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In order to introduce specificity for Mycobacterium avium subsp. paratuberculosis prior to a phage amplifi-
cation assay, various magnetic-separation approaches, involving either antibodies or peptides, were evaluated
in terms of the efficiency of capture (expressed as a percentage) of M. avium subsp. paratuberculosis cells and
the percentage of nonspecific binding by other Mycobacterium spp. A 50:50 mixture of MyOne Tosylactivated
Dynabeads coated with the chemically synthesized M. avium subsp. paratuberculosis-specific peptides biotin-
ylated aMp3 and biotinylated aMptD (i.e., peptide-mediated magnetic separation [PMS]) proved to be the best
magnetic-separation approach for achieving 85 to 100% capture of M. avium subsp. paratuberculosis and
minimal (<1%) nonspecific recovery of other Mycobacterium spp. (particularly if beads were blocked with 1%
skim milk before use) from broth samples containing 10> to 10 CFU/ml. When PMS was coupled with a
recently optimized phage amplification assay and used to detect M. avium subsp. paratuberculosis in 50-ml
volumes of spiked milk, the mean 50% limit of detection (LOD,) was 14.4 PFU/50 ml of milk (equivalent to
0.3 PFU/ml). This PMS-phage assay represents a novel, rapid method for the detection and enumeration of
viable M. avium subsp. paratuberculosis organisms in milk, and potentially other sample matrices, with results

available within 48 h.

The prospect of being able to detect viable Mycobacterium
avium subsp. paratuberculosis organisms in food or veterinary
samples within 48 h using a commercially available phage am-
plification assay (FASTPlaqueTB assay; Biotec Laboratories
Limited, Ipswich, United Kingdom), rather than waiting weeks
for conventional culture results, is an exciting recent develop-
ment (7, 8, 26). However, the mycobacteriophage used in the
phage amplification assay has a broader mycobacterial host
range than M. avium subsp. paratuberculosis alone (23). Con-
sequently, plaques obtained when naturally infected, rather
than artificially spiked, samples are tested may not necessarily
emanate from M. avium subsp. paratuberculosis alone if other
Mycobacterium spp. are also present in the sample. Some ad-
ditional selective step prior to phage infection, such as mag-
netic separation (12), is needed to introduce selectivity for M.
avium subsp. paratuberculosis.

Magnetic separation (MS) has become a routine method in
food and veterinary microbiology laboratories and is com-
monly used in combination with culture or molecular methods
for the detection and isolation of pathogenic bacteria such as
Listeria monocytogenes (13, 31), Salmonella spp. (22, 25), and
Escherichia coli O157:H7 in both the food (15) and veterinary
(20) clinical sample testing context. Magnetic-separation meth-
ods selectively separate the target bacterium from other, non-
target microorganisms and inhibitory sample components
while concentrating the target bacterial cells into a smaller
volume. Collectively, these properties of magnetic separation
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enhance the analytical specificity and sensitivity of the subse-
quent detection method, which can be culture, PCR, micros-
copy, an antigen detection immunoassay, or a phage assay. The
latter is our proposed endpoint detection method. The combi-
nation of phage amplification and MS is not a new concept.
Immunomagnetic (IMS)-phage assays for Salmonella enterica
serovar Enteritidis and Escherichia coli O157:H7 have been
described previously (5, 6).

The original IMS approach for M. avium subsp. paratuber-
culosis, employing a polyclonal anti-M. avium subsp. paratuber-
culosis antibody, was described by Grant et al. (9). This IMS
approach showed good detection specificity for M. avium
subsp. paratuberculosis as well as high detection sensitivity,
because it was able to recover =10 CFU/ml directly from both
spiked broth and milk. Its subsequent use in combination with
1S900 PCR enhanced the speed of detection of M. avium
subsp. paratuberculosis (10), and IMS-PCR was able to detect
as few as 10> CFU/50 ml, 1 to 2 log,, units lower than the
number detected by IS900 PCR applied directly to milk. How-
ever, our experience of using this and another polyclonal-
antibody-based IMS method (Pathatrix PM-50 beads; Matrix
Microscience, Newmarket, England) in conjunction with cul-
ture on Herrold’s egg yolk medium for the isolation of M.
avium subsp. paratuberculosis from mixed-broth cultures from
milk (unpublished data) and from raw-milk cheeses (27) has
been that these polyclonal-antibody-based IMS methods lack
sufficient specificity for M. avium subsp. paratuberculosis, and
that consequently, nontarget bacteria, which bind nonspecifi-
cally to the beads, often overgrow this bacterium in culture.
With other food-borne pathogens, an appropriate selective
culture medium can be employed after IMS to prevent the
outgrowth of any nontarget bacteria. Unfortunately, no truly
selective culture medium exists for M. avium subsp. paratuber-
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TABLE 1. In-house-prepared paramagnetic-bead—coating-antigen combinations evaluated
Coating antigen”
Paramagnetic beads Polyclonal aMp3 aMptD Biotinylated Biotinylated

