Received: 13 May 2022

Revised: 12 July 2022

Accepted: 13 July 2022

DOI:10.1111/jam.15722

ORIGINAL ARTICLE

Applied Microbiology

Evaluation of a novel multiplex qPCR method for rapid
detection and quantification of pathogens associated with

calf diarrhoea

Potjamas Pansri' | Birgitta Svensmark’® | GangLiu® | Stig Milan Thamsborg® |
Egle Kudirkiene® | Henrik Vedel Nielsen® | Nicole Bakkegird Goecke® |

John Elmerdahl Olsen?

'DNA Diagnostic A/S, Risskov,
Denmark

LVK Veterinary Cattle Practice, Hobro,
Denmark

*Department of Veterinary and Animal
Sciences, University of Copenhagen,
Copenhagen, Denmark

“Department of Microbiology and
Infection Control, Statens Serum
Institut, Copenhagen, Denmark

Correspondence

John Elmerdahl Olsen, Department

of Veterinary and Animal Sciences,
University of Copenhagen, Stigbgjlen 4,
1870 Frederiksberg C., Denmark.
Email: jeo@sund.ku.dk

Funding information

Ministry of Environment and Food
of Denmark, Grant/Award Number:
34009-16-078

Abstract

Aims: Diarrhoea is a common health problem in calves and a main reason for use of
antimicrobials. It is associated with several bacterial, viral and parasitic pathogens,
most of which are commonly present in healthy animals. Methods, which quantify
the causative agents, may therefore improve confidence in associating a pathogen to
the disease. This study evaluated a novel commercially available, multiplex quan-
titative polymerase chain reaction (qPCR) assay (Enterit4Calves) for detection and
quantification of pathogens associated with calf-diarrhoea.

Methods and Results: Performance of the method was first evaluated under labo-
ratory conditions. Then it was compared with current routine methods for detection
of pathogens in faecal samples from 65 calves with diarrhoea and in 30 spiked fae-
cal samples. The qPCR efficiencies were between 84%-103% and detection limits of
100-1000 copies of nucleic acids per sample were observed. Correct identification
was obtained on 42 strains of cultured target bacteria, with only one false positive
reaction from 135 nontarget bacteria. Kappa values for agreement between the novel
assay and current routine methods varied between 0.38 and 0.83.

Conclusion: The novel qPCR method showed good performance under laboratory
conditions and a fair to good agreement with current routine methods when used for
testing of field samples.

Significance and impact of study: In addition to having fair to good detection
abilities, the novel qPCR method allowed quantification of pathogens. In the future,
use of quantification may improve diagnosis and hence treatment of calf diarrhoea.

KEYWORDS

Calf diarrhoea, calf scours, multiplex qPCR, quantification, detection

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Journal of Applied Microbiology published by John Wiley & Sons Ltd on behalf of Society for Applied Microbiology.

2516 wileyonlinelibrary.com/journal/jam

J Appl Microbiol. 2022;133:2516-2527.


www.wileyonlinelibrary.com/journal/jam
mailto:﻿
https://orcid.org/0000-0001-6225-6587
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jeo@sund.ku.dk

MULTIPLEX QPCR METHOD FOR CALF DIARRHOEA

2517

INTRODUCTION

Diarrhoea in calves is mainly caused by infectious agents.
When diarrhoea occurs within the first 2 weeks of life, it is
usually caused by either group A bovine rotavirus, bovine
coronavirus, Escherichia coli F5 (K99%) or Clostridium
perfringens (Ngeleka et al., 2019; Rocha et al., 2017). The
protozoan Cryptosporidium parvum, on the other hand,
dominates in 2-3-week-old calves (Delafosse et al., 2015),
while Eimeria species (coccidia) has been reported to be
the predominant cause of the diarrhoea in older calves
(Enemark et al., 2013; Forslid et al., 2015). Salmonella is
likewise an important cause of calf diarrhoea, and this
pathogen has a wider age span than the other pathogens,
as it can be detected in calves from less than 1 week of
age up to 15weeks of age (Coura et al., 2014; Ngeleka
et al., 2019). Each of the pathogens can cause disease on
their own, but mixed infections are commonly reported
and often lead to more severe disease (Abuelo et al., 2019;
Cho et al., 2013; Izzo et al., 2011). Studies performed in
European countries report prevalence of calf diarrhoea
between 19.1% and 57.6% with mortality rates between
7.3% and 12.7% (Abuelo, 2016; Bartels et al., 2010; Klein-
Jobstl et al., 2014; Mahendran et al., 2017).

To avoid overuse of antimicrobials, it is important to
determine the underlying cause of calf diarrhoea. Clinical
examination cannot be used for this, and diagnosis needs
to be supported by microbiological analysis. A complicat-
ing factor is that the causative agents are commonly found
in healthy calves (Gulliksen et al., 2009), and simple posi-
tive or negative results from dichotomous diagnostic tests
are not sufficient to establish causality. Quantitative PCR
methods have been implemented to overcome this prob-
lem in other diseases, for example intestinal disease and
respiratory diseases in pigs, where potentially pathogenic
microorganisms with frequent occurrence of the patho-
gens in healthy animals is likewise the problem (Goecke
et al., 2020). Recently such methods have also been devel-
oped and implemented for diagnosis of some of the patho-
gens associated with calf diarrhoea (Tsuchiaka et al., 2017).
For example, a level of 2.6 x 10> Cryptosporidium oocysts
per gram of faeces, or a Cryptosporidium Cq value of 31.4
by qPCR, has been reported as a diagnostic cut-off for a
diarrhoea in calves (Operario et al., 2015).

