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ABSTRACT

Farmers prefer fast, sensitive, and on-site tests for
treatment decisions on mastitis. Due to the time to
results of the currently available diagnostic tools, these
are rarely used for that purpose. Genotypic tests that
do not require a growth step may be suitable for on-
site testing, for example loop-mediated isothermal
amplification (LAMP), which has been described as a
sensitive test that can be used on-site. Therefore, this
study aimed to develop and evaluate LAMP assays for
the detection of a subset of mastitis-causing pathogens,
Escherichia coli, Klebsiella pneumoniae, Staphylococcus
aureus, and Streptococcus spp., in milk from cows with
clinical mastitis. Furthermore, a generic nucleic acid
lateral flow immunoassay (NALFIA) was evaluated
as a potential on-site readout of the LAMP assays.
For each assay of LAMP and NALFIA, the limit of
detection and analytical specificity were determined
using isolates, and the diagnostic specificity was de-
termined using selected samples with known etiology.
In addition, the diagnostic specificity of LAMP was
determined using field samples with unknown etiology
at testing. Bacteriological culture with identification
by mass spectrometry was used as a reference method.
The 4 assays had a kappa >0.73 with the reference
method when testing the selected samples, but >0.47
when testing field samples. After correcting for preva-
lence, kappa was >0.80 for the E. coli, K. pneumoniae,
and Staph. aureus assays. The Streptococcus spp. assay
had a kappa of 0.47 (0.48 after correction) with the ref-
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erence method, probably caused by the assay broadly
targeting a genus instead of a particular species. The
NALFIA readout was found to have kappa >0.81 for
the E. coli, Staph. aureus, and Streptococcus spp. assays
at a generic runtime, but for the K. pneumoniae assay
a shorter runtime could be used. In conclusion, LAMP
is a promising method for fast on-site tests for mastitis-
causing pathogens if the current elaborate method for
sample preparation is replaced by a simplified protocol.
The NALFIA is an easy and reliable readout for on-site
use, with the observation that for the current assay
designs a generic runtime is not yet possible for the
chosen set of pathogens. If associated with a simple
and fast sample preparation protocol, the combination
of LAMP and NALFIA has the potential to enable
fast and reliable on-site testing of clinical mastitis milk
samples.

Key words: dairy cattle, loop-mediated isothermal
amplification, on-site mastitis test, nucleic acid lateral
flow assay

INTRODUCTION

Mastitis is a common disease on dairies and has the
highest contribution to the usage of antimicrobials in
dairy cows (Pol and Ruegg, 2007; Kuipers et al., 2016).
Currently, the decision to treat clinical mastitis with
antimicrobials is mostly based on clinical signs (Sears
and McCarthy, 2003; Griffioen et al., 2016), regard-
less of the actual cause. To enable targeted treatments,
rapid and specific diagnostic tests to identify the cause
of mastitis would be of added value.

Two types of diagnostic tests are frequently used
for pathogen identification in mastitis: phenotypic and
genotypic (Duarte et al., 2015). The advantage of geno-
typic tests over phenotypic tests is that the first type
has a short time to result, provided that the test can
be applied directly on the sample and no growth step is
necessary. Furthermore, genotypic tests are more sensi-
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tive than (growth-dependent) phenotypic tests, as they
have the ability to detect DNA of dead, or less viable,
pathogens (Lam et al., 2009; Duarte et al., 2015). A
disadvantage of genotypic tests is that if detected DNA
originates from dead pathogens, a positive test result
does not necessarily indicate an active IMI. Genotypic
tests such as real-time PCR . are used in diagnostic labo-
ratories to detect various mastitis pathogens (Koskinen
et al., 2009, 2010; Shome et al., 2011; Mahmmod et al.,
2013), but are not frequently used in practice (Griffioen
et al., 2016). Dutch farmers indicated that they are
willing to use diagnostic tests more often if a simple
test would be accessible close by, rather than at a dis-
tant laboratory (Griffioen et al., 2016). As expensive
equipment is required to perform real-time PCR, these
tests are performed in specialized diagnostic laborato-
ries and therefore require time for transport of samples.
Thus, even though available real-time PCR tests are
quick, the time to result is too long to comply with the
farmers’ demands for treatment decisions. Therefore,
less cumbersome options than real-time PCR, which
can be performed at a veterinary clinic or on-farm,
may fulfill the need of dairy farmers and may support
incorporating diagnostic information into the decision-
making process of mastitis treatments.

A technique that is advocated for on-site DNA
amplification to detect pathogens, is loop-mediated
isothermal amplification (LAMP; Mori and Notomi,
2009; Ashraf and Tmran, 2018). This technique has
the advantage over (real-time) PCR in that expensive
equipment for temperature cycling and detection of
results is not required, and that the conditions for the
extraction and purification of DNA are less demanding
(Kaneko et al., 2007; Sowmya et al., 2012). These ad-
vantages have resulted in LAMP tests for on-site use to
detect Staphylococcus aureus in food samples (Tian et
al., 2018), and Bergomoviruses under field conditions,
using a portable device (Tian et al., 2018; Wilisiani et
al., 2019).

Several studies describe the ability of LAMP to
detect pathogens in milk samples (Song et al., 2012;
Yang et al., 2014; Sathish et al., 2016; Appelt et al.,
2019; Sange et al., 2019). Numerous LAMP assays, for
example those developed to detect Staph. aureus and
Streptococcus uberis, have a time to result of only 1 to 2
h and a high diagnostic accuracy (Tie et al., 2012; Cor-
nelissen et al., 2016; Sheet et al., 2016). Thus, LAMP
seems to be a promising method for on-site detection
of mastitis-causing pathogens, and has the potential
to fulfill the need of dairy farmers to obtain results
within a short time. Therefore, this study aimed to de-
velop and evaluate LAMP assays to detect a subset of
mastitis-causing pathogens (FEscherichia coli, Klebsiella
pneumoniae, Staph. aureus, and Streptococcus spp.) in
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milk from cows with clinical mastitis, and to evaluate
a generic nucleic acid lateral flow immunoassay (NAL-
FIA) as a potential on-site readout of LAMP.

