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Abstract

Animal or human protothecosis belongs to rather rare, endemic, pro-inflammatory infections. It is caused
by achlorophyllous algae of the genus Prototheca. Especially, P bovis (formerly P zopfii genotype 2) is often
inflected as a non-bacterial causative agent of dairy cattle mastitis. In this study, we present a multiplex
real-time PCR (qPCR) system for rapid and exact Prototheca spp. detection and quantification. Limit of de-
tection, diagnostic sensitivity, and specificity were determined. For the first time, specific sequences of AccD
(encoding acetyl CoA reductase) for P bovis, cox1 (encoding cytochrome C oxidase subunit 1) for P wicker-
hamii, cytB (encoding cytochrome B) for P blashkeae and atp6 (encoding transporting ATPase FO subunit 6)
for P. ciferrii (formerly P zopfii genotype 1) were used for species identification and quantification together
with 28S rRNA sequence detecting genus Prototheca. The developed qPCR assay was applied to 55 individ-
ual cow milk samples from a herd suspected of protothecosis, 41 bulk milk samples from different Czech
farms, 16 boxed milk samples purchased in supermarkets and 21 environmental samples originating from a
farm suspected of protothecosis. Our work thus offers the possibility to diagnose protothecosis in the sam-
ples, where bacterial mastitis is the most commonly presumed and thereby assisting adequate corrective
measures to be taken.
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Introduction

Achlorophyllous algae Prototheca is a potential causative agent
of inflammatory diseases in human, dairy cattle, cats, dogs, or
wild animals.'”> Round or ovoid algae (2-15 pm in diameter)
occur ubiquitously and are commonly detected in the envi-
ronment, including water, soil, or animal bedding. To colo-
nize the host, Prototheca prefer a humid and warm environ-
ment. In addition, perinatal energetic imbalance can lead to poor
phagocytic action against Prototheca spp. and affect presence of
macrophages, which are capable of sporangia replication.® Pro-
totheca is tissue-invasive in dairy cattle specifically mammary

glands where endospores are formed.” The inflammatory re-
sponse leads to damage of glandular parenchyma and formation
of chronic granulomatous lesions® with clinical manifestation of
non-bacterial bovine mastitis. The disease is characterized by an
increased number of somatic cells, watery milk, lowered produc-
tion of milk, all resulting in economic losses.

Unlike bacterial infections, antibiotic treatment is not effec-
tive against Prototheca spp. Antibiotic application to an in-
fection may even eliminate protective commensal microbiota,’
which is in agreement with observations that protothecal infec-
tion is often associated with long-term ineffective administration
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of antibiotic drugs. Antifungal medications, specifically azoles
are prescribed for treatment of protothecosis in humans. The
more serious infections caused by resistant strains are treated
with amphotericin B.! However, success of the antifungal treat-
ment at dairy farms is not guaranteed and therefore farmers
are often forced to slaughter infected animals to prevent further
spread of the disease.

An official database of Prototheca species is still missing.
However, a system recognizing 14 different Prototheca species
was recently proposed.'® Some of the most abundant Pro-
totheca sp. connected with non-bacterial bovine mastitis include
P. bovis (formerly P. zopfii genotype 2), P. blashkeae, and very
rarely P. wickerhamii.''"'> Another, often mentioned species,
P. ciferrii (formerly P. zopfii genotype 1), is usually reported as a
non-pathogenic member of environmental microbiota.'?

Although Prototheca is often ignored when diagnosing masti-
tis in dairy cattle, its incidence is increasing worldwide and nowa-
days it is gaining attention in the dairy industry.%-'1-12 To date,
a robust detection system for Prototheca spp. has proven chal-
lenging. Currently, diagnosis is based on histopathologic exam-
ination of tissue plating,! pathogen cultivation on Petri plates
or PCR,* and are often limited by time demands, price, ac-
curacy, and/or detection limits. Real-time or quantitative PCR
(gqPCR) with TagMan probes offers an accurate and widely used
technique established in routine laboratories analyzing clinical,
veterinary, and food samples.