antibody S624 peptide peptide aMp3 peptide aMptD peptide
Dynabeads, M280 sheep anti-rabbit IgG? + - - - -
Magnabind carboxyl derivatized beads® - + + - -
Amine-coated magnetic hollow glass microspheres? + + + - -
Dynabeads, MyOne Carboxylic acid” + + +
Dynabeads, MyOne Tosylactivated” + + +

Dynabeads, MyOne Streptavidin-T1°
Dynabeads, M280 Streptavidin® -

+ 4+ +
+ o+

“ +, tested; —, not tested.
® From Invitrogen, Life Technologies Corporation.
¢ From Pierce Protein Research Products, Thermo Scientific.

4 From Microsphere Technology Limited, Adare, County Limerick, Republic of Ireland.

culosis at present, so specificity for this bacterium via magnetic
separation must be achieved by optimizing the types of bead
and capture ligands used.

A monoclonal-antibody-based IMS method for M. avium
subsp. paratuberculosis was reported by Metzger-Boddien et al.
(17). Other groups have been attempting to produce monoclo-
nal antibodies for application in IMS (3, 4). However, as an
alternative to either polyclonal or monoclonal antibodies for
the capture of M. avium subsp. paratuberculosis, new magnetic-
separation approaches involving an M. avium subsp. paratuber-
culosis-specific peptide, aMp3 (30) or aMptD (28), have been
described (i.e., peptide-mediated magnetic separation [PMS]).
The first peptide (aMp3) was screened from nine recombinant
bacteriophages specifically binding M. avium subsp. paratuber-
culosis that were produced using a commercially available
phage-peptide display library (30). The second peptide,
aMptD, was identified by biopanning of the M. avium subsp.
paratuberculosis-specific ABC transponder operon (mpt) (29).
The two chemically synthesized peptides, aMp3 and aMptD,
were linked via carbodiimide to paramagnetic beads and were
used in peptide-based capture PCR. Both PMS methods were
reported to have high selectivity for M. avium subsp. paratu-
berculosis (i.e., no cross-reaction with other Mycobacterium
spp.), and the analytical detection sensitivity, 5 X10* CFU per
ml (28), was comparable to the results previously reported by
Grant et al. (10).

As with other pathogenic bacteria that are likely to be
present in raw milk, low numbers of viable M. avium subsp.
paratuberculosis organisms are expected to be encountered in
milk and dairy products (2, 11, 24). For other food-borne
pathogens, such as Listeria monocytogenes (31), Salmonella
spp. (22), and Escherichia coli O157:H7 (15), magnetic sepa-
ration is generally applied after an enrichment culture step.
This enrichment culture step aims to dilute food components
known to be growth/PCR inhibitors, revive stressed or injured
cells, and boost the numbers of the target bacterium (18, 21),
so that magnetic separation and subsequent detection are
likely to be more successful. Unfortunately, a prior enrichment
culture step is impractical for M. avium subsp. paratuberculosis,
since it would take too long, due to the slow-growing nature of
this bacterium; thus, MS really needs to be applied directly to
the sample. Consequently, any IMS or PMS method for M.
avium subsp. paratuberculosis must achieve close to 100% cap-

ture efficiency, with minimal nonspecific binding by other my-
cobacteria, to limit false-negative or false-positive results. Cap-
ture efficiency is a measure of the completeness of capture of
the original population of target cells present in the sample.
Analytical specificity refers to the ability of an assay to measure
one particular organism or substance, rather than others, in a
sample (19). Therefore, the objectives of this study were (i) to
identify the best magnetic-separation approach for the isola-
tion of M. avium subsp. paratuberculosis from milk, in terms of
capture efficiency and the percentage of nonspecific binding, by
comparing as many paramagnetic-bead-coating antigen com-
binations as possible and (ii) to evaluate the potential use of
the best magnetic-separation approach in conjunction with the
previously optimized phage assay (7) as a novel IMS- or PMS-
phage assay for the detection of M. avium subsp. paratubercu-
losis in milk.

