analysis indicate that there 
are statistically significant correlations between the parasi-
taemia of B. rossi in both capillary and venous blood deter-
mined by manual count when compared to the estimated 
parasite density of B. rossi in venous blood determined by 
flow cytometry in the same dog. Correlations between the 
flow cytometry and manual counts were, however, not high, 
despite proving statistically significant and regression analy-
sis revealed a positive correlation between the datasets. The 
venous manual count outlier potentially skews the data in 
Fig. 2b, whereby the regression line might not necessar-
ily be completely representative of the relationship between 
the data points. A possible interpretation of this phenomena 
might be that flow cytometric assessment of venous blood 
overestimates parasitaemia, compared to venous manual 
count, or that the venous count outlier may be due to the 
subjective limitations of manual parasite determination and 
operator error. The potential of using flow cytometry as an 
additional diagnostic tool to detect and quantify Babesia 
parasitaemia has been demonstrated. Sample storage, prepa-
ration, processing and data analysis all influence the final 
results and have a bearing on the accuracy of estimating the 
sample parasitaemia, hence the methodology presented here 
could be further refined by exploring these variables.

qPCR has been used successfully in the study of B. 
rossi and other Babesia parasites [9, 43, 44], as well as 
malaria [16, 28, 37]. Although conventional PCR has been 
employed for the detection of B. rossi to good effect [3, 
12], the progressive advantages of qPCR made it attrac-
tive for use in this study. The relationship between Cq 
and parasitaemia is inversely proportional and this study 
sought to investigate the correlations between qPCR Cq 
and % parasitaemia as determined by capillary and venous 
manual count. Correlations between qPCR and manual 
counts were statistically significant. The qPCR findings in 
this study concur with previous investigations where light 
microscopy and PCR [10] or qPCR [7] were compared by 
demonstrating that qPCR is far more sensitive and reliable 
in parasite detection. Although high diagnostic costs limit 
its use as a routine screening test for B. rossi, its value 
in a laboratory or research setting requiring quantitative 
parasite analysis or detection of low-density parasitaemias 
is promising. The correlation results and regression analy-
sis revealed a negative correlation between the datasets 
due to the inversely proportional relationship of  Cq and 
parasitaemia. Results from the qPCR analysis indicate 
that there are statistically significant correlations between 
the parasitaemia of B. rossi in both capillary and venous 
blood determined by manual count when compared to 
the estimated parasite density of B. rossi in venous blood 

determined by qPCR in the same dog. The value of qPCR 
as an alternative molecular diagnostic technique to detect 
and quantify B. rossi parasitaemia in whole blood was thus 
demonstrated.

Conclusions

Comparative analysis in this study demonstrated statisti-
cally significant correlations between manual count, flow 
cytometry and qPCR for the detection of B. rossi parasi-
taemia in both capillary and venous canine whole blood. 
The well-documented differences between peripheral cap-
illary and central venous parasitaemia may be related to 
the disease pathogenesis of B. rossi. The results suggest 
the use of qPCR for B. rossi parasite detection and quanti-
fication proved efficient; flow cytometry showed promise if 
problems presented by background fluorescence and retic-
ulocyte detection can be refined; and automated methods 
of B. rossi parasite detection and quantification may be 
a potentially suitable alternative to the labour intensive 
gold-standard light microscopy. In the author’s opinion, 
the use of light microscopy remains a suitable gold-stand-
ard technique for the diagnosis of B. rossi. qPCR might, 
however, prove to be a more reliable and faster method for 
the purposes of quantitative analysis of B. rossi parasite 
density, especially in samples with low parasitaemia.
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