Because of the absence of a reliable detection system, the aim
of the study was to develop and optimize a multiplex qPCR sys-
tem with TagMan probes for early diagnosis of protothecosis.
The development of the multiplex qPCR system was aimed at the
detection of the most common pathogenic species observed in in-
fected dairy herds—P. bovis, P. blaschkeae, and P. wickerbamii
together with the non-pathogenic P. ciferrii. The basic parame-
ters of optimization and validation including analytical sensitiv-
ity and specificity were determined, as well as the diagnostic sen-
sitivity and specificity in comparison with culture as a reference
method. Finally, the developed protocol was applied to commer-
cial milk from supermarkets to improve knowledge about the
prevalence of Prototheca in dairies in the Czech Republic.

Methods

Biological material and cultivation

Reference strains P. blaschkeae (SAG 2064, SAG 2291), P. bovis
(SAG 2090), P. ciferrii (SAG 2063), and P. wickerbamii (SAG
263-11) were obtained from the Culture Collection of Algae
(SAG, Goettingen University, Germany). Prototheca bovis field
isolates (n = 16) as well as Ascomycota and Hyphomycetes
isolates (7 = 6), obtained from Czech herds of dairy cattle, were
provided by State Veterinary Institute (Jihlava, Czech Republic),
together with bovine DNA for specificity tests. Other related
microalgae (phylum Chlorophyta) with photosynthetic activity

(Table 1) were kindly donated in the form of DNA samples
from Mendel University in Brno. All Prototheca spp. and yeast
cultivations were carried out for 48 h on Sabouraud agar (SAB)
Petri dishes at 37°C, except for P. wickerbamii, which was
grown at 25°C.

Genomic DNA extraction

DNA extractions from microbial strains, milk pellets, and envi-
ronmental samples were performed using Quick-DNA Fecal/Soil
Microbe Microprep kit (Zymo Research, USA). Briefly, 50 mg of
fresh culture (or pellets of milk samples) was mixed with 750 ul
of Bashing Bead Buffer and ceramic beads (0.1 and 0.5 mm in
diameter). Test tubes with samples were subsequently homoge-
nized in Precellys Evolution (Bertin, USA) for 1 min at 6400 x
g. Further steps were performed according to kit instructions.
Purified water was used for DNA elution to a total volume
of 25 pul. Genomic DNA concentration and purity were mea-
sured using a BioPhotometer spectrophotometer (Eppendorf,
Germany).

Oligonucleotides design and specificity prediction

Sequences of various Prototheca genes were aligned to identify
species-specific regions and candidate reference genes were
designated (Table 2). Nucleotide sequences encoding acetyl CoA
reductase (NC_045059:14822-15898) for P. bovis, cytochrome
C oxidase subunit 1 (U02970.1:4039-9415) for P. wickerhamii,
transporting ATPase FO subunit 6 (MF197533.1:12125-13700)
for P. ciferrii and cytochrome B (MH389245.1) for P. blaschkeae
were selected for Prototheca identification. Universal primers
for the genus Prototheca were designed within conserved
regions of 285 rRNA (AB183201.1). Unique primer and
probe sequences were designed using the Primer3Plus online
software  (http://www.bioinformatics.nl/cgi-bin/primer3plus/
primer3plus.cgi). The melting temperatures and molecular inter-
actions of the oligonucleotides were inspected by the IDT Oligo-
Analyzer online software (https://eu.idtdna.com/calc/analyzer/).
The specificity of the oligonucleotides was finally checked in
stlico using the Nucleotide BLAST tool in the NCBI database.

Multiplex gPCR assays

The gqPCR identification system for Prototheca discrimination
was divided into two separate assays. Multiplex I contained
universal Prototheca primers, P. bovis primers, and an internal
amplification control (IAC). This multiplex determined whether
Prototheca spp. are present in an unknown sample and eventu-
ally directly identifies and quantifies the most common P. bovis.
If P. bovis is not identified, but Prototheca spp. is detected by
multiplex I, samples are subsequently analyzed by the multiplex
II specific to P. cifferrii, P. blashkeae, and P. wickerbamii. Assays
were performed using the Light Cycler 480 Probes Master Kit
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Table 1. Analytic specificity of TagMan gPCR multiplex | and multiplex II.