MATERIALS AND METHODS

Mycobacterium spp. Three strains of M. avium subsp. paratuberculosis, ATCC
19698, NCTC 8578, and 796PSS, were employed in the course of this study. They
were grown in a shaker incubator for 4 to 6 weeks at 37°C, to stationary phase,
in Middlebrook 7H9 broth containing a 10% oleic acid-albumin-dextrose-cata-
lase (OADC) supplement (both from Becton Dickinson, United Kingdom) and
2 pg/ml mycobactin J (Synbiotics Europe SAS, Lyon, France). Other Mycobac-
terium spp. included Mycobacterium avium subsp. avium (field isolate provided by
the Veterinary Sciences Division, Agri-Food and Biosciences Institute for
Northern Ireland, and identified as such by the AccuProbe method), Myco-
bacterium fortuitum NCTC 10394, Mycobacterium kansasii NCTC 10268, My-
cobacterium intracellulare NCTC 10425, Mycobacterium bovis BCG NCTC
5692, and Mycobacterium smegmatis mc> 155 (a gift from Ruth McNerney,
London School of Hygiene and Tropical Medicine). These were cultivated in
Middlebrook 7H9 broth containing 10% OADC for 3 to 14 days, depending
on the Mycobacterium sp.

In-house coating of commercially available paramagnetic beads. A range of
different commerecially available uncoated paramagnetic beads were coated with
a polyclonal antibody (S624) and/or with nonbiotinylated or biotinylated M.
avium subsp. paratuberculosis-specific peptides aMp3 (amino acid sequence, NY
VIHDVPRHPA [30]) and aMptD (amino acid sequence, GHNHHHQHHRPQ
[28]), essentially as described by the bead manufacturers in the accompanying
instructions. The peptides used in this study were chemically synthesized by
Cambridge Peptides Limited, Cambridge, United Kingdom. The paramagnetic
bead-coating antigen combinations evaluated are summarized in Table 1. Coated
beads were resuspended to the original volume and bead concentration in 0.05
M phosphate-buffered saline, pH 7.4 (PBS), and were stored at 4°C until re-
quired.

Magnetic separation. Magnetic separation was carried out either manually or
by using the Dynal BeadRetriever (Invitrogen) (so-called automated magnetic
separation [AMS]). Manual magnetic separation was performed with 1-ml sam-
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ples in Eppendorf tubes that were incubated for 30 min at room temperature on
a Stuart rotator mixer operating at 8 rpm. In order to concentrate the bead-
bacterium complexes, samples were placed in a magnetic separator rack (Dynal
MPC-M) for 10 min. The sample supernatant was carefully aspirated off with a
sterile Pasteur pipette and was discarded. Beads were washed twice with 1 ml
PBS containing 0.05% Tween 20 (PBS-T) and were finally resuspended in 1 ml
of Middlebrook 7H9—-OADC broth. AMS was carried out with the BeadRe-
triever instrument (Invitrogen) using a customized program consisting of 30 min
of capture with mixing, two washes in 1 ml PBS-T with mixing, and finally,
resuspension of the beads in 1 ml Middlebrook 7H9-OADC broth. All protocol
steps were carried out in disposable BeadRetriever tube strips (Invitrogen).
Irrespective of the magnetic-separation method, 10 pl of in-house-coated or
commercially available paramagnetic beads was added to 1 ml Middlebrook
7H9-OADC broth or ultra-heat-treated (UHT) whole milk (purchased from a
local supermarket) containing 10° to 10° CFU M. avium subsp. paratuberculosis
or another Mycobacterium sp.

Enumeration of M. avium subsp. paratuberculosis organisms before and after
magnetic separation. Samples were serially diluted, as necessary, in Middlebrook
7H9-OADC broth. M. avium subsp. paratuberculosis organisms were enumer-
ated by spread plating 100 pl on Herrold’s egg yolk medium containing 2 p.g/ml
mycobactin J (HEYM), followed by incubation for 4 to 6 weeks at 37°C. Other
Mycobacterium spp. were enumerated by spread plating 100 wl on Middlebrook
7H9 agar plates enriched with 10% OADC, followed by incubation for appro-
priate periods (3 to 14 days), depending on the species. Petri dishes were sealed
with DuraSeal laboratory sealing film (Diversified Biotech, Boston, MA) to
prevent the desiccation of plates during incubation. Organisms in samples were
also enumerated by using the optimized phage assay (as described below) before
and after magnetic separation. The colony and plaque counts obtained were
expressed as CFU or PFU per milliliter of broth or milk, respectively.