A multiplex qPCR assay was recently developed to
improve microbiological diagnosis in relation to calf-
diarrhoea (https://dna-diagnostic.com/products/animal/
enterit-4-calves/). This assay simultaneously detects and
quantify C. perfringens (all types), C. perfringens type B
and C, Salmonella enterica serovar Dublin (S. Dublin), E.
coli F5, bovine rotavirus, bovine coronavirus, C. parvum
and Eimeria spp. The aim of this study was to evaluate the
performance of this assays based on laboratory testing and
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on the ability to detect and quantify pathogens in samples
from calves with diarrhoea, including comparison with
diagnostic methods currently used for microbiological di-
agnosis of calf diarrhoea.

MATERIALS AND METHODS
Enterit4Calves multiplex qPCR assay

The assay under evaluation is termed Enterit4Calves
and is produced by the company DNA Diagnostic A/S
(Risskov, Denmark). The Enterit4Calves kits consists of
two sets of multiplex qPCR assays. The first assay, the
Enterit4CalvesB kit (Assay A), contains primers and hy-
drolysis probes designed to amplify and detect DNA from
C. perfringens, C. perfringens type B and type C, S. Dublin
and E. coli F5. The second assay, the Enterit4CalvesV kit
(Assay B), is a multiplex reverse transcription (RT)-qPCR
assay containing primers and hydrolysis probes designed
to amplify RNA of bovine rotavirus, bovine coronavirus,
C. parvum and Eimeria species. The company has not re-
leased the primer and probe sequences.

In the use of this method, nucleic acids were extracted
from faeces, broth cultures, and suspensions of DNA in
phosphate-buffered saline (PBS) using a faecal extraction
kit enclosed with the assays according to the manufactur-
er's instructions. Briefly, RNA and DNA were extracted
from 0.1 g+0.03g of material by homogenizing with
pre-lysis buffer, the components of which has not been
disclosed by the company. Cells were harvested by cen-
trifugation at 5000x g, washed once with washing buffer,
and then lysed in 120 pl of lysis buffer at 37°C for 20 min
followed by incubation at 95°C for 15min. Cell debris was
pelleted by centrifugation. The obtained nucleic acids
sample contained both DNA and RNA. Where relevant
(Assay B), cDNA synthesis of RNA in the sample was
immediately performed using cDNA master mix (DNA
Diagnostic A/S) according to instructions from the manu-
facturer. The RT-reaction step consisted of incubation for
37°C for 60min and then incubation at 70°C for 15min.
Lysate and cDNA samples were used immediately or
stored at —20°C for later qPCR amplification.

The qPCR was performed using an Mx3005P qPCR
System (Agilent Technologies, Glostrup, Denmark) with
the following cycling parameters: 95°C for 1 min followed
by 40cycles of 95°C for 5 s and 60°C for 25 s. The ma-
chine was set to acquire fluorescence on the Cy5, ROX,
HEX, FAM and ATTO425 channels corresponding to pos-
itive signals from the probes for detecting C. perfringens
or bovine rotavirus, C. perfringens type B and C or bovine
coronavirus, S. Dublin or C. parvum, E. coli F5 or Eimeria
species and Internal Amplification Control (IAC) in the
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two assays, respectively. The results were analysed using
MxPro qPCR Software (Agilent Technologies, United
States). According to the producer, samples with quantifi-
cation cycle (Cq) of 37cycles or less should be considered
positive.

In vitro characterization of the
performance of Enterit4Calves

For determining quantification range, qPCR efficien-
cies and repeatability of the assays, genomic DNA ob-
tained from 10-fold serial dilutions of one strain of each
of E. coli F5, S. Dublin, Clostridium perfringens type A
and Clostridium perfringens Type C (strains marked in
Supplementary Table S1) in the range of 10° to 10° cop-
ies. Strains of virus and parasites were not available for in
vitro performance evaluation, and instead we used 10-fold
serial dilutions of in vitro-transcribed RNAs of target se-
quences for virus and parasites (see below) in PBS. The per-
formance of the multiplex qPCR was analysed in triplicate
at each dilution to establish repeatability, and efficiency
was determined by calculation of the assay coefficient of
variation (CV) according to the formula: CV = (SD [Cq-
value]/overall mean [Cg-value])x 100, where SD indi-
cates standard deviation (Holman et al., 2019). The PCR
efficiency was calculated using the formula: E = 10(—1/
slope) —1x 100 (Svec et al., 2015).