Detection results of qPCR

Multiplex I* Multiplex IIP
Taxonomy Species Strains Number of strains tested UNI Pbov Pbl Pcif Pw
Chlorophyta Prototheca ciferrii SAG 2063 1 + — - + —
Prototheca bovis SAG 2090 1 + + - - -
Prototheca bovis Field isolates 16 + + - - -
Prototheca wickerbamii SAG 263-11a 1 + - - - +
Prototheca blashkeae SAG 2064 1 + - + - -
Prototheca blashkeae SAG 2291 1 + + - -
Prototheca blashkeae Field isolates 3 + + - -
Auxenochlorella protothecoides SAG 211-8d 1 + - — - —
Desmodesmus armatus SAG 276-4d 1 + - — -
Chlorella sorokiniana SAG 211-8k 1 + - - -
Chlorella vulgaris SAG 211-11b 1 + — - — —
Limnospira maxima CCAP 211/8D 1 + — - — -
Parachlorella beijerinckii SAG 2046 1 + - — - -
Farachlorella Kessleri SAG 27.87 1 + - - - -
Pseudochlorella pring SAG 3.80 1 + — - — -
Pseudochloris wilbelmii SAG 1.80 1 + — - — -
Raphidocelis subcapitata SAG 61.81 1 + - — - -
Scenedesmus obligus CCALA 453 1 + — — — —
Scenedesmus armatus SAG 276-4d 1 + — — — -
Ascomycota Candida inconspicua Field isolate 1 — - - -
Candida parapsilosis Field isolate 1 - — - -
Candida pararugosa Field isolate 1 - - - - -
Hyphomycetes Trichosporon cutaneum Field isolate 1 - — - - -
Geotrichum capitatum Field isolate 1 - — - — —
Saprocheate clavata Field isolate 1 - — — - —
Chordata Bos taurus Field isolate 1 - - - - -

Multiplex I qPCR enables detection of UNI = universal for Prototheca spp.; Pbov = Prototheca bovis.
>Multiplex I qPCR enables detection of Pbl = Prototheca blashkeae; Pcif = Prototheca ciferrii; Pw = Prototheca wickerhamii.

following the instructions of the manufacturer (Roche Applied
Science, Germany). The concentration of primers and probes was
optimized for the most favorable and equal amplification and re-
sulting fluorescent signal of all targets in each multiplex. Opti-
mization was performed according to the quantification plasmid
DNA standards for each target. The final concentration of uni-
versal primers and primers amplifying P. bovis, and P. blashkeae
was 0.5 uM, whereas 1.25 uM primers were used for P. wick-
erbamii and P. ciferrii. For fluorescent probes, 0.02 uM for P.
blashkeae was used, 0.05 uM for P. bovis, 0.05 uM for univer-
sal Prototheca probe and finally 0.08 uM for P. wickerhamii and
P. ciferrii. The internal amplification control (IAC) at a concen-
tration of 10° copies and 0.2 U of uracil DNA glycosylase per
reaction (Sigma, St Louis, MO, USA) were included in the mas-
ter mix.!> qPCR was performed under the following conditions:
95°C for 5 min; 47 cycles of 95°C for 10 s and 60°C for 30 s;
and then cooling at 40°C for 10 s in a LightCycler 480 Instru-
ment (Roche Applied Science, Germany). A negative control for
PCR used water instead of a sample and a negative control for

isolation containing no template DNA was included in each ex-

periment.

Absolute quantification

Cloning and plasmid DNA isolation

All five target genes were amplified by PCR, purified by the QI-
Aquick PCR Purification Kit (Qiagen, Germany) and cloned in E.
coli using the QIAGEN PCR Cloning Kit according to the manu-
facturer’s recommendations (Qiagen, Germany). White colonies
containing plasmid DNA with cloned PCR products were iso-
lated using the QIAprep Spin Miniprep Kit (Qiagen, Germany)
and purity and concentrations were determined using a BioPho-
tometer spectrophotometer (Eppendorf, Germany).