Capture efficiency studies. In an initial evaluation, the performances of two
types of commercially available anti-M. avium subsp. paratuberculosis magnetic
beads—Pathatrix-PM50 (coated with a polyclonal antibody; Matrix Micro-
Science, Newmarket, United Kingdom) and AnDiaTec ParaTub-S (coated with
a monoclonal antibody; a gift from Johannes Kehle, AnDiaTec GmbH, Korn-
westheim, Germany) beads—and three types of in-house-coated magnetic
beads—Dynabeads M280 sheep anti-rabbit IgG beads coated with the polyclonal
anti-M. avium subsp. paratuberculosis antibody S624 (the original antibody was
produced at Queen’s University Belfast in the late 1990s), Pierce MagnaBind
carboxyl derivatized beads covalently linked to the M. avium subsp. paratuber-
culosis-specific peptide aMp3, and Pierce MagnaBind carboxyl derivatized beads
covalently linked to aMptD—were compared. Subsequently, the capture effi-
ciencies of five other types of surface-activated magnetic beads (amine-coated
magnetic hollow glass beads [Microsphere Technology Limited, Adare, County
Limerick, Ireland], Dynabeads MyOne carboxylic acid beads [Invitrogen Dynal
AS, Oslo, Norway], Dynabeads MyOne Tosylactivated beads [Invitrogen], Dyna-
beads MyOne Streptavidin T1 beads [Invitrogen], and Dynabeads Streptavidin
M280 beads [Invitrogen]) were evaluated. The beads were coated with a poly-
clonal antibody or with a peptide or biotinylated peptide as indicated in Table 1.
In all evaluations, 10 pl of each type of coated bead was added to 1 ml Middle-
brook 7H9-OADC broth containing 10% to 10* CFU M. avium subsp. paratuber-
culosis NCTC 8578, or one of the other Mycobacterium spp., and manual mag-
netic separation was performed. Beads were resuspended in 1 ml of Middlebrook
7TH9-OADC broth after magnetic separation. Colony counts (CFU per milliliter)
for each Mycobacterium sp. before and after magnetic separation were deter-
mined, and both the capture efficiency for M. avium subsp. paratuberculosis and
the percentage of nonspecific recovery of other Mycobacterium spp. were calcu-
lated. Experiments were repeated in duplicate for each bead type and each
Mycobacterium sp.

The abilities of four different blocking agents—PBS containing 1% bovine
serum albumin (BSA) (both from Sigma, Poole, United Kingdom), PBS con-
taining 2% BSA, sterile distilled water (SDW) containing 1% skim milk powder
(Marvel, Chivers Ireland Ltd., Dublin, Ireland), and StabilCoat Immunoassay
Stabilizer (SurModics, Inc., Eden Prairie, MN)—to potentially reduce the per-
centage of nonspecific binding were investigated. Beads were blocked overnight
at 4°C with mixing. Blocked beads were resuspended to the original volume in
fresh blocking buffer and were used in IMS experiments involving four types of
uncoated paramagnetic beads: Dynabeads M280 sheep anti-rabbit IgG beads,
Pierce MagnaBind carboxyl derivatized beads, amine-coated magnetic hollow
glass beads (Microsphere Technology Ltd., Edinburgh, United Kingdom), and
Dynabeads MyOne carboxylic acid beads (Invitrogen). The four types of blocked,
uncoated beads were used in IMS experiments involving broth suspensions of
each Mycobacterium sp. containing 10° to 10° CFU/ml. The recovery rates
achieved using blocked beads were expressed as a percentage of the count of
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each Mycobacterium sp. in original broth samples. Experiments were repeated in
triplicate for each Mycobacterium sp.