MATERIALS AND METHODS
LAMP Assay Design

Four new LAMP assays were designed targeting
genes described in literature as valid targets for detec-
tion of E. coli: PhoA gene (Shome et al., 2011), K.
pneumoniae: UreD gene (Zamani et al., 2013), Staph.
aureus: nuc gene (Tie et al., 2012), and Streptococcus
spp.: 16S rRNA gene (Wang and Liu, 2015). The gene
sequences were retrieved from the National Center for
Biotechnology Information (NCBI) database (http:/
/www.nchi.nlm.nih.gov; accession numbers FJ546461,
L07039, EF529606, and APO011114.1, respectively).
Conserved regions were identified by sequence align-
ments using NBCI Blast search (http://blast.ncbi.nlm
.nih.gov), and were used for primer design with LAMP
Designer 1.14 (Premier Biosoft, Palo Alto, CA). All
LAMP assays were designed with 6 primers: 2 outer
primers, 2 inner primers, and 2 loop primers (Table 1).

Evaluation of LAMP Assays

The evaluation process of the 4 LAMP assays con-
sisted of 4 steps. First, the limit of detection was de-
termined using dilution series of 1 isolate of the target
bacterium. Second, the analytical specificity (Sp) was
determined using a fixed set of isolates of different bac-
terial species. Thereafter, the diagnostic Sp was deter-
mined using 4 sets of selected milk samples, each com-
piled to allow evaluation of a specific LAMP assay. The
last step was to determine the diagnostic performance
by testing 163 milk samples with unknown etiology at
the time of testing. These samples originated from cows
with clinical mastitis and were collected in a field study
for this purpose.

Bacterial Isolates and M:ilk Samples. To deter-
mine the limit of detection for each LAMP assay, 4 pos-
itive controls were selected and prepared as described
(Cornelissen et al., 2016). The positive controls were F.
coli strain 13-1.24, K. pneumoniae strain 2.35, Staph.
aureus strain 2.24, and S. wberis strain 2.28. Cultures
of these isolates were serial diluted 5-fold in milk, start-
ing with a 1:5 dilution. The E. coli suspension started
with a counting of 8.0 x 10" (SD 2.8 x 107) cfu/mL,
K. pneumoniae with a counting of 5.0 x 10°® (SD 8.5 x
107) cfu/mL, Staph. aureus with a counting of 1.1 x 10°
(SD 1.4 x 107) cfu/mL, and S. uberis with a counting
of 3.9 x 10° (SD 1.4 x 107) cfu/mL. The number of cfu
per mL. was determined by serial dilution and plating
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in duplicate on sheep blood agar heart infusion plates
(Wageningen Bioveterinary Research, Lelystad, the
Netherlands). The milk originated from healthy cows
and was checked to be culture negative for the 4 target
pathogens.

Second, isolates from different bacterial species (Ta-
ble 2), all verified using MALDI-TOF MS (see below),
were used to determine the analytical Sp of the LAMP
assays. The isolates are from an in-house collection
(Cornelissen et al., 2016); a large subset originates from
cows with mastitis, a smaller subset from other relevant
species. The isolates were cultured and harvested as
described (Cornelissen et al., 2016).

The first set of milk samples, used to determine the
diagnostic Sp, was a subset of the milk samples used in
the study described by Griffioen et al. (2018) and will
be referred to as selected milk samples. In that study,
866 milk samples were analyzed at the bacteriological
laboratory of Royal GD (Deventer, the Netherlands) by
the reference method [i.e., bacteriological culture with
identification using MS (see below)| between April and
July 2016. Subsets were compiled with culture-positive
and culture-negative samples for each target of the 4
LAMP assays (Table 2).

The second set of milk samples was tested without
knowing the etiology at moment of testing in all 4
LAMP assays to determine the diagnostic performance.
The set consisted of 163 milk samples from cows with
mild and moderate clinical mastitis collected in a field
study. These field samples were collected on 15 dairy
farms in the Netherlands between May 2017 and July
2018 (unpublished data). The field samples were also
analyzed at the bacteriological laboratory of GD Ani-
mal Health (Deventer, the Netherlands) by the refer-
ence method (Table 2; see below).

Reference Method. Bacteriological culture with
identification using MS, as performed at the routine
bacteriology laboratory of Royal GD, was used as refer-
ence method (Griffioen et al., 2018). In short, 10 pL of
milk was inoculated onto 6% sheep blood agar plates
to determine the bacteriological status. Plates were
incubated aerobically for 48 h at 37°C. Growth of pre-
sumptive mastitis-causing bacteria was examined after
24 and 48 h, according to the guidelines of the National
Mastitis Council (NMC, 1999). Presumptive mastitis-
causing bacteria were identified using MALDI-TOF
MS (MALDI Biotyper 3.1, Bruker Daltonics GmbH,
Bremen, Germany; Barreiro et al., 2010).

Table 1. Sequences of 4 designed loop-mediated isothermal amplification (LAMP) primers'

LAMP assay Gene Primer Sequence (5'-3")
Escherichia coli PhoA* Ecoli 4 F3 TGTCATTACGTTGCGGATT
Ecoli 4 B3 CTTTGCTGAAACGGCAAC
Ecoli 4 FIP? CTGACGGCAATATGCCAGTGATCGATATTGCCATGGTACG
Ecoli 4 BIP* ATTCGCTTCCGTCACCGAGCGTGGTTATCAGTTGGT
Ecoli 4 Floop GCTGGCTAGGACCGAAAG
Ecoli 4 Bloop TTCAGTGAGGCAGCATCG
Klebsiella pneumoniae UreD’ Kleb 3 F3 GATCTCCGCTTTCAGCAG
Kleb 3 B3 CAACTGCTGGCGAACTAG
Kleb 3 FIP TCATCACCGCCGACGATGCCGTTTTACCCGGAAGAAG
Kleb 3 BIP TGACAATTAGCGCGCACCTTGCGGTAAAACTTGCTGG
Kleb 3 Floop* GAAGCAGATAGAGGTGACAGG
Kleb 3 Bloop® CTGCCATACGCTGATAACCA
Staphylococcus aureus nuc® SA NUC F3-2 AACAGTATATAGTGCAACTTCAA
SA NUC B3-2 CTTTGTCAAACTCGACTTCAA
SA NUC FIP-2° TGTCATTGGTTGACCTTTGTACATTAAAATTACATAAAGAACCTGCGA
SA NUC BIP-2* GTTGATACACCTGAAACAAAGCATCATTTTTTTCGTAAATGCACTTGC
SA NUC Floop AACMTATACCATCAATCGCTTTA
~ SA NUC Bloop AAGGTGAGAGAAATATGGTCCTGA
Streptococcus spp. 16S rRNA"  Strep 3 F3 CGCAACCCCTATTGTTAGTT
Strep 3 B3 GCGATTCCGACTTCATGT