Calibration curve

Copy numbers of each plasmid were calculated from known
concentration and ten-fold serial dilutions in TE buffer sup-
plemented with Carrier DNA solution (salmon sperm DNA,
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Table 2. Detailed description of oligonucleotides.
Amplicon Fluorophore/

Target name Oligo name Sequence (57-3) Tm (°C) Direction size (bp) quencher

Prototheca ssp. ProtothecaUniF AGTCGGGTTGYTTGGGAATG 60.6 sense - -
ProtothecaUni$ CGGTGGTAAATCCCATCGAAGGCTAAATA 65.8 sense - HEX/BHQ1
ProtothecaUniR TCCCTCACGGTACTTGTTCG 59.4 antisense 98 -

P. ciferrii G13F GTCAAACGTAAGTCAAGTCAA 49.5 sense - -
SG13 TGAGAGGATTATGTTACGAAGTATCAAGA 54.0 sense - FAM/BHQ1
G13R GCCTACCCCCTCTCATATAC 53.7 antisense 179 -

P. bovis PZg2F GACGATGATCCTAGTTATGGTGTAC 54.0 sense - -
SPZg2 TGGTAGAAGACAAATAATGTACCAAAACCA 55.2 sense - FAM/BHQ1
PZg2R TATAAAAGCAAGTCCAGTTACAGCAC 54.4 antisense 90 -

P. wickerbamii PW2F TGTTCGCTATTTCAGGTCTT 50.4 sense - -
SPW2 TAGCTTCATGACTTGCGTAAAACCATACC 58.3 sense - HEX/BHQ1
PW2R AACCCGGAGGTTAAGAGTTA 52.0 antisense 173 -

P. blaschkeae PB3F CTGCATTCATTGGTTACGTT 50.1 sense - -
PB3Sa AGCTAGTGCTATTCCTGTAGTTGGTAA 61.9 sense - AT425/DAB
PB3R ACCTCCCCATAACCAAGTT 52.6 antisense 125 -

50 ng/ul; Serva, Heidelberg, Germany). For calibration curve
construction, concentrations of 10°, 104, 103, 102, 101,
10° gene copies/ul of plasmid DNA were used. Plasmid
quantification standards were stored at —20°C until further

use.

Determination of the limit of detection (LOD)

Reference strains of Prototheca spp. were harvested into 5 ml
physiological solutions (0.85% NaCl) in test tubes. Quantifi-
cation of Prototheca cells was performed by microscopic cell
counting and absolute qPCR quantification. The initial dilu-
tion was determined according to the optical density 0.4 (OD
600 nm) corresponding to 8.4 x 10° cells for P. ciferrii, 1.1 x 10°
cells for P. bovis and 3.4 x 10° cells for P. blashkeae. These
estimations of Prototheca quantities were used for preparation
of dilutions for spiking. The exact number of amplifiable Pro-
totheca cells in each dilution was determined ad hoc by qPCR
afterwards.

Milk pellets were prepared by centrifugation of 50 ml of Pro-
totheca negative milk at 4200 x g for 45 min at 12°C and spiked
by the diluted Prototheca suspensions in range 10*, 103,102, and
10! cells per milk pellet in 10 biological replicates. DNA from
spiked pellets was isolated and a limit of detection determined
as the lowest Prototheca concentration per 1 ml of the milk with
qPCR detection success in all 10 repetitions.

Determination of diagnostic sensitivity and specificity
in milk and environmental samples

Collection of milk samples for qPCR assays

In total, 96 milk samples were utilized for determination of the
diagnostic sensitivity and specificity of the new qPCR assays. Of
these, 55 milk samples originated from a dairy farm with mastitis

caused by Prototheca spp. The remaining 41 bulk milk samples
originated from 41 different Czech dairy farms with an unknown
history of Prototheca mastitis.

Collection and processing of environmental samples from the
dairy farms

In addition to milk samples, 21 samples from the farm environ-
ment were also collected. The samples consisted of feed, drinking
water, bedding, feces, and soil. The samples were kept in 4°C and
processed the next day after collection.