For the analysis described above, plasmids containing
viral or parasitic target gene-sequences were transfected
into E. coli DH5a (Life Technologies Europe BV, Denmark)
and purified from here using the QIAGEN Plasmid Mini
Kit (Qiagen, Germany) according to instructions from
the manufacturer. Plasmids were linearized by digestion
with Xbal restriction enzyme (Thermo Fisher Scientific),
and subsequently they were transcribed into RNA using
MEGAscript™ T7 Transcription Kit (Life Technologies)
according to the protocol enclosed with the kit. DNA was
removed with Turbo DNase (Life Technologies). The tran-
scribed RNA was further purified using the MEGAclear™
Transcription Clean-Up Kit (Life Technologies) as in-
structed by the manufacturer. RNA quality and integrity
were determined using a NanoDrop spectrophotometer
(Saveen & Werner ApS). Plasmids were purchased from
GenScript Biotech (Leiden, Netherlands) and supplied by
the company producing Enterit4Calves, since primer se-
quences have not been disclosed.

In vitro sensitivity and specificity were determined on
cultured strains of bacteria, consisting of C. perfringens
(n = 19) including strains of C. perfringens type B (n = 1)
and C (n = 2), S. enterica serovar Dublin (n = 21) and E.
coli F5 (n = 3) (Supplementary Table S1) as well as 135
strains of nontarget bacteria (Supplementary Table S2).

Detection of pathogens in faecal samples
from calves with diarrhoea using
Enterit4Calves

Duplicate faeces samples were collected from 65 calves
with diarrhoea on 14 Danish dairy farms during March
to August 2019. One sample was used for detection and
quantification of pathogens by Enterit4Calves, and one
for detection of bacteria, virus and parasites by methods
routinely used in relation to calf diarrhoea (see below).
Calves were between 2 and 105days old. Veterinarians
who submitted the samples did not disclose the breed
of the calves, but 70% of Danish dairy cows are Danish
Holsteins, 13% are Jersey, 5% are Danish Red and the re-
maining 12% are other breeds or crosses. Sampling was
done as part of routine veterinary services and farm-
ers gave oral consent that samples could be used for re-
search on condition that farm identity was not disclosed.
The study protocol was approved by the Animal Ethics
Institutional Review Board, Department of Veterinary
and Animal Sciences, University of Copenhagen (AEIRB
number 2021-08-VCM-010A).

The methods routinely used for microbiological diag-
nosis in relation to calf diarrhoea depended on the tar-
get organisms. For detection of E. coli F5, S. Dublin and
C. perfringens, 1g of faeces was diluted in 9 ml of ster-
ile Buffered Peptone Water (BPW) and 1 pl of this was
plated onto MacConkey agar (Oxoid CM015) and blood
agar (Oxoid CM0055) with 5% of calf blood for isolation
of E. coli and C. perfringens, respectively. For isolation of
S. Dublin, 100l of the faecal solution were enriched in
9 ml of BPW overnight at 37°C, and 100 pl were then spot-
ted onto Modified Semisolid Rappaport Vassiliadis agar
(Oxo0id CM0910). The MacConkey and Modified Semisolid
Rappaport Vassiliadis plates were incubated aerobically
at 37°C for 24h, while the blood agar plates were incu-
bated anaerobically at 37°C for 24-48 h. Typical colonies
on MacConkey agar, Modified Semisolid Rappaport
Vassiliadis agar, and blood agar were purified by streak-
ing on MacConkey agar, Xylose Lysine Desoxycholate agar
(Oxoid CM0469) or blood agar and incubated under the
same growth conditions.

Further identification of the three bacteria was
performed by PCR assays. Bacterial colonies were re-
suspended in 50pl of distilled water, and DNA was ob-
tained by heating for 10-20 min at 95°C followed by a quick
centrifugation for 2 min. Polymerase chain reaction assays
and detection of amplicons were performed according to
previously published methods (Casey & Bosworth, 2009;
Persson et al., 2012; van Asten et al., 2009).

Detection of viral pathogens and parasitic patho-
gens was made with an in-house High-Throughput
qPCR system running on BioMark platform (Fluidigm,
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AH-diagnostic, Tilst, Denmark). The primers and probes
used in this study were adopted from a previously pub-
lished study (Cho et al., 2010) and the high-throughput
qPCR method was conducted with a few modifications
from a previously published method (Goecke et al., 2020)
used for detection of swine lung and intestinal pathogens.
Briefly, target RNA was extracted from the sample using
RNeasy Mini Kit (QIAGEN) according to the manufactur-
er's instructions. The RNA was then reverse transcribed
and pre-amplified on a T3 Thermocycler (Biometra) at
45°C for 20min followed by enzyme inactivation at 95°C
for 10 min followed by 24cycles of 94°C for 15s, 60°C
for 45 s. For the parasite targets, the pre-amplification
was performed with the following thermal cycling con-
ditions: 95°C for 10 min, followed by 14cycles at 95°C
for 15s, and 60°C for 4 min. The pre-amplified samples
were then added to qPCR master mix and amplified in the
high-throughput qPCR instrument BioMark (Fluidigm)
with the following cycling conditions: 94 min at 94°C, fol-
lowed by 40cycles at 94°C for 15s, at 60°C for 60 s. Data
(Cq values and amplification curves) were acquired on the
BioMark system and analysed using the Fluidigm Real-
Time PCR Analysis software 4.1.3 (Fluidigm, USA).

Cryptosporidium parvum and Eimeria sp. were addi-
tionally detected by other methods commonly used rou-
tinely for detection of these pathogens. Faecal samples
were analysed for Eimeria spp. using a modified McMaster
technique with a sensitivity of 10 oocysts per gram
(Roepstorff & Nansen, 2017). Oocysts were examined at
100x magnification and up to 50 oocysts per sample were
identified to species level using the morphological criteria
described by Deplazes et al. (2016).