Strep 3 FIP?
Strep 4 BIP*
Strep 3 Floop
Strep 3 Bloop

ACGTCATCCCCACCTTCCTCATCATTAAGTTGGGCACTCTA
TGGTTGTTACAACGAGTCGCAATCCGAACTGAGATTGTC
TTATTACCGGCAGTCTCGC
TGACGGCAAGCTAATCTCTTAA

"Ecoli = E. coli; Kleb = K. pneumoniae; SA = Staph. aureus; Strep = Streptococcus spp.; FIP = forward inner primer; BIP = backward inner
primer; Floop = forward loop primer; Bloop = backward loop primer; NUC = nuc.

?Assay designed using target gene as described by Shome et al. (2011).

*Primer labeled with FAM when used in nucleic acid lateral flow immunoassay.
*Primer labeled with biotin when used in nucleic acid lateral flow immunoassay.
®Assay designed using target gene as described by Zamani et al. (2013).

SAssay designed using target gene as described by Tie et al. (2012).

"Assay designed using target gene as described by Wang and Li (2015).
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Isolation of DNA. Aliquots of 250 pL of sus-
pended bacteria from the isolates, or 500 pL of milk
samples, were used to isolate template DNA, essentially
as described (Cornelissen et al., 2016). The bacterial
suspensions and milk samples were incubated for 1 h
at 37°C with 80 pL of Tris-EDTA buffer [20 mmol/L
Tris-HCI (pH 8.0), and 2 mmol/L EDTA], containing
achromopeptidase (1,000 U/mL), lysostaphin (20 pL/
mL), lysozyme 1 (mg/mL), and mutanolysin 100 (U/
mL; Sigma-Aldrich Chemie, Zwijndrecht, the Nether-
lands). Thereafter, 40 pL of proteinase, 360 uL of ATL
buffer from the DNeasy Blood and Tissue Kit (Qiagen,
Venlo, the Netherlands), and 400 pL of AL buffer from
the same kit was added, and the mix was incubated
for 1 h at 56°C. Of a mixture of 400 pL of ethanol
and 3 pL of HCI (25%), 400 pL was added to the mix.
Membranes were washed according to the guidelines
of the manufacturer and the isolated DNA was eluted
with 50 pL of water.

LAMP Reactions. For each LAMP assay, positive
controls were used at a concentration of 1 ng/pL. For
the analytical performance, 2 pL of the positive con-
trols was used, and for the diagnostic performance, 8
pl was used.

Loop-mediated isothermal amplification reactions
were in essence performed as described (Cornelissen
et al., 2016), using a commercially available mix with
a polymerase with strand displacement activity and
EvaGreen (Isothermal Mastermix, OptiGene, Hor-
sham, UK). Standard desalted oligonucleotides were
used, synthesized on a 40 nmol scale (Biolegio, Nijme-
gen, the Netherlands). For E. coli, K. pneumoniae, and
Staph. aureus, the LAMP reactions were performed at a
final volume of 23.0 pL, containing the Isothermal Mas-
termix, 2.0 pmol/L each of the forward inner primer
and the backward inner primer, 0.2 pmol/L each of
the outer primers F3 and B3, 1.0 pmol/L each of the
backward loop and forward loop primer, template DNA
(2 pL if isolates were used or 8 pL of eluate if milk
samples were used), and 6 pL of ROX Passive refer-
ence (Eurogentec, Liege, Belgium). For Streptococcus
spp., the LAMP reactions were performed at a final
volume of 18.5 pL, containing the Isothermal Master-
mix, 0.8 pmol/L each of the forward inner primer and
the backward inner primer, 0.2 pmol/L each of F3 and
B3 primers, 0.4 pmol/L each of the backward loop and
forward loop primer, template DNA (2 pL if isolates
were used or 8 pL of template DNA if milk samples
were used), and 6 pL of ROX Passive reference. The
LAMP assays were performed in 96-well plates and
always included negative controls (water) and positive
controls. Reactions were incubated at 62°C in an ABI
7500 Real-Time PCR system (Applied Biosystems,
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Foster City, CA) for 90 cycles of 45 s, and thus in to-
tal for 67.5 min. The LAMP products were detected
by screening for fluorescence by EvaGreen, which is
referred to as the real-time readout. The threshold was
manually set at 50% in the linear phase of the am-
plification plot of the positive control, similar to the
selection of a threshold for real-time PCR (Caraguel et
al., 2011). The time point at which fluorescent signals
passed this threshold is referred to as time-to-positivity
(Tp) and is expressed in minutes. To stop the reaction,
the temperature was increased to 95°C to inactivate the
polymerase. To confirm the identity of amplification
products, melting curve analyses were performed after
amplification by decreasing the temperature from 95°C
to 60°C during which fluorescence was measured (see
below for details on the analysis). Finally, to establish
if actual amplification had taken place, for each sample
the presence of a sigmoidal curve was checked.