Sample processing into pellets

Milk samples (50 ml) were centrifuged at 4200 x g for 45 min
at 12°C. Pellets were transferred into 2 ml tubes and centrifuged
again at 14 000 x g for 5 min. Supernatant was removed and
the final pellets were stored at —70°C until DNA isolation and
following qPCR analysis. Simultaneously, milk samples were an-
alyzed using culturing methods (2.7.4)

Solid environmental samples (10 g) were first homogenized in
0.1% peptone water (90 ml) in BagMixer (Interscience, France)
for 2 min at a fixed speed of 8 strokes/s. The homogenized
suspension was transferred into centrifugation tubes and cen-
trifuged 4200 x g for 45 min. Liquid environmental samples
(100 ml) were homogenized by vortexing and centrifuged di-
rectly. Supernatants were subsequently removed and pellets were
transferred into 2 ml tubes and stored at —70°C.

Cultivation

Milk and environmental samples from dairy farms were also
simultaneously examined by culture for Prototheca presence.
Milk was homogenized and volumes of 100 ul were plated in
triplicate onto Petri dishes with SAB agar supplemented with
chloramphenicol (¢ = 0.5 g/l). The environmental samples were
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Table 3. Evaluation of the limit of detection and efficiency of Prototheca spp. DNA isolation procedure from milk pellets using gPCR assays.

Theoretical Theoretical

Theoretical input of input of

input of P. P.

P. bovis Experimental output of P. bovis cells cifferrii  Experimental output of P. cifferrii cells blashkeae Experimental output of P. blashkeae

cells? by qPCRP cells? by qPCR® cells? cells by gPCRf

Signal Signal Signal

Mean® Mean® SDh ratiod Mean® Mean® SDh ratiod Mean® Mean© SDh ratiod
1.01 x 10° 4.87 x 10* 1.01 x 10* 10/10 2.00 x 10°  7.66 x 10° 8.26 x 10° 10/10 3.74 x 105 4.16 x 10°  1.71 x 10° 10/10
1.01 x 10*  6.77 x 10> 3.90 x 103 10/10 2.00 x 105 4.71 x 10*  2.10 x 10* 10/10 3.74 x 10*  3.26 x 10*  9.51 x 10° 10/10
1.01 x 10°  1.31 x 10° 7.56 x 10? 4/10 2.00 x 10*  3.94 x 103 4.55 x 103 6/10 3.74 x 10> 3.12 x 103 3.93 x 103 8/10
1.01 x 10> 3.14 x 10> 1.45 x 102 3/10 2.00 x 10> 2.84 x 10> 8.46 x 10? 2/10 3.74 x 10> 227 x 10> 5.07 x 10? 3/10
Median Prototheca 62.5 24.3 95.0

DNA isolation
efficiency (%)

ANumber of Prototheca cells used for the spiking of milk pellets determined by qPCR. The pellet was made of 50 ml milk, therefore divide the cell number by 50 to obtain cell

number per milliliter of milk.
bNumber of P. bovis cells recovered after DNA isolation by multiplex I gPCR.

“The mean values express the absolute amount of Prototheca cells in examined cow milk pellets.

4Number of gPCR positive replicates/total number of replicates.
“Number of P. cifferrii cells recovered after DNA isolation by multiplex IT qPCR.
fNumber of P. blashkeae cells recovered after DNA isolation by multiplex II qPCR.

8The quotient of the median experimental and theoretical yield of the initial number of Prototheca cells from qPCR added to and detected after the DNA isolation multiplied

by 100.
hStandard deviation.

processed as mentioned above and 100 ul of homogenized liquid
sample was cultured under the same conditions as milk samples.
All plates were cultured at 37°C for 48 h and then numbers of
CFU/ml or CFU/g, respectively, were determined. Identification
of cultured isolates was accompanied by conventional PCR
according to the current identification primers found in the

literature."!

Calculation of diagnostic sensitivity and specificity of qPCR
assay

qPCR results of tested milk samples were compared with culture
results in a 2 x 2 error matrix contingency table. Diagnostic sen-
sitivity and specificity was based on true positive (TP)/negative
(TN) and false positive (FP)/negative (FN) values of the samples.
Diagnostic sensitivity was calculated as TP/(TP + FN). Diagnos-
tic specificity was defined as TN/(TN 4 FP).1¢

Monitoring of Prototheca spp. in milk purchased in
supermarkets

Sixteen milk samples (nine fresh milk samples and seven long
lasting milk samples) of 11 different dairies and brands, originat-
ing from different regions of the Czech Republic and Germany,
were purchased in supermarkets and analyzed using the gPCR
system. Prior to analyses, samples were processed into pellets
(Chapter 2.7.3).