DNA of Cryptosporidium species was extracted from
faecal samples using the NucliSENS easyMag DNA ex-
traction robot (BioMerieux, Ballerup, Denmark). One
pL of DNA was amplified by a qPCR assay, which was
modified from a previously published method (Stensvold
& Nielsen, 2012; Verweij et al., 2004). In brief, amplifica-
tion reactions were performed in 50 pl qPCR master mix
and amplification comprised 15min at 95°C, followed by
50cycles of 15s at 95°C and 30s at 60°C and 30s at 72°C.
The method is referred to as Statens Serum Institut (SSI)-
qPCR below.

Testing on spiked samples

No samples from calves were positive for S. Dublin, E.
coli or C. perfringens type B and C (see Result section).
To evaluate the ability of Enterit4Calves to detect these
pathogens, 30 spiked samples were used. Faecal samples
were collected on two Danish farms and proven negative
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for the pathogens by the routine methods applied in the
study (see below). One gram of faeces was diluted in 9 ml
of sterile BPW. Three E. coli F5 strains from the collection
of clinical isolates at the Department of Veterinary and
Animal Sciences, University of Copenhagen and three S.
Dublin strains obtained from the National Food Institute
of Denmark (Supplementary Table S1), all from calves,
were cultivated aerobically in Luria-Bertani (LB) broth
overnight at 37°C with shaking. CFU of the LB broths was
determined by spotting 10-fold dilution made in BPW on
LB agar and reading the number of colonies after over-
night incubation at 37°C. Approximately 2x10° CFU
of one E. coli and one S. Dublin strain were added into
10 ml faecal suspensions and mixed resulting in suspen-
sions with approximately 2 x 10* CFU/mL of test bacteria.
Aliquots of these suspensions were processed as natural
samples. Genomic DNA, obtained from a strain of C. per-
fringens type B and a strains of C. perfringens type C were
kindly provided by Statens Serum Institute, Denmark.
First, 30ng of this DNA was added directly to 10 ml fae-
cal suspensions, and suspensions were processed as natu-
ral samples, however, this provided no positive samples.
Therefore, in the final evaluation, the 30ng DNA was
added after the initial centrifugation step of the PCR
methods.

Statistics

The diagnostic sensitivity and specificity with 95% con-
fidence intervals and Coefficient of determination (R?)
between Cq values and log;, copy-numbers were calcu-
lated using DAG Stat spreadsheet (Mackinnon, 2000).
The Cohen's kappa coefficient was interpreted as follows:
Kappa = 0.00-0.20, slight agreement; Kappa = 0.21-0.40,
fair agreement; Kappa = 0.41-0.60, moderate agreement;
Kappa = 0.61-0.80, substantial agreement; Kappa = 0.81-
1.00, almost perfect agreement (Landis & Koch, 1977).

RESULTS
Analytical performance of Enterit4Calves

Assay A detected all strains tested of C. perfringens of un-
known toxin type (n = 15), C. perfringens type B (n = 1)
and C (n = 2), S. Dublin (n = 21) and E. coli F5 (n = 3)
(Supplementary Table S1). No positive reactions were
observed from 135 nontarget bacteria (Supplementary
Table S2), except for reaction to a strain of S. enterica se-
rovar Naestved. This false positive reaction was in accord-
ance with the declaration in the kit.
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The analytical sensitivity of Assay A and B were deter-
mined based on 10-fold serial dilutions of genomic DNA
of four target bacteria and in vitro transcribed RNA of tar-
get parasites and viruses. The limits of detection (LOD)
were found to be between 100 to 1000 copies of nucleic
acids per reaction depending on the assay (Tables 1 and
2, Figure 1). The assay CV within runs ranged from 0.20%
to 1.40% for Assay A and from 0.28% to 2.23% for Assay B.
The quantitative PCR efficiencies (E) ranged from 84% to
102% for Assay A (Table 1) and 92% to 103% for Assay B
(Table 2). The coefficient of determination (R?) between
the Cq values and the copies of the nucleic acids per assay
ranged from 0.97-0.99 for all assays.

Performance of Enterit4Calves on faecal
samples from calves

Comparisons of test results between Enterit4Calves and
different laboratory tests routinely used for detection of the
same bacteria, virus and protozoan was evaluated on 65
samples from calves with diarrhoea. Results are summa-
rized in Table 3 and details are shown in Supplementary
Table S3. Enterit4Calves Assay A detected C. perfrin-
gens in 37 samples, which was 8 more than the number
of positive samples identified by combined culture and
colony-PCR method routinely used for detection of this
pathogen. All other samples (n = 28) were negative for

TABLE 1 Performance of Assay A multiplex quantitative PCR assay for detection of DNA from target bacterial pathogens