LAMP Using NALFIA. To determine whether
LAMP has potential to be used on-site, a lateral-flow-
based readout that does not require equipment (i.e.,
NALFTA) was evaluated. To enable readout by NAT-
FIA, FAM- and biotin-labeled amplicons were gener-
ated in the LAMP reactions. For that, in each primer
set, 2 unlabeled primers were replaced with a FAM- and
biotin-labeled version, respectively (Table 2). From a
practical point of view, a generic assay time was chosen
for all LAMP assays to stop the reactions in the real-
time PCR machine by increasing the temperature to
95°C, which was 40 min, based on the Tp with the
highest total area under the receiver operator (ROC)
curve (AUCQC) for all assays. The reaction mixtures of
the experiment were taken up in reaction tubes that
were inserted in contamination-free cassettes (U-Star
Disposable Nucleic Acid Lateral Flow Detection Units,
TwistDX Limited, Maidenhead, UK). These cassettes
enable analysis of labeled amplification products by
NALFIA. The cassettes contain a needle to perforate
a reaction tube upon insertion, and a reservoir in
which amplification products mix with streptavidin-
conjugated colloidal gold. This results in labeling of
biotinylated amplicons from the LAMP reaction with
red gold particles. The resulting mixture flows into
the connected nitrocellulose strip along immobilized
anti-FAM antibodies, where, upon interaction with red
gold-amplicon-FAM complexes, amplicons are visual-
ized without the need for special equipment.

Analytical and Diagnostic Performance
of LAMP Assays

Limit of Detection. To determine the limit of de-
tection of the LAMP assays, each spiked milk sample
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from the 5-fold dilution series was tested in 3 indepen-
dent experiments. The limit of detection was calculated
as the lowest mean concentration of bacteria where all
3 experiments gave a signal within the length of the
experiment plus 3 times standard deviation.

Analytical Specificity. To determine the analytical
Sp, the cut-off for the Tp was defined as the average
time it took for signals to appear when testing nontar-
get isolates, minus 3 times standard deviation, using
only data on signals that appeared within the length
of the experiment. Isolates with a Tp lower than the
calculated Tp cut-off were considered positive.

Diagnostic Performance of LAMP Using Se-
lected Milk Samples. To determine the diagnostic
performance of LAMP in the selected milk samples,
Tp cut-offs for each LAMP assay were determined for
each minute during the running time of the experi-
ment using ROC analyses in Stata Statistical Software
(StataCorp, 2017, Release 15, StataCorp LLC, College
Station, TX). The AUC was established using binary
results of all samples (i.e., positive or negative at the
tested time points), based on the presence or absence of
a valid signal. Accompanying 95% confidence intervals
were determined around the AUC. A valid signal was
defined as a putative positive sample (i.e., a sample
with a signal) with the melting temperature (Tm) of
the product within the Tm range, calculated as the
mean Tm of the positive controls plus or minus a mar-
gin of 2°C, and with a sigmoidal amplification curve.
Samples with aberrant Tm or amplification curves were
deemed negative and ignored for Tp cut-off calcula-
tions, but the results were used for calculating assay
sensitivity (Se) and Sp. The Tp resulting in the highest
AUC was selected as Tp cut-off. Further, to calculate
the test Se and Sp, samples were designated as positive
or negative according to the determined Tp cut-off, and
samples with an aberrant Tm or sigmoidal curve were
included as negative results.

Diagnostic Performance of LAMP Using Clin-
ical Mastitis Milk Field Samples. The diagnostic
performance of the LAMP assays using field samples
was determined using the 163 clinical mastitis samples.
Each result was judged positive or negative based on
the 3 criteria, using the Tp cut-off as determined with
ROC analysis over the selected samples, the Tm, and
whether a sigmoidal curve was observed.

Statistical Analysis

Results of each LAMP assay and both types of read-
out were compared with results of the reference method
to calculate the diagnostic test characteristics Se,
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defined as the proportion of culture-positive samples
with a positive LAMP result, and Sp, defined as the
proportion of culture-negative samples with a negative
LAMP result (i.e., no signal below the Tp threshold, an
aberrant Tm, or an aberrant amplification curve), with
the accompanying binomial exact 95% CI at all steps of
the evaluation (Dohoo et al., 2009). Furthermore, the
proportion of agreement between the reference method
and LAMP assays corrected for chance was calculated,
known as Cohen’s kappa (k). In addition to k, also
the prevalence- and bias-adjusted kappa (PABAK)
was calculated (Byrt et al., 1993) for the field samples.
The guideline of Landis and Koch (1977) was used
to determine the magnitude of agreement. A value of
>0.80 was considered to be almost perfect, >0.60-0.80
substantial, >0.40-0.60 moderate, >0.20-0.40 fair,
>0.00-0.20 slight, and <0.00 poor agreement.

RESULTS
Limit of Detection

The limit of detection for both readouts were equal
for all LAMP assays, except for the E. coli LAMP assay
where the limit of detection of the real-time readout
was lower (Table 3). The Streptococcus spp. LAMP as-
say was the most sensitive assay with 1.1 x 10° cfu/mL
as detection limit for both readouts.

Analytical Specificity Using Isolates

The analytical specificity determination showed that
all LAMP assays had high Se and Sp (>0.96). Also,
kappa was substantial to almost perfect for the 4 assays
to detect their target bacteria (Table 4). At this step
of the evaluation, the calculated Tp cut-off for the F.
coli LAMP assay was 38 min. The observed Tp values
for E. coli isolates ranged from 14 to 24 min (mean 17
min). The isolate for which a false-positive result was
found was an Enterococcus durans with a Tp of 36 min.
For the K. pneumoniae assay, the calculated Tp cut-off
was 25 min. The observed Tp values for K. pneumoniae
isolates ranged from 7 to 9 min (mean 8 min). The
isolates for which false-positive results were found were
1 E. durans and 4 K. oxytoca isolates, which had a Tp
between 17 and 24 min. For the Staph. aureus assay, the
calculated Tp cut-off was 18 min. The observed Tp for
Staph. aureus isolates ranged from 6 to 7 min. For the
Streptococcus spp. assay, the calculated Tp cut-off was
15 min. The observed Tp for Streptococcus spp. isolates
ranged from 9 to 11 min (mean 10 min). The latter 2
assays had only true-positive and true-negative results.
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Diagnostic Performance of LAMP Using Selected
Milk Samples

The Tp cut-offs for each LAMP assay as obtained
with the ROC analysis are shown in Table 5. If multiple
time points were found to have the highest AUC, the
point with the lowest Tp value was chosen. Applying the
optimal Tp cut-off to the whole set of selected samples
resulted in Se ranging from 0.73 to 0.98, and Sp ranging
from 0.84 to 0.96 for all LAMP assays (Table 6).