Evaluation of magnetic separation in combination with the optimized phage
assay. Middlebrook 7H9-OADC broth suspensions containing 10° to 10*
CFU/ml M. avium subsp. paratuberculosis NCTC 8578 or Mycobacterium bovis
BCG NCTC 5692 were subjected to manual magnetic separation using 10 pl of
Dynabeads MyOne Tosylactivated beads coated with either polyclonal antibody
S624, aMp3, biotinylated aMp3, or biotinylated aMptD. The use of a 50:50
mixture of beads coated with the two biotinylated peptides (i.e., 5 pl of each,
added separately) was also evaluated. M. bovis BCG was studied as a surrogate
for the containment level 3 (CL3) pathogen M. bovis, which may occur in raw
milk from tuberculosis-affected herds. After magnetic separation and resuspen-
sion of the beads in 1 ml 7H9-OADC, 100 pl was plated on HEYM or 7H9-
OADOC agar (as appropriate for the Mycobacterium sp.) and was incubated at
37°C for as long as 6 weeks. The remaining 900 pl, after the addition of CaCl,
(to a final concentration of 2 mM), was incubated overnight at 37°C before being
subjected to the optimized phage amplification assay (7). Briefly, 100 pl myco-
bacteriophage D29 (10° PFU/ml) was added to the sample before incubation at
37°C for 2 h. Samples were shaken occasionally to prevent bead sedimentation.
A virucide (100 .l of 100 mM ferrous ammonium sulfate) was then added, and
samples were mixed thoroughly (to wet all internal surfaces of the vial) and were
then incubated for 5 min at room temperature in order to inactivate seed phage
before the addition of 5 ml 7H9-OADC containing 2 mM CaCl,. The sample was
returned to the incubator at 37°C for a further 1.5 h before being plated with 1
ml M. smegmatis mc? 155 culture (108 CFU/ml) and 5 ml molten Middlebrook
7H9 agar (cooled to 55°C). Plaques were counted after overnight incubation at
37°C and were expressed as PFU per milliliter. CFU and PFU counts were
compared, and both the capture efficiency for M. avium subsp. paratuberculosis
and the percentage of nonspecific binding by M. bovis BCG were calculated for
each bead—coating-antigen combination.

Automated versus manual PMS. Broth or UHT whole milk containing 10% to
10* CFU/ml M. avium subsp. paratuberculosis NCTC 8578 or M. bovis BCG
NCTC 5692 was processed through manual and automated magnetic separation
using 10 pl of mixed Dynabeads MyOne Tosylactivated beads coated with the
two biotinylated peptides. After magnetic separation, samples were processed
both by culture and by the optimized phage assay as described above. The
experiment was repeated twice.

Detection sensitivity of the automated PMS-phage assay. Twelve 1-ml aliquots
of Middlebrook 7H9-OADC broth and UHT milk (purchased from a local
supermarket), either without M. avium subsp. paratuberculosis or containing 10*
to 10%, 10 to 100, or 1 to 10 CFU/ml (four aliquots at each spiking level), were
tested by the PMS-phage assay. Milk samples were centrifuged (14,000 rpm for
15 min) to remove milk fat and whey in preparation for magnetic separation, and
the pelleted cells were resuspended in 1 ml Middlebrook 7H9-OADC broth.
After PMS, a portion (100 wl) was plated on HEYM and was incubated at 37°C
for 4 to 6 weeks; the remaining 900 pl after the addition of CaCl, (final con-
centration, 2 mM) was incubated overnight at 37°C and was then processed by
the optimized phage assay the next day. The colony count (expressed as CFU per
milliliter) and plaque count (expressed as PFU per milliliter) obtained for each
sample were compared with the corresponding values recorded for the original
broth suspension. This detection sensitivity experiment was carried out for each
of the three M. avium subsp. paratuberculosis strains in both broth and milk.

The detection sensitivity of the automated PMS-phage assay with a larger
volume of milk (50 ml) was also determined, because this represents the volume
of milk that would more commonly be tested for the presence of M. avium subsp.
paratuberculosis. A blind trial was carried out with each of the three M. avium
subsp. paratuberculosis strains. Each blind trial consisted of testing 12 50-ml
aliquots of UHT whole milk containing different numbers of M. avium subsp.
paratuberculosis organisms (3 with 10% to 10° CFU/50 ml, 3 with 10" to 10>
CFU/50 ml, 3 with 1 to 10 CFU/50 ml, and 3 with no CFU/50 ml) prepared by
a colleague. The operator was blinded to the quantity of cells present in each
sample until the assay results were available. Each milk sample was centrifuged
at 2,500 X g for 15 min, and the pellet was resuspended in 1 ml Middlebrook
7H9-OADC broth before being processed by the automated PMS-phage assay as
described above, using the mixture of biotinylated-peptide-coated Dynabeads
MyOne Tosylactivated beads.