Copy number  Mean cycle CvV Efficiency R’
Target (DNA copies) threshold (Ct) SD (%) Positives/run Slope (%) value®
Clostridium 10° 20.84 015 072 3/3 —3.274 102 0.9996
perfringens 10° 23.88 005 020 3/3
10* 27.22 010 038 3/3
10° 30.5 017 054 3/3
10 33.9 047 140 3/3°
10 n.d. na. na  0/3
10° n.d. n.a. n.a. 0/3
C. perfringens type 10° 17.64 0.07 041 3/3 —3.387 97 0.9973
Band C 10° 20.89 004 020 3/3
10* 24.08 0.05 020 3/3
10° 28.18 0.19  0.68 3/3
10 30.93 013 041 3/3°
10 n.d. n.a. n.a. 0/3
10° n.d. n.a. n.a. 0/3
Salmonella enterica  10° 18.88 0.06 0.32  3/3 —3.397 97 0.999
serovar Dublin 13 22.49 013 058 3/3
10* 25.74 0.10 040 3/3
10° 29.42 009 029 3/3
10 324 027 083 3/3°
10! n.d. n.a. n.a. 0/3
10° n.d. na. na.  0/3
Escherichia coli F5 ~ 10° 21.08 0.09 042 3/3 —3.793 84 0.9943
10° 24.26 029 121 3/3
10* 28.09 014 051 3/3
10° 31.53 005 014 3/3°
10? 36.41 049 135 2/3
10 n.d. na. na.  0/3
10° n.d. n.a. n.a. 0/3

Abbreviations: n.a., not applicable; n.d., not detected.

Coefficient of determination between Ct value and log,, copy-number. Analysis has performed on 10-fold dilutions of DNA of C. perfringens, Salmonella

enterica serovar Dublin and E. coli F5.

“Limit of detection was defined as a lowest concentration at which a fluorescent signal could be detected in all replicates (n = 3).
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TABLE 2 Performance of Assay B multiplex quantitative PCR for detection of DNA-copies of viral and parasitic pathogens

Copy number Mean cycle Ccv Efficiency R’
Target (DNA copies) threshold (Ct) SD (%) Positives/run Slope (%) value®
Bovine 10° 17.32 011 064 3/3 —3.3583 99 0.9979
coronavirus 13 20.80 0.26 1.24  3/3
10* 24.30 004 019  3/3
10° 27.40 017  0.60  3/3
10 30.31 025 084 3/3°
10! n.d. n.a. n.a. 0/3
10° n.d. n.a. n.a. 0/3
Bovine 10° 20.38 009 045 3/3 —3.2417 103 0.9747
rotavirus 103 2475 015 062 3/3
10* 27.54 022 079 3/3
10° 32.17 058 180  3/3°
10% 32.56 031 097 2/3
10! n.d. n.a. n.a. 0/3
10° n.d. n.a. n.a. 0/3
C. parvum 10° 17.96 022 121  3/3 —3.353 92 0.9995
10° 20.6 010 048  3/3
10* 25.26 022 089  3/3
10° 27.84 012 045  3/3
10 32.21 072 223  3/3°
10! n.d. n.a. n.a. 0/3
10° n.d. n.a. n.a. 0/3
Eimeria spp 10° 20.11 0.13 0.66 3/3 —3.4106 96 0.9918
10° 2221 0.23 .03 3/3
10* 27.04 012 046  3/3
10° 29.39 008 028  3/3
10° 33.7 049 147  3/3°
10! n.d. n.a. n.a. 0/3
10° n.d. n.a. n.a. 0/3

Abbreviations: n.a., not applicable, n.d., not detected.

Coefficient of determination between Ct value and log;, copy-number. Analysis was performed on 10-fold dilutions of in vitro transcribed RNA of bovine
coronavirus, bovine rotavirus, C. parvum and Eimeria spp.

®Limit of detection was defined as a lowest concentration at which a fluorescent signal could be detected in all replicates (n = 3).

C. perfringens by both assays. With the combined culture
and PCR method as the gold standard, the sensitivity and
specificity of Assay A for this target were 94% and 76%,
respectively (Table 3 and Supplementary Table S4). The
test agreement between Assay A and culture/colony-PCR
was 83%, and the k value was 0.66. None of the samples
were positive for C. perfringens types B and C, S. enterica
serovar Dublin or E. coli F5 by Assay A or the combined
culture PCR methods used for comparison. For this rea-
son, only specificity (100%) could be determined for these
pathogens based on this set of samples.

Enterit4Calves Assay B identified one more sample as
positive for bovine coronavirus than the Fluidigm qPCR,

whereas two Fluidigm qPCR-positive samples were neg-
ative for bovine coronavirus by Enterit4Calves. Using
the Fluidigm qPCR methods as the gold standard, this
corresponded to sensitivity and specificities of 33% and
98% for Enterit4Calves for this pathogen (Table 3 and
Supplementary Table S4). Test agreement between the two
assays was 95.4%, and k value was 0.38. Of the 65 samples,
28 were positive for bovine rotavirus by both Enterit4Calves
Assay B and the Fluidigm qPCR assay used for compari-
son. In samples that were positive by both methods, the
Cq values by Fluidigm qPCR were 5-12 values lower than
results of Assay B (Supplementary Table S3). Six samples
which were negative in the Fluidigm qPCR assay were
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TABLE 3 Agreement between Assay A/B and reference methods for detection of pathogens in 65 faecal samples from calves diagnosed
clinically with calf diarrhoea