At the optimal Tp cut-off of 31 min for the E. coli
assay, Se was 0.83 (Table 6). The Tp of true-positive
samples ranged from 15 to 31 min (mean 22 min). The
average Tm of the positive controls was 89.0°C. Of the
samples with false-negative results, 6 samples did not
give a signal within the length of the experiment or
above the optimal Tp cut-off, and 2 had a Tm below
the Tm range (average Tm 86.5°C). The 4 samples with
false-positive results were K. pneumoniae, Staph. aure-
us, S. uberis, and an unspecified bacterium [growth, but
no Staph. aureus, K. pneumoniae, E. coli, non-aureus
staphylococci (NAS), or Streptococcus spp.] according
to the reference method.

At the optimal Tp cut-off of 13 min for the K. pneu-
moniae assay, Se was 0.73 (Table 6). The Tp of the
samples with true-positive results ranged from 7 to 12
min (mean 8 min). The average Tm was 90.9°C. Seven
of the samples that were determined to have false-
negative results had no signal within the length of the
experiment or the Tp was too high, and 1 had Tm of
88.8°C. The 2 samples with false-positive results were
E. coli, and NAS according to the reference method.

At the optimal Tp cut-off of 26 min for the Staph.
aureus LAMP assay, Se was 0.83 (Table 6). The Tp of
the samples with positive results ranged from 6 to 25
min (mean 11 min). The average Tm of the positive
controls was 81.1°C. The samples with false-negative
results were scored negative based on the Tp being too
high (n = 6), and 1 had a Tm of 79.0°C. The 4 samples
with false-positive results were S. dysgalactiae, NAS (n
= 2), and an unspecified bacterium.
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At the optimal Tp cut-off of 48 min for the Strepto-
coccus spp. LAMP assay, Se was 0.98 (Table 6). The
Tp ranged from 7 to 48 min (mean 29 min). The aver-
age Tm of the true positives was 87.6°C. The sample
with the false-negative result scored negative because
no signal was detected within the length of the experi-
ment. Of the samples with false-positive results, 1 was
positive for NAS, and 6 contained unspecified bacteria
according to the reference method.

Diagnostic Performance of LAMP Using Clinical
Mastitis Milk Samples

The diagnostic performance of the 4 LAMP assays
using 163 field samples is shown in Table 4. The Se for
all assays ranged from 0.55 to 1.00, and Sp from 0.68
to 1.00. Kappa ranged from 0.47 to 0.81, but was often
affected by prevalence and bias as shown by PABAK.

For the E. coli assay the observed Tp of the samples
with true-positive results ranged from 17 to 30 min
(mean 23 min). The samples deemed false positive by
LAMP were S. uberis according to the reference meth-
od. Of the positive samples according to the reference
method, 14 were deemed negative by LAMP based on
the Tp being too high or not detected (n = 13), or
because the Tm was outside of the Tm range of 86.3 to
90.3°C (n = 1; 75.3°C).

Only 1 field sample was positive for K. pneumoniae
according to the reference method, for which the K.
pneumoniae LAMP assay was also positive. Two sam-
ples were deemed false positive by LAMP, one from
which Bacillus pumilus was recovered according to the
reference method, and for the other no growth was
reported.

For the Staph. aureus assay the observed Tp of the
samples with true-positive results ranged from 7 to 15
min (mean 11 min). None of the samples was deemed
as false positive by LAMP. Of the positive samples ac-
cording to the reference method, 5 were deemed nega-
tive by LAMP because no signal was found.

Table 3. Lowest concentration detected, SD, and limit of detection (LOD; lowest concentration + 3 x SD) in cfu/mL of 4 designed loop-
mediated isothermal amplification (LAMP) assays using 5-fold dilutions of target bacteria spiked in milk in 2 types of readouts: real-time
readout of fluorescence in a PCR machine tested in 3 independent experiments and nucleic acid lateral flow immunoassays (NALFIA) tested

in 1 experiment

Real-time readout

NALFIA readout

Lowest Lowest
Bacteria Gene concentration SD LOD concentration SD LOD
Escherichia coli PhoA 2.6 x 10* 9.1 x 10° 5.3 x 10 1.3 x 10° 4.5 x 10" 2.6 x 10°
Klebsiella pneumoniae UreD 1.3 x 10° 2.2 x 10 1.9 x 10° 1.3 x 10° 2.2 x 10° 1.9 x 10°
Staphylococcus aureus nuc 1.4 x 10° 1.8 x 10° 2.0 x 10° 1.4 x 10° 1.8 x 10° 2.0 x 10°
Streptococcus spp. 165 rRNA 1.0 x 10*! 3.6 x 10 1.1 x 10° 1.0 x 10° 3.6 x 10" 1.1 x 10°

"Tested in 2 independent experiments.
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Table 5. Area under the receiver operator curve (AUC), with 95% CI, of 4 loop-mediated isothermal amplification (LAMP) assays at different
runtimes at which it was assessed whether a sample had a signal or not, to determine the optimal time-to-positivity cut-off (indicated with an

asterisk)"
Escherichia coli Klebsiella pneumoniae Staphylococcus aureus Streptococcus spp.
(n =90) (n=178) (n = 103) (n = 89)