Results
Analytical specificity

In the inclusivity test, all specific target genes tested positive with
reference and field strains. The qPCR assays demonstrated 100%

specificity for P. blashkeae, P. bovis, P. ciferrii, and P. wicker-
hamii. The non-target strains for the exclusivity test included 12
species of photosynthetically active green microalgae (phyloge-
netically most related to Prototheca spp.), six species of yeast-like
fungi (other most likely non-bacterial causative agents of masti-
tis in dairy herds isolated from the milk of mastitis cows) and
bovine DNA. As for the universal sequence of Prototheca, the
exclusivity results showed that the 28S rRNA was highly con-
served and detected all the tested Prototheca ssp. with related
green microalgae. Therefore, this target serves to confirm the in-
clusion of the target in the Chlorophyta phylum. All the specific
genes for individual Prototheca were negative within tested As-
comycota, Hyphomycetes, and green microalgae (Table 1).

Analytical sensitivity

Limit of detection

Milk pellets were spiked with 10-fold dilutions P. bovis, P. ciffer-
rii, and P. blashkeae in 10 biological replicates (Table 3). Detec-
tion limits for each reference strain were determined as the spike
amount of each Prototheca sp. in dilution that could be detected
in 100% of all replicates (Table 3). The limit of detection (LOD)
values correspond to milk pellets made of 50 ml of milk and af-
ter recalculation can be expressed as 2.02 x 10* spiked cells/ml
for P. bovis, 4.00 x 10° spiked cells/ml for P. ciferrii, and for
P. blashkeae 7.48 x 10* spiked cells/ml.

DNA extraction efficiency
The spiked pellets were used to calculate DNA extraction effi-
ciency. The DNA extraction efficiency was calculated as the ratio
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Figure 1. Box plot of logig concentrations of Prototheca bovis detected in milk samples. (A) Distribution of P bovis logqo concentrations detected by gPCR and
cultivation with true positive (TP) and false positive (FP) samples apart. (B) A scatter of log concentration of P bovis obtained by cultivation and gPCR multiplex |
analyses. On each box plot, whiskers above and below the box indicate the 90th and 10th percentiles, respectively. The solid line represents the median and the

cross represents the mean result.

Table 4. The comparison of qPCR multiplex | results with cultivation
method summarized in contingency table.

Cultivation
Positive Negative
qPCR multiplex I Positive 35 18
Negative 0 43

of output and input DNA concentration. The values expressed
in percentages were 24.3% for P. cifferri, 62.5% for P. bovis, and
95.0% for P. blashkeae.

Diagnostic specificity and sensitivity

In the Figure 1B, you can see box plots for P. bovis log concen-
trations determined by cultivation and multiplex I qPCR. Out
of 96 milk samples tested, there were 35 milk samples consid-
ered to be true positives (TP) for P. bovis by both cultivation
and qPCR (Figure 1A). Parallel detection was mainly in samples
with higher P. bovis concentrations. False positive (FP) samples
(n = 18) were cultivation negative, but gPCR positive, whereby
it was mostly lower concentrations, indicating a wider range of
capture of lower concentrations of P. bovis by qPCR. There were
43 samples negative in both qPCR and cultivation (Table 4). Fi-
nally, none of the samples was false negative, i.e., culture positive
but qPCR negative. Based on the trueness of qPCR, diagnostic
specificity of multiplex I was calculated as 70.5% and diagnostic
sensitivity 100% (Chapter 2.7.4).

As expected, most qPCR positive and simultaneously culture
positive samples for P. bovis originated from individual milk
samples from protothecosis dairy cows. The bulk milk sample

from the infected herd (n = 307) showed a concentration of
1.49 x 10° AccD gene copies of P. bovis/ml. As for 41 bulk tank
samples from different Czech dairy farms tested, only 1 revealed
positive by both, gPCR and cultivation. The portion of the cor-
rectly identified samples (so called the relative accuracy or true-
ness) was 81.3% ((TP + TN)/(TP + TN + FP + FN)). Positive
predictive value (PPV) was 66% (TP/(TP + FP)) and shows the
probability of a positive result in qPCR will be truly positive
as defined by the culture. Negative predictive value (NPV) was
100% (TN/(TN + FN)) and therefore all negative test results
were truly negative as defined by the culture (Table 4).