% agreement

Assays A/B (K)
Reference test Pos Neg Sensitivity Specificity (95% CI?)
Clostridium perfringens (Culture and Pos 29 3 91 76 83.0(0.66)
colony-PCR) Neg 8 25 (0.48 t0 0.84)
C. perfringens type B and C (culture + Pos 0 0 NDP 100 100 (NDP)
PCR) Neg 0 65
Escherichia coli F5 (PCR) Pos 0 0 NDP 100 100 (NDP)
Neg 0 65
Salmonella Dublin (PCR) Pos 0 0 ND° 100 100 (NDP)
Neg 0 65
Bovine coronavirus (Fluidigm) Pos 1 2 33 98 95.4(0.38)
Neg 1 61 (—0.18 t0 0.93)
Bovine rotavirus (Fluidigm) Pos 22 6 79 84 81.5(0.62)
Neg 6 31 (0.43 t0 0.82)
Cryptosporidium (SSI qPCR) Pos 24 19 56 100 70.8 (0.46)
Neg 0 22 (0.29 t0 0.63)
Cryptosporidium (Fluidigm) Pos 21 5 81 92 87.7 (0.74)
Neg 3 36 (0.57 t0 0.91)
Eimeria spp. (McMaster) Pos 6 3 67 100 95.4(0.78)
Neg 0 56 (0.53 to 1.00)
Eimeria spp. (Fluidigm) Pos 4 0 100 97 96.9 (0.78)
Neg 2 59 (0.50 to 1.00)

Abbreviations: Neg, negative; Pos, positive.
%95% confidence interval.

°C. perfringens type B and C, Escherichia coli F5 and Salmonella enterica serovar Dublin were not detected in any of the faecal samples and thus estimates of
sensitivity and kappa value were not calculated.
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positive by Enterit4Calves, whereas 36 samples were neg-
ative for bovine rotavirus by both assays. Accordingly, the
sensitivity and specificity of Enterit4Calves Assay B were
calculated to be 79% and 84%, respectively, for this patho-
gen (for calculation of these, see Supplementary Table S4),
the test agreement was found to be 81.5%, and the k value
between the two assays to be 0.62.

Performance of Enterit4Calves Assay B for C. parvum
was compared with two methods, the SSI-qPCR and the
Fluidigm qPCR assays, which both detects other species of
Cryptosporidium than C. parvum. Enterit4Calves detected
C. parvum in 24 samples, which was 2 less than the num-
ber of samples identified as positive by Fluidigm qPCR
and 19 less than the SSI-qPCR. Nineteen and five samples,
which were positive by the SSI-qPCR and the Fluidigm
gPCR, respectively, were negatives by Enterit4Calves,
and 41 samples were negative by all three assays. Since
Enterit4Calves and the methods used for comparison did
not have identical range of target pathogens, the sensitiv-
ity could not be estimated for the ability of Enterit4Calves
to detect C. parvum. Assuming that negative samples in
the SSI-qPCR and Fluidime qPCR were true negative
samples for any Cryptosporidium species, the specificity
of Enterit4Calves in comparison with SSI-qPCR was 100%
and the specificity in comparison with Fluidigm qPCR
92% (Table 3 and Supplementary Table S4).

Out of 65 samples, 6 samples tested positive for Eimeria
spp. by Enterit4Calves, two of which were negative by
Fluidigm qPCR. Nine samples were positive for Eimeria
spp. by McMaster assay, and this assay categorized 56
samples as negative among the 59 negatives samples by
Enterit4Calves. Of the 61 samples, 59 that were negative by
Fluidigm qPCR was likewise negative by Enterit4Calves.
This corresponded to sensitivity and specificities of 67%
and 100% in comparison with the McMaster assay, and
100% and 97% in comparison with the Fluidigm qPCR
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(Table 3 and Supplementary Table S4). Test agreements
were 95.4% and 96.9%, and k values were calculated to be
0.78 against both assays.

Assay performance on spiked
faecal samples

The lack of positive samples for S. Dublin, E. coli F5
and C. perfringens type B and C hindered evaluation of
the sensitivity of Enterit4Calves for these pathogens. To
overcome this problem, 30 spiked samples were used
(Table 4). The intention was to have 30 positive samples,
since natural, negative samples had been tested already.
However, E. coli F5 was only detected in 26 of the sam-
ples by Enterit4Calves, and the combined culture and
PCR method used for comparison only detected E. coli F5
in 20 samples. S. Dublin was detected in 28 samples by
Enterit4Calves, while the culture and PCR method used
for comparison detected this bacterium in 23 samples. C.
perfringens strains of toxin types B and C were not avail-
able and purified DNA was used. After spiking at the
lysis step with 30ng of DNA from each of these bacteria,
Enterit4Calves was positive in 22 samples, and the refer-
ence PCR method was positive in 19 samples. Using the
culture and PCR methods used for comparison as gold
standards, this corresponded to sensitivities of 90% for E.
coli F5,100% for S. Dublin and 94.7% for C. perfrigens type
B and/or C.