Runtime

(min) AUC 95% CI AUC 95% CI AUC 95% CI AUC 95% CI
10 — — 0.79 0.70-0.88 0.69 0.61-0.77 0.52 0.49-0.54
11 — — 0.83 0.74-0.92 0.80 0.72-0.88 0.52 0.49-0.54
12 — — 0.84 0.76-0.93 0.85 0.78-0.93 0.52 0.49-0.54
13 — — 0.87%* 0.79-0.95* 0.86 0.78-0.93 0.52 0.49-0.54
14 — — 0.86 0.77-0.94 0.87 0.80-0.94 0.52 0.49-0.54
15 0.51 0.49-0.53 0.85 0.76-0.93 0.88 0.81-0.95 0.52 0.49-0.54
20 0.66 0.59-0.73 0.78 0.69-0.87 0.89 0.82-0.96 0.54 0.50-0.57
25 0.78 0.70-0.86 0.77 0.68-0.85 0.90 0.84-0.97 0.58 0.51-0.66
26 0.80 0.73-0.88 0.77 0.68-0.85 0.92* 0.86-0.97* 0.58 0.51-0.66
27 0.84 0.76-0.91 0.77 0.68-0.86 0.92 0.86-0.97 0.60 0.52-0.68
28 0.87 0.80-0.94 0.76 0.66-0.85 0.92 0.86-0.97 0.66 0.58-0.74
29 0.88 0.81-0.95 0.75 0.65-0.84 0.92 0.86-0.97 0.69 0.61-0.78
30 0.88 0.81-0.95 0.75 0.65-0.84 0.92 0.86-0.97 0.73 0.65-0.81
31 0.89%* 0.82-0.95* 0.75 0.65-0.84 0.92 0.86-0.97 0.76 0.68-0.84
32 0.89 0.82-0.95 0.73 0.63-0.82 0.92 0.86-0.97 0.80 0.72-0.88
33 0.89 0.82-0.95 0.71 0.61-0.80 0.92 0.86-0.97 0.80 0.72-0.88
34 0.89 0.82-0.95 0.71 0.61-0.80 0.92 0.86-0.97 0.81 0.73-0.89
35 0.89 0.82-0.95 0.71 0.61-0.80 0.92 0.86-0.97 0.82 0.74-0.90
40 0.89 0.82-0.95 0.71 0.61-0.80 0.92 0.86-0.97 0.87 0.80-0.95
45 0.89 0.82-0.95 0.71 0.61-0.80 0.90 0.84-0.96 0.88 0.81-0.93
46 0.89 0.82-0.95 0.71 0.61-0.80 0.89 0.83-0.96 0.88 0.81-0.94
47 0.89 0.82-0.95 0.71 0.61-0.80 0.91 0.85-0.96 0.88 0.81-0.95
48 0.89 0.82-0.95 0.71 0.61-0.80 0.90 0.84-0.96 0.89* 0.83-0.96*
49 0.89 0.82-0.95 0.71 0.61-0.80 0.89 0.83-0.95 0.87 0.79-0.94
50 0.89 0.82-0.95 0.71 0.61-0.80 0.89 0.83-0.95 0.87 0.79-0.94

'A set of selected target positive and negative milk samples according to bacteriological culture with identification by MS were used that had a
valid signal within 67.5 min. Samples within the set that had an aberrant melting temperature based on the melting temperature of the positive
controls or sigmoidal curve were excluded for this analysis. The sets contain samples with different bacterial species (tested species per assay are
provided in Table 2); the number of samples tested is given for each set.

For the Streptococcus spp. assay, the observed Tp of
the samples with true-positive results ranged from 6
to 47 min (mean 15 min). The Tp of the samples with
false-positive results ranged from 4 to 47 min (mean
23 min). From the samples with false-positive results
in the Streptococcus spp. assay, the reference method
recovered no bacteria (n = 9), NAS (n = 9), E. coli (n
=5), Staph. aureus (n = 4), Corynebacterium spp. (n =
2), and the following pathogens were all detected once:
Enterococcus saccharolyticus, K. pneumoniae, both NAS
and FEnterococcus faecalis, Staph. aureus and FE. coli,
E. coli and gram-positive cocci, Lactococcus garvieae,
contamination, Serratia spp., Candida, or Enterococcus
faecium. The Streptococcus spp. positive samples ac-
cording to the reference method deemed negative by
LAMP had a Tp above the cut-off (n = 1), or no signal
(n=2).

NALFIA Readout

Results of the NALFIA readout using the selected
milk samples are shown in Table 4. A practical generic
runtime of 40 min was selected based on the highest

Journal of Dairy Science Vol. 103 No. 9, 2020

AUC at that runtime over all assays using selected
samples in the diagnostic performance analysis. The
Se ranged from 0.90 to 1.00 over all LAMP assays, and
the Sp ranged from 0.50 to 0.97. For the samples with
false-positive results in the F. coli assay, the reference
method resulted in K. pneumoniae (n = 5) and Staph.
aureus (n = 1). For the samples with false-positive re-
sults in the K. pneumoniae assay, the reference method
resulted in E. coli (n = 13), followed by Staph. aureus
(n=1>5), NAS (n=4), S. uberis (n = 1), and unspecified
bacteria (n = 3). For the samples with false-positive
results in the Staph. aureus assay, the reference method
resulted in S. dysgalactiae and an unspecified bacte-
rium. For the samples with false-positive results in the
Streptococcus spp. assay, the reference method resulted
in NAS (n = 2), Staph. aureus (n = 1), and unspecified
bacteria (n = 2).

DISCUSSION

Fast, sensitive, and on-site tests are preferred by
farmers to target their treatments in case of clinical
mastitis (Griffioen et al., 2016). This study aimed to
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develop and to evaluate such assays. The 4 developed
LAMP assays had high Se, Sp (both >0.73), and kappa
(>0.65) compared with the reference method to detect
E. coli, K. pneumoniae, Staph. aureus, and Streptococ-
cus spp., both for the isolates and for selected milk
samples. For field samples, the Se was lower for 3 of 4
assays, but PABAK was >0.80, except for the Strepto-
coccus spp. assay. Considering the PABAK estimate for
the E. coli, K. pneumoniae, and Staph. aureus LAMP
assays, the agreement with the reference method was
considered to be almost perfect. Most kappa estimates
were influenced by the prevalence of the target bacteria
in the field samples. In case of a low (or high) preva-
lence for the target of the assay, no high kappa values
can be obtained as most of the results are deemed true
positive or true negative (Byrt et al., 1993), and thus
a skewed distribution of results would be obtained.
Therefore, we also included PABAK in the results to
correct for that effect, which is reflected most clearly
for the K. pneumoniae assay used on the field samples,
where the agreement changed from 0.50 (kappa) to 0.98
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(PABAK) after correction for the low prevalence of K.
pneumoniae.