Statistical analysis. Plaque and colony counts were analyzed, where appro-
priate, by a paired ¢ test (GraphPad Instat, version 3; GraphPad Prism, La Jolla,
CA); differences with P values of <0.05 were considered significant. The 50%
limit of detection (LODs;) and associated 95% confidence limits of the new
PMS-phage assay were estimated using the generalized Spearman-Kirber
LODj,, calculation for 4-level spiking protocols (1).
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FIG. 1. Initial evaluation of the performance of six different in-
house-coated or commercially available paramagnetic beads for mag-
netic separation applied to 1-ml aliquots of Middlebrook 7TH9-OADC
broth containing 10° to 10* CFU Mycobacterium sp./ml in terms of the
mean efficiency of capture (expressed as a percentage) of M. avium
subsp. paratuberculosis (A) and the mean percentage of nonspecific
recovery of other Mycobacterium spp. (B). Methods A and B, M280
sheep anti-rabbit IgG Dynabeads coated with polyclonal antibody S624
and a 1:10 dilution of polyclonal antibody S624, respectively; method
C, Pathatrix PM50 beads coated with a polyclonal antibody (Matrix
Microscience, Newmarket, United Kingdom); method D, AnDiaTec
beads coated with a monoclonal antibody (AnDiaTec GmbH, Korn-
westheim, Germany); methods E and F, Pierce MagnaBind carboxyl
derivatized beads carbodiimide linked with aMp3 and aMptD, respec-
tively; method G, uncoated Pierce MagnaBind carboxyl derivatized
beads.

RESULTS

Capture efficiency studies. In the initial evaluation of differ-
ent magnetic-separation approaches involving either antibody-
or peptide-coated beads, the commercially available Pathatrix-
PM50 beads, which are coated with a polyclonal antibody
(method C) (Fig. 1A), consistently achieved the highest cap-
ture efficiency for M. avium subsp. paratuberculosis (mean,
50.3% = 8.4%). Reasonable capture efficiencies (29.2% to
34.2%) were also recorded for M280 Dynabeads coated with
the in-house polyclonal antibody S624 (method A) and Pierce
MagnaBind carboxyl derivatized beads coated with either
aMp3 or aMptD (methods E and F, respectively). AnDiaTec
ParaTub-S beads coated with a monoclonal antibody and
Dynabeads M280 sheep anti-rabbit IgG beads coated with a
1:10 dilution of polyclonal antibody S624 achieved much lower
capture efficiencies (means, 8.54% = 1.3% and 0.8% * 0.6%,
respectively). However, none of the magnetic-separation ap-
proaches in the initial evaluation achieved an efficiency of
capture of M. avium subsp. paratuberculosis close to 100%.

Various degrees of nonspecific recovery of other Mycobac-
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FIG. 2. Improved mean capture efficiency of M. avium subsp. para-
tuberculosis achieved by using additional paramagnetic bead-coating
antigen combinations for magnetic separation applied to 1-ml aliquots
of Middlebrook 7H9 broth containing 10° to 10* CFU/ml. Beads 1 to
3, amine-coated magnetic hollow glass beads coated with polyclonal
antibody S624, aMp3, and aMptD, respectively; beads 4 to 6, MyOne
carboxylic acid-activated Dynabeads coated with polyclonal antibody
S624, aMp3, and aMptD, respectively; beads 7 and 8, MyOne strepta-
vidin T1 Dynabeads coated with biotinylated aMp3 and biotinylated
aMptD, respectively; beads 9 and 10, M280 streptavidin Dynabeads
coated with biotinylated aMp3 and biotinylated aMptD, respectively;
beads 11 to 14, MyOne Tosylactivated Dynabeads coated with poly-
clonal antibody S624, aMp3, biotinylated aMp3, and biotinylated
aMptD, respectively; bead 15, a 50:50 mixture of beads 13 and 14.

terium spp. were recorded for all the magnetic-separation
methods. Pathatrix-PM50 beads (method C) (Fig. 1B) consis-
tently achieved a mean percentage of nonspecific recovery
(22% = 11%) higher than that for all other coated beads
(~10% [Fig. 1B]) and uncoated Pierce MagnaBind carboxyl
derivatized beads (Fig. 1B, method G).

In a subsequent evaluation of other types of surface-acti-
vated magnetic beads, MyOne Tosylactivated Dynabeads
coated with polyclonal antibody S624 or peptides achieved a
much higher capture efficiency for M. avium subsp. paratuber-
culosis (Fig. 2, bars 11 to 15) than other surface-activated beads
(with carboxylic acid or streptavidin). Peptide-coated beads
(Fig. 2, bars 12 to 15) consistently achieved higher capture
efficiencies than polyclonal-antibody-coated beads (Fig. 2, bar
11). The highest capture efficiency for M. avium subsp. para-
tuberculosis (91.5% *+ 5.0%) was recorded by PMS with a 50:50
mixture of MyOne Tosylactivated Dynabeads coated with bio-
tinylated aMp3 and biotinylated aMptD (Fig. 2, bar 15). The
poorest capture efficiency was recorded for both types of
streptavidin-coated beads and amine-coated hollow glass
beads, for which mean capture efficiencies were consistently
=10%.