DISCUSSION

Real-time and quantitative PCR methods are increas-
ingly used for microbiological diagnosis in veterinary
medicine due to the possibility for high-throughput

TABLE 4 Agreement between Assay A and reference methods for detection of pathogens in 30 faecal samples from calves spiked with

bacteria or purified DNA from calf diarrhoeal pathogens®

% agreement

Assay A (K)
Reference test Pos Neg Sensitivity Specificity (95% CI?)
Escherichia coli F5 (PCR) Pos 18 2 90.0 20.0 66.7 (0.12)
Neg 8 2 (~0.21 to 0.45)
Salmonella Dublin (PCR) Pos 23 0 100 28.6 83.3(0.38)
Neg 5 2 (—0.01 to 0.77)
Clostridium perfringens type B and C Pos 18 1 94.7 63.6 83.3(0.62)
(PCR) Neg 4 7 (0.33t0 0.91)

*Each sample was spiked with one out of three Escherichia coli F5 strains, one out of three S. Dublin strains and 30 ng of DNA from Clostridium perfringens

type B and type C.

595% confidence interval.
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analysis. However, it is still an expensive methodol-
ogy, when multiple targets need to be identified and
several single-plex qPCR assays must be run in paral-
lel. Multiplex qPCR methods which allow the detection
of several targets in a single or few tubes are therefore
an attractive solution for diagnostic laboratories. The
methods evaluated in the current study detect eight
pathogens of relevance to calf diarrhoea in two tubes
under the same qPCR conditions, and thus detection
and quantification of all eight pathogens can be per-
formed in two reaction tubes of a single run, facilitating
rapid diagnosis.

The efficiencies of the qPCR assays in Enterit4Calves
were found to be high, except the qPCR efficiency of the
method used detecting E. coli F5 (84%). The acceptable
range of PCR efficiency for quantitative multiplex assay
is normally set at 90%-110% (Raymaekers et al., 2009),
but can be adapted to 75%-110% according to Broeders
et al. (2014). As the qPCR efficiency for detecting E. coli
F5 was less than the qPCR efficiency for detecting other
targets, this implied that the multiplex reaction is not op-
timal for E. coli F5 detection. This may be due to either
DNA secondary structures in the target area of the ge-
nome, or suboptimal primers or thermo-cycling condi-
tions. Detection of E. coli F5 under laboratory conditions
was performed with a high coefficient of determination
(Rz) value, indicating that, despite the relative low effi-
ciency of this gPCR method, there was good coherence
between detection by qPCR and culture method. The
qPCR efficiencies, the coefficient of determination (RY),
and slopes of Enterit4Calves, Assay B was found to be
like those previously published for multiplex qPCR assays
for detection of bovine coronavirus, bovine rotavirus and
single-plex qPCR for Cryptosporidium (Cho et al., 2010;
Schroeder et al., 2012), suggesting that the qPCR methods
perform at least as well as these methods from a technical
point of view.

Analysis of the data using kappa coefficients showed
a good agreement between Enterit4Calves Assay A and
the traditional combination of culture and PCR methods
used for the detection of C. perfringens. All faecal sam-
ples from calves with diarrhoea were negative for C. per-
fringens type B and C by both methods, suggesting that
these types were not commonly involved as the causative
agents for calf diarrhoea in the farms included in the cur-
rent study. When faecal samples were spiked with DNA
from these two types of bacteria, the agreement between
Enterit4Calves and the methods used for comparison was
good. Enterit4Calves had more samples positive than the
methods used for comparison, suggesting that it was su-
perior in detecting these two bacteria, however, spiking
with DNA was done after the lysis step and this may have
influenced the results.

The datasheet enclosed with Enterit4Calves empha-
sizes that the assay detects S. Naestved in addition to the
S. Dublin because there is more than 99% nucleotide se-
quence homology between these two Salmonella serovars,
and we confirmed this cross reaction. All calves were neg-
ative for S. Dublin and E. coli F5 by Enterit4Calves, and
the methods used for comparison. Thus, the diagnostic
sensitivity for these pathogens could not be evaluated on
field samples. Based on spiked samples, however, the sen-
sitivities were good (90% E. coli F5 and 100% S. Dublin).
The product description does not disclose the target se-
quence for E. coli F5, but it may be a limitation for the
assay if the primer sequences are directed against the
fimbriae. As pointed out by Cho and Yoon (2014), other
types of E. coli may be found in calves with diarrhoea, and
these can be missed if the diagnosis focuses on E. coli F5
alone. On the other hand, a study has reported that sig-
nificant histopathological changes were only observed in
calves suffering from diarrhoea caused by toxin producing
E. coli F5 (Ngeleka et al., 2019). In the current study, the
traditional culture and PCR methods used for comparison
were set up to detect many types of potentially pathogenic
E. coli, and by this method we did not detect other types of
E. coli as the cause of diarrhoea in any of the calves.

A fair to moderate agreement of test results between
Enterit4Calves and Fluidigm qPCR methods were ob-
served for the detection of bovine coronavirus and bovine
rotavirus in faecal samples from calves. The Fluidigm
gPCR method detected more samples positive for these
two viruses than Enterit4Calves, and the Cq values were
generally lower by Fluidigm qPCR method in positive
samples than in Enterit4Calves method. This could in-
dicate that the Fluidigm qPCR has a higher sensitivity
than Enterit4Calves, possibly because the Fluidigm qPCR
uses a pre-amplification step prior to the qPCR (Goecke
etal.,2020). Sampleswith relatively high Cqvalues(Cq>22)
by Fluidigm qPCR were often negative by Enterit4Calves
(Supplementary Table S3). The bovine coronavirus and
bovine rotavirus detected by Enterit4Calves likely origi-
nated from viral-infected cells in the faeces, because the
first centrifugation at 5000 x g, which was performed prior
to DNA/RNA extraction in Enterit4Calves, is likely to dis-
card free viral particles with the supernatant. This may not
be a problem. Viral infection causes intestinal villus atro-
phy, and infected cells are desquamated into the intestinal
lumen. The exfoliated cells, which contain high loads of
viral particles, are found in the faeces. In line with this,
Enterit4Calves did not show any problems with detection
of viral pathogens.