The test performance of the LAMP assays using
the isolates resembled the reference method, as shown
by the high Se and Sp estimates. However, the assays
were less sensitive (higher limit of detection) than the
reference method, which has a limit of detection of ap-
proximately 100 cfu/mL (Ruegg, 2018). This probably
caused the low Se found for the FE. coli LAMP assay
used on the field samples. Only one design was inves-
tigated; it is possible that in the chosen target region
variation is larger than anticipated and that another
design would result in a more sensitive assay. Most fur-
ther evaluation steps for the evaluated assays showed
high Se and Sp estimates compared with the reference
method. However, 2 assays had low Sp, namely the K.
pneumoniae assay using the NALFIA as readout on the
selected milk samples, and the Streptococcus spp. as-
say using the fluorescence readout on the tested field
samples. One explanation might be that there is a dis-
crepancy between the library of the MALDI Biotyper

Table 6. Sensitivity (Se) and specificity (Sp) of 4 loop-mediated isothermal amplification (LAMP) assays at different runtimes'

Escherichia coli Klebsiella pneumoniae Staphylococcus aureus Streptococcus spp.

(n = 96) (n = 84) (n =112) (n = 96)

Runtime

(min) Se Sp Se Sp Se Sp Se Sp
10 — — 0.57 1.00 0.35 1.00 0.04 1.00
11 — — 0.63 1.00 0.55 1.00 0.04 1.00
12 — — 0.67 1.00 0.65 1.00 0.04 1.00
13 — — 0.73* 0.98* 0.68 0.99 0.04 1.00
14 — — 0.77 0.93 0.70 0.99 0.04 1.00
15 0.02 1.00 0.77 0.91 0.75 0.96 0.04 1.00
20 0.31 1.00 0.80 0.76 0.78 0.94 0.08 1.00
25 0.58 0.96 0.83 0.70 0.80 0.94 0.25 0.93
26 0.63 0.96 0.83 0.70 0.83* 0.94* 0.25 0.93
27 0.69 0.96 0.83 0.70 0.83 0.94 0.28 0.93
28 0.75 0.96 0.83 0.69 0.83 0.94 0.40 0.93
29 0.79 0.94 0.83 0.67 0.83 0.94 0.47 0.93
30 0.79 0.94 0.83 0.67 0.83 0.94 0.55 0.93
31 0.83* 0.92% 0.83 0.67 0.83 0.94 0.60 0.93
32 0.83 0.92 0.83 0.63 0.83 0.94 0.68 0.93
33 0.83 0.92 0.83 0.59 0.83 0.94 0.72 0.91
34 0.85 0.90 0.83 0.59 0.83 0.94 0.75 0.88
35 0.85 0.90 0.83 0.59 0.83 0.94 0.77 0.88
40 0.85 0.90 0.83 0.59 0.83 0.94 0.94 0.84
45 0.85 0.90 0.83 0.59 0.83 0.92 0.96 0.84
46 0.85 0.90 0.83 0.59 0.83 0.90 0.96 0.84
47 0.85 0.90 0.83 0.59 0.85 0.90 0.96 0.84
48 0.85 0.90 0.83 0.59 0.85 0.89 0.98* 0.84*
49 0.85 0.90 0.83 0.59 0.85 0.88 0.98 0.79
50 0.85 0.90 0.83 0.59 0.85 0.88 0.98 0.79
60 0.85 0.88 0.83 0.56 0.88 0.82 0.98 0.77
70 0.85 0.83 0.87 0.56 0.88 0.79 0.98 0.74

To calculate Se and Sp for each possible runtime (min), the results of LAMP assays (absence or presence of a valid signal below the optimal
time-to-positivity cut-off) for sets of selected milk samples were compared with results of the reference method (bacteriological culture with
identification by MS). The sets contain samples with different bacterial species (tested species per assay are provided in Table 2); the number
of samples tested is given for each set.

*The Se and Sp at the optimal time-to-positivity are indicated with asterisks.
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and the NCBI database; we found in the analytical
specificity evaluation a K. pneumoniae positive result
with the LAMP assay where this isolate was character-
ized as K. oxytoca. More likely is that the false-positive
results for K. pneumoniae in the NALFIA readout were
caused by the generic assay time we had chosen for all 4
assays, which was longer than the optimal Tp. In total,
the AUC was highest for all 4 assays at 40 min and
thus this Tp cut-off was selected and used as a prac-
tical generic runtime for the NALFIA readout. This
runtime affected the results only slightly for the E. coli,
Staph. aureus, and Streptococcus spp. assays. For K.
pneumoniae, however, the runtime of 40 min increased
Se, but lowered the Sp from 0.98 to 0.59, and thus too
many samples were deemed false positive, as compared
with the reference method. Clearly, a generic runtime
combined with NALFIA readout is only possible when
the LAMP assays have a comparable Tp cut-off. For
the present assays, that would require a (new) compat-
ible LAMP assay for K. pneumoniae with a Tp cut-
off around 40 min. For the Streptococcus spp. assay,
the high number of false-positive results in the field
samples might be explained by differences in specificity
between the reference method and the LAMP assay:
the reference method does not report irrelevant growth,
such as environmental streptococci that may be present
in the milk, but likely are not associated with mastitis.
The LAMP assay, however, was developed as a genus
assay instead of a species assay and thus detected all
Streptococcus spp. This effect is seen more often when
culture is compared with DNA techniques such as PCR
(Taponen et al., 2009; Koskinen et al., 2010; Oikonomou
et al., 2012), and could also have affected the results of
K. pneumoniae assay as being an abundant pathogen in
the environment of the cow (Zadoks et al., 2011). Col-
lecting milk samples is sensitive to contamination, and
thus environmental bacteria may be present in the milk,
without being associated with mastitis. Thus, proper
sample collection is important to obtain reliable test
results, but might be even more important when on-site
tests will be applied. Nevertheless, this type of misclas-
sification for the Streptococcus spp. LAMP assay would
not lead to problems from a treatment perspective
in practice, because most samples with false-positive
results contained gram-positive bacteria according to
the reference method, and thus the treatment applied
would probably also affect these gram-positive bacte-
ria. From the perspective of prudent antimicrobial use,
however, these misclassifications are unwanted. Thus,
to obtain a test that results in relevant outcomes, fur-
ther research should be performed on more samples col-
lected in the field to determine the criteria necessary to
judge samples for the K. pneumoniae and Streptococcus
spp- LAMP assay.
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We used 3 criteria to judge the results of the LAMP
assays: whether a signal emerged within the length of
the experiment, the presence of a sigmoidal amplifica-
tion curve, and the Tm of the amplification product.
The Tm of amplicons is determined by length and com-
position of the amplicon, and in part by the amount
of template DNA and the amount of dye in a reac-
tion (Monis et al., 2005; Reed et al., 2007), and differs
among different strains of the same species (Guion et
al., 2008). Thus, if Tm is used as a judgment criterion,
a range rather than a single Tm is demanded. Only 1
positive control strain was used to determine the Tm of
the LAMP products. As the variation of the products
in field strains is not known, an arbitrary 2°C margin
around the mean was used. It is conceivable that with a
larger set of strains this range can be fine tuned. Thus,
further research is necessary to better understand the
effects of the different criteria used, specifically to judge
the results of the K. pneumoniae and Streptococcus spp.
assay on multiple bacterial species.