The mean percentage of nonspecific recovery of Mycobacte-
rium spp. other than M. avium subsp. paratuberculosis for all
types of magnetic beads tested (with the exception of Pathatrix
PMS50 beads) was ~10%, and moderate cross-reactivity of the
coated MyOne Tosylactivated beads with four other Mycobac-
terium spp., ranging from 2.5% to 7.2% (mean, 5.1% * 1.6%),
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TABLE 2. Limit of detection of the automated PMS-phage assay applied to Middlebrook 7H9 broth and whole milk spiked with low
numbers of M. avium subsp. paratuberculosis

Mean plaque count (PFU/ml)* = SD at the following spiking level

M. avium subsp. Sample matrix

(PFU/ml) before AMS: LODs, (PFU/ml)

paratuberculosis strain
100-1,000

(95% confidence limit)”

ATCC 19698 Broth 111.8 + 22.1 (4/4)
Milk 28.9 + 182 (4/4)
NCTC 8578 Broth 241.0 = 48.1 (4/4)
Milk 34.0 = 15.9 (4/4)
796PSS Broth 302.0 + 29.3 (4/4)
Milk 27.2 + 163 (4/4)

10-100 1-10
102 + 4.0 (4/4) 03 + 0.5 (1/4) 2.9 (0.8-11.5)
45 +3.7(3/4) 03 + 0.5 (1/4) 5.0 (0.8-31.0)
27.3 + 14.8 (4/4) 1.5+ 13 (3/4) 1.7 (0.3-9.6)
4.0 + 3.0 (4/4) 03 + 0.5 (1/4) 8.4 (1.5-46.9)
28.3 + 15.2 (4/4) 35+ 1.7 (4/4) 1.0 (0.3-2.8)
23 +2.6(2/4) 03 + 0.5 (1/4) 8.6 (2.5-28.8)

“ For four replicate samples. The number of samples yielding plaques after AMS per number of samples tested at that spiking level is given in parentheses.
b Calculated using the Limit of Detection Program for Qualitative Microbiology Methods (AOAC, 2010).

was observed. The results of subsequent blocking experiments
indicated that preblocking of peptide-coated MyOne Tosylac-
tivated Dynabeads overnight with 1% skim milk significantly
reduced nonspecific binding by other Mycobacterium spp. to
<1% (P, 0.0008 by a paired ¢ test) without adversely impacting
the efficiency of capture of M. avium subsp. paratuberculosis.
However, nonspecific binding by other Mycobacterium spp. was
never completely eliminated. For this reason, beads were used
unblocked in the remaining experiments during this study.

Combination of differently coated MyOne Tosylactivated
beads and the optimized phage assay. Unblocked MyOne To-
sylactivated Dynabeads coated with either peptide recovered a
higher percentage of M. avium subsp. paratuberculosis organ-
isms than the same type of beads coated with polyclonal anti-
body S624, and the simultaneous use of beads coated with the
two biotinylated peptides consequently achieved the highest
mean efficiency of capture of M. avium subsp. paratuberculosis
(98.5% = 4.7%) and the lowest mean percentage of nonspe-
cific recovery (5.5% * 1.6%). The mean percentage of non-
specific recovery of M. bovis BCG NCTC 5692 by the other
four types of coated Tosylactivated beads ranged from 11.0 to
17.4%. Mean capture efficiencies calculated from plaque
counts were never significantly different from those calculated
using colony counts (P, >0.05 by a paired ¢ test), further sub-
stantiating the hypothesis that the PMS-phage assay is a prom-
ising method for enumerating viable M. avium subsp. paratu-
berculosis organisms (7).

Automated versus manual PMS. The mean capture efficien-
cies for M. avium subsp. paratuberculosis achieved by auto-
mated and manual PMS using a 50:50 mixture of MyOne
Tosylactivated Dynabeads coated with the two biotinylated
peptides were not significantly different (P, 0.3178 by a paired
t test). In contrast, the mean percentage of nonspecific recov-
ery of M. bovis BCG by automated IMS (AIMS) was signifi-
cantly less than that by manual IMS (P, 0.0312 by a paired ¢
test), probably because AIMS moves the beads from tube to
tube during processing, potentially leaving nontarget mycobac-
teria behind, adherent to tube surfaces, whereas in manual
magnetic separation, the beads remain in the same tube
throughout processing.