More samples were positive for Cryptosporidium
by the qPCR methods used for comparison than by
Enterit4Calves assay; however, this result is prob-
ably related to differences in the number of target
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pathogens. The SSI-qPCR detects at least 12 species of
Cryptosporidium (C. parvum, C. hominis, C. meleagridis,
C. felis, C. cuniculus, C. ubiquitum, C. canis, C. ander-
soni, C. bovis, C. xiaoi, C. viatorum and C. felis), and the
Fluidigm qPCR detects 4 species (C. parvum, C. hominis,
C. wrairi and C. meleagridis), whereas Enterit4Calves
was developed to detect only C. parvum. According to
Delafosse et al. (2015), C. parvum is the relevant caus-
ative agent of the diarrhoea in calves up to 21days of
age, whereas C. bovis, C. andersoni and C. ryanae are
found in older calves (Follet et al., 2011). Moreover, C.
hominis was also identified in faecal samples from both
young and older calves with and without diarrhoea
(Razakandrainibe et al., 2018). Seven samples from
calves between 50 and 105 days of age were positive for
Cryptosporidium by the SSI-qPCR but negative by both
Fluidigm qPCR and Enterit4Calves. It is reasonable to
assume that such samples contained C. bovis and/or C.
andersoni and thus did not contain C. parvum, the only
species detectable by Enterit4Calves assay, but further
testing is needed to confirm this. The differences in
DNA preparation method and in materials and reagents
use for qPCR can influence the efficiency of qPCR
methods (Buzard et al., 2010; Dilhari et al., 2017). This
may further explain the moderate agreement between
Enterit4Calves and the SSI-qPCR assay.

Good agreements in the test results were observed be-
tween Enterit4Calves and the two methods used for com-
parison (McMaster method and Fluidigm qPCR assay)
for identification of Eimeria spp. Discrepancies between
the McMaster methods and Enterit4Calves were noted in
a few samples, which contained low numbers of oocysts
(£70 OPG) (Supplementary Table S3). These samples
were positive by the McMaster methods, but negative
by Assay B and Fluidigm gqPCR, suggesting that target
gene sequences were below the detection level for these
two methods. This may not disqualify the practical use of
gPCR methods for detection of this protozoan, as the role
of Eimeria in provoking diarrhoea in calves is considered
only to be significant when OPG was >1000 (Enemark
et al., 2013).

Overall, the Enterit4Calves assay evaluated in the cur-
rent study showed fair to good agreement with methods
currently used for detection of pathogens associated with
calf diarrhoea. Among the 65 samples tested, absolute
agreement on the diagnosis was observed for 29 sam-
ples, and in 20 samples the disagreement was related to
the difference in target species among Cryptosporidium
(see Supplementary Table S3). Thus, the Enterit4Calves
disagreed with detection of one or more pathogens in
16 samples. In six of these samples, Enterit4Calves de-
tected important pathogens that was overlooked by the
traditional methods. Because we have used the traditional
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methods as Gold standard, this has been scored to the det-
riment of the kit; however, most likely it represents a bet-
ter ability to detect the pathogens. However, it should be
underlined that a relatively low number of samples have
been tested, and that the methods used for comparison did
notin all cases detect the same range of pathogens, making
comparison of methods difficult. In addition, some of the
pathogens, which Enterit4Calves were developed to detect
and quantify, were not detected by either Enterit4Calves
or the methods used for comparison, and as such no es-
timate of sensitivity under field conditions could be pro-
duced based on the analysed samples. In supplementary
testing with spiked samples, the assays performed well
for these pathogens, but detection of pathogens in spiked
samples may be less demanding than detection in natu-
ral samples because the concentration of target sequences
tend to be higher.

The results of microbiological diagnosis in veterinary
and medical medicine will always be used in combina-
tion with clinical observations. In the current investiga-
tion, multiple pathogens were commonly observed in the
same animal. Enterit4Calves allows quantification of the
pathogens, which can help the practitioners to priorities
between the pathogens. However, currently an under-
standing of the correlation between number of pathogens
detected in faecal samples from calves and the degree of
pathology observed in the intestine of the calves is lack-
ing for most of the pathogens, and future studies should
concentrate on establishing relevant cut off values for the
assays.

In conclusion, the qPCR assay Enterit4Calves, which
was developed for detection and quantification of eight
important pathogens associated with calf diarrhoea,
showed good performance in laboratory testing. A vali-
dation study was performed based on testing of 65 faecal
samples from diarrhoeic calves and on 30 spiked samples.
Fair to good agreement was observed between the assay
under evaluation and standard methods used for detec-
tion of pathogens associated with calf diarrhoea.
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