All LAMP reactions were performed in a real-time
PCR machine. However, the ultimate goal is to develop
a test that can be used on-site. For that, all steps, from
sample preparation to the readout of the result, should
be easy to execute with minimal and simple equipment.
As a first step toward on-site LAMP, the feasibility of
NALFIA as readout was investigated; isolating DNA
and performing of the assay was still done with proto-
cols and equipment that require a laboratory. We found
that the limit of detection was comparable between
the real-time and NALFIA readout. From a practical
perspective, we chose to work with a generic runtime
of 40 min for all LAMP reactions as to make the test
suitable for parallel on-site testing. When tested with
the selected milk samples, the NALFIA readout had an
almost perfect agreement with the reference method,
except for K. pneumoniae with a kappa of 0.40. Most
of the samples with false-positive results in the K.
pneumoniae assay contained FE. coli according to the
reference method. Thus, if the K. pneumoniae NALFIA
assay would be used in the field, F. coli cases would be
pointed as K. pneumoniae cases, which involves differ-
ent cure outcomes and thus likely different approaches
are to be expected (Fuenzalida and Ruegg, 2019). Nev-
ertheless, if NALFIA would be used as readout, as for
every endpoint readout, the reaction should be stopped
at the optimal Tp cut-off to obtain optimal results.
Moreover, as ideally the assay should be run in mul-
tiplex on the same sample and for practical reasons a
generic runtime is preferred, new designs are necessary
for the K. pneumoniae and Streptococcus spp. assay.

We aimed to develop fast, on-site tests to detect mas-
titis pathogens. Whether molecular tests are suitable
for on-farm use can be disputed. For example, results of
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molecular tests need to be interpreted differently than
culture results, and training might be more demanding
regarding the potential higher expertise levels required.
Because molecular tests could provide a result within
the requested time to result of 8 h, where culture can-
not, such tests are of interest to further study their
application possibilities. In the current evaluation, 3
technical issues remain that make the current method
not yet suitable for on-site use: the DNA extraction,
the equipment, and a practical approach to test all
LAMP assays in parallel on DNA of the same sample.
First, although LAMP in itself is a fast test, the time
needed to extract DNA from milk as performed in
this study was time consuming and resulted in a total
time to result of about 6 to 8 h for the LAMP assays.
Nevertheless, that is faster than culture and lies within
the time to result indicated as preferred by farmers
(Griffioen et al., 2016). However, LAMP generally is
described as a test that is less demanding in terms of
DNA purification than real-time PCR. For example,
diluted virus stocks were directly added to the reac-
tion mix to perform the LAMP reaction or centrifuged
pellet samples were boiled with Triton X-100 after
which the lysates were used for the LAMP reactions
(Kaneko et al., 2007; Sowmya et al., 2012). Therefore,
simple, somewhat crude methods for sample prepara-
tion might suffice for LAMP (Cremonesi et al., 2006;
Cressier and Bissonnette, 2011; Sowmya et al., 2012;
Lee et al., 2019), also for mastitis milk samples. Fur-
ther research is necessary to find a simplified sample
preparation without deteriorating test characteristics.
Second, different studies report on the possibility of a
less expensive or portable instrument for running the
amplifications (Lee et al., 2019; Wilisiani et al., 2019)
to be used on-site (Tangkanchanapas et al., 2018). We
performed preliminary experiments with a LAMP as-
say for S. wberis (data not shown) using a portable
battery-powered instrument designed for performing
on-site LAMP (Genie II, Optigene Ltd., Horsham,
West Sussex, UK), which resulted in similar results as
described (Cornelissen et al., 2016). As LAMP reac-
tions are performed at a constant temperature, even
a simple heating block will be sufficient to perform
the LAMP reaction (Tangkanchanapas et al., 2018).
Furthermore, additional control criteria on Tm or sig-
moidal curve to judge the results are not available in
an on-site readout like NALFIA. Thus, it is important
to thoroughly evaluate the designed assays to know the
effects in the field. Generally, a species assay may be
preferred over a genus assay to avoid high numbers of
false-positive results, as explained for the Streptococcus
spp. LAMP assay. Because the results we found were
comparable between both readouts, ignoring additional
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criteria like the Tm and sigmoidal amplification curve
could be considered. To assess the performance of these
LAMP assays with a simple DNA extraction protocol
and a heating block would be the next step to develop
on-site tests for mastitis-causing pathogens.

In conclusion, LAMP is a promising method for fast
on-site tests for mastitis-causing pathogens. The FE. coli
and Staph. aureus had a kappa >0.75 with the reference
method. For the K. pneumoniae and Streptococcus spp.,
however, the design was suboptimal. As a consequence,
K. pneumoniae in the NALFIA readout and the Strep-
tococcus spp. assay on the field samples resulted in a
high number of false-positive results. Nevertheless, the
NALFIA is an easy and reliable readout for on-site use
as the results were similar to the results obtained using
the real-time readout, with that remark that a shorter
runtime needs to be performed for the K. pneumoniae
assay. The current LAMP designs demonstrate the
capability of LAMP for detecting mastitis pathogens.
Optimized designs and reaction conditions may im-
prove the performance of this type of LAMP assay, and
when a simplified sample preparation protocol becomes
available, the combination of LAMP and NALFIA has
the potential to enable fast and reliable on-site testing
on milk from cows with clinical mastitis.
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