The results of both cultivation and the qPCR multiplex II
showed no P. blashkeae, P. ciferrii or P. wickerbamii occurrences.

Environmental samples

Prototheca bovis was not detected in any of 21 environmental
samples by culture although an overgrowth of bacterial, yeast,
and mold microbiota was present. On the other hand, qPCR re-
vealed P. bovis in bedding collected from a dairy farm with a
diagnosed Prototheca infection. The P. bovis concentration was
determined as 5.14 x 10° of AccD gene copies per gram of

bedding.

Czech milk market

To demonstrate the application of the developed qPCR assay
on real samples, 16 milk products were examined using the
qPCR systems. P. bovis was confirmed in 13 of 16 milk sam-
ples with concentrations ranging from 1.50 x 10° gene copies/ml
up to 1.18 x 10* gene copies/ml (median value 2.15 x 10?
gene copies/ml). Milk samples were also cultivated on SAB agar
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plates but no viable Prototheca or other microorganisms were
observed.

Discussion

The prevalence of Prototheca-caused mastitis is emerging
worldwide.!”"!° Values vary between different countries, differ-
ent detection methods and selected groups of tested samples. For
instance, in neighboring Poland the prevalence of Prototheca-
caused mastitis ranged from 0 to 25% with a mean of 4.6%.'?
Outbreaks of Prototheca mastitis in dairy cattle cause serious
problems for farmers. The symptoms of subclinical mastitis
are manifested by an increased number of leukocytes in udder
or milk, slight pain, and loss of appetite, in some cases passes
to clinical phase accompanied by fever, mammary edema, or
anorexia.”’ The symptoms result in watery milk and lowered
milk production.?!*? It is therefore of great importance to
diagnose Prototheca algae on farms rapidly and accurately
so that corrective action can be taken on time. An effective
drug for protothecosis does not exist yet.>> The basic point of
eradication, in addition to the gradual elimination of dairy cows
in slaughterhouses, is the prevention of its spread especially in
milking parlors. Residual milk in teat cups is transferred after
milking a positive animal. Prototheca is contagious pathogen
and an effective disinfection of the teat cups after the milking
of each cow with a solution of peracetic acid significantly
eliminates it.2*

Diagnosis of Prototheca spp. infection is currently based on
histological and microscopic identification, cultivation of the or-
ganism’ or qPCR based commercial kits (VetMAX™ Masti-
Type Multi Kit, ThermoFisher), but are unable to distinguish be-
tween individual species. However, molecular biology techniques
nowadays offer a wider range of precise detection. There are only
a few reports focused on molecular detection methods for Pro-
totheca spp. from real samples. For instance, Prototheca spp. was
detected from bovine milk samples using 28S rRNA sequences
by PCR-single strand conformation polymorphism.>> There
was also a qPCR melting analysis for several Prototheca spp.
developed.?®

In the present study, we developed a novel multiplex qPCR
system based on TagMan qPCR probes for the rapid detection
and quantification of the most common Prototheca spp. in milk
and environmental samples. This gPCR detection system was de-
signed as two connected multiplex gPCR assays. The first multi-
plex assay (multiplex I) enables detection and quantification of
the most common causative agent of non-bacterial mastitis in
dairy cattle, P. bovis. In our study for the first time, the AccD
gene for P. bovis distinction was used. In a model plant Tobacco,
knockout of the AccD gene led to plastid transformations and
was revealed to be essential in maintaining the plastid compart-
ment.?” In addition, the multiplex I simultaneously detects and
quantifies universal 28S rRNA gene, which according to our as-

say assigns a target to the Chlorophyta phylum. The multiplex
I also includes an internal amplification control (IAC), which is
intended to verify the amplification efficiency and the exclusion
of an inhibition of the qPCR assay. The second multiplex gPCR
assay (multiplex II) was designed to complete the identification
of Prototheca spp. other than P. bovis that may participate in the
disease or may be frequently detected in a farm environment. Fur-
ther unique sequences were utilized for identification of P. wick-
erbamii (target gene: cox1) and quantification of P. blaschkeae
(target gene: cytB) and non-pathogenic P. ciferrii (target gene:
atp6). Mitochondrial genes (cox1, cytB and atp6, respectively)
offer a high rate of evolution and haploidy (single-locus genes).?8
They also have low mutation rates, precluding their use in as bar-
codes in phylogenetic relationships.?’

A quantification of Prototheca in samples is advantageous for
risk assessments as low shedding rates, can lead to low sensitivity
and understate the true prevalence. In addition, current studies
are mostly based only on Prototheca identification and occasion-
ally supplemented by the number of somatic cells.'” The amount
of P. bovis in investigated milks in this study ranged from sev-
eral gene copies per ml up to 3.55 x 107 gene copies/ml with a
median value of 1.07 x 10* gene copies/ml.

qPCR is often used for analyzing samples containing small
amounts of DNA at the limit of detection. The resultant LODs
(2.02 x 10? spiked cells/ml for P. bovis, 4.00 x 103 spiked
cells/ml for P. ciferrii and P. blashkeae 7.48 x 107 spiked cells/ml)
are generally lower than those previously published. For in-
stance, LOD for P. bovis was previously determined by semi-
quantitative conventional PCR as 5.00 x 10° CFU/ml.3° and
by quantitative PCR analyses LODs for P. bovis and P. cifer-
rii were 103-10* cells/ml.3! Although LOD is a strictly de-
fined value, it is common to detect target DNA in samples with
lower concentrations. However, one has to keep in mind that
the probability of successful repeated detection is lower in such
samples.

The diagnostic sensitivity of the gPCR multiplex I was 100%
and refers to the reliable ability of qPCR to correctly identify
samples according to the cultivation method. Diagnostic speci-
ficity was 70.5% indicating the ability of the gPCR to correctly
detect samples, which were evaluated as negative by cultivation.
The low diagnostic specificity can be explained by the relatively
lower sensitivity of the culture in milk. In addition, viability plays
an important role in the comparison of culturing and qPCR.
qPCR detects DNA of all Prototheca regardless of their viabil-
ity, while culturing detects only viable Prototheca cells. Higher
sensitivity in comparison to cultivation methods was described
also in a study, where 9.3% of tested milk samples (24/257) were
culture-positive, whereas using PCR for the same group of sam-
ples showed Prototheca prevalence 16.3%.3?

The higher sensitivity of qPCR was demonstrated in the
set of environmental samples. qPCR revealed P. bovis in bed-
ding at a concentration of 5.14 x 103 AccD gene copies of
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P. bovis/g. On the other hand, cultivation of the same sample
was negative, possibly due to overgrowth with competing bac-
teria and molds. The other 20 samples (feed, drinking water,
and surface sampling) were negative by both qPCR and culti-
vation, although Prototheca was earlier detected in the watering
trough, feed and mud,'? or rubber bands for teat cups and soil
samples.?

Finally, the qPCR assays were tested in a cohort of milk prod-
ucts purchased from supermarkets. The qQPCR data showed a
high prevalence of P. bovis in commercial milk samples regard-
less of the technological processing (UHT or pasteurization).
The tested milk cartons were simultaneously cultivated on SAB
plates. In this case, cultivation of the commercial milk samples re-
vealed that P. bovis did not survive pasteurization temperatures.
However, a study>* reported resistance to pasteurization of at
least some Prototheca strains what could lead to intestinal infec-
tions and enteritis. Moreover, Prototheca decreases milk produc-
tion, causes a watery-like milk and elevates somatic cell counts
in milk,2?? which could have an impact on the milk’s technolog-
ical processing into dairy products. Based on the qPCR results
we can conclude that most dairies in the Czech Republic pur-
chased milk from at least one or more dairy farms dealing with
a Prototheca infection. In our case, bulk tank milk from the ex-
amined farm demonstrated a high quantity (1.49 x 10° AccD
copies of P. bovis/ml), which is enough to be detected after di-
lution into final dairy products, for example, carton milk. The
finding that proinflammatory P. bovis is present in vast majority
of commercial milk boxes purchased from different dairies may
indicate that the presence of P. bovis on farms is not unique and
should be given more attention.
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