Detection sensitivity of the PMS-phage assay applied to
spiked milk and broth. The detection sensitivities (expressed
as the mean LODy,s) of the combined assay involving PMS

with a 50:50 mixture of biotinylated-aMp3- and biotinylated-
aMptD-coated MyOne Tosylactivated beads, followed by the
optimized phage assay, were 1.9 and 7.3 PFU M. avium subsp.
paratuberculosis per ml of spiked broth and milk samples, re-
spectively (Table 2). However, the number of PFU recovered
from spiked milk after automated PMS was ~10-fold lower
than that recovered from spiked broth initially containing the
same number of M. avium subsp. paratuberculosis organisms
(Table 2). Corresponding colony counts, recorded in parallel
with plaque counts, indicated a similar trend (data not shown).
This result may represent lesser recovery of M. avium subsp.
paratuberculosis from milk, but it may instead reflect greater
clumping of cells in the fat-rich milk matrix, so that clumps of
cells, or clumps of beads plus cells, rather than single cells, are
recovered by magnetic beads. In either scenario, fewer PFU
would result after the plaque assay.

The detection sensitivity of the automated PMS-phage assay
applied to 50-ml volumes of milk was estimated from the
results of blind trials involving three different M. avium subsp.
paratuberculosis strains. The mean LODy, of the automated
PMS-phage assay was 14.4 PFU M. avium subsp. paratubercu-
losis per 50 ml of milk (Table 3), which is equivalent to 0.3
PFU/ml and represents a higher detection sensitivity than the
application of the automated PMS-phage assay to 1-ml ali-
quots of spiked milk (mean LODy,, 7.3 PFU/ml). This finding
demonstrates that although some M. avium subsp. paratuber-
culosis cells may be lost during the centrifugation of larger
volumes of milk (because an unknown proportion of the M.
avium subsp. paratuberculosis cells present will be discarded
with the whey and cream fractions), the detection sensitivity of
the IMS-phage assay is increased by testing 50 ml of milk
rather than 1 ml of milk.

DISCUSSION

The objective of this study was to identify a magnetic-sepa-
ration approach to be used in conjunction with the previously
reported optimized phage assay (7), so as to provide a novel
IMS- or PMS-phage assay for the detection and enumeration
of viable M. avium subsp. paratuberculosis organisms in milk.
The magnetic-separation approach needed to achieve a cap-
ture efficiency close to 100% and to maintain high specificity
for M. avium subsp. paratuberculosis. An initial evaluation of
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six magnetic-separation approaches involving in-house-coated
or commercially available anti-M. avium subsp. paratuberculo-
sis paramagnetic beads clearly demonstrated that not all mag-
netic-separation approaches developed for the selective con-
centration of M. avium subsp. paratuberculosis perform equally
well. It became apparent that bead characteristics (composi-
tion, size, concentration, and surface modification), as well as
the nature of the coating antigen (polyclonal or monoclonal
antibody, peptide or biotinylated peptide), impacted the selec-
tivity of capture, assessed by determining the efficiency of cap-
ture (expressed as a percentage) of M. avium subsp. paratuber-
culosis and the percentage of nonspecific recovery of other
Mycobacterium spp. Pathatrix PM-50 beads, which are latex
beads coated with an affinity-purified polyclonal antibody
(Adrian Parton, Matrix Microscience CEO, personal commu-
nication), achieved the highest efficiency of capture of M.
avium subsp. paratuberculosis in an initial evaluation but also
showed significant nonspecific recovery of other Mycobacte-
rium spp., particularly M. avium subsp. avium and M. bovis
BCG. Better results were obtained with magnetic-separation
approaches involving beads coated with the polyclonal anti-
body S624 and the two M. avium subsp. paratuberculosis-spe-
cific peptides aMp3 (30) and aMptD (28), which consistently
captured around 30% of M. avium subsp. paratuberculosis CFU
from spiked broth and showed less cross-reactivity with other
Mycobacterium spp. in the initial evaluation (Fig. 1). The worst
performance was shown by AnDiaTec beads, which are coated
with a monoclonal antibody (17) and which, in spite of achiev-
ing the lowest percentage of nonspecific recovery (7 and 4%,
respectively, for M. avium and M. bovis BCG), had a low
efficiency of capture of M. avium subsp. paratuberculosis (ca.
10%). It was surprising to find so much variability in capture
efficiency and nonspecific binding for the six different bead-
antigen combinations tested, and it was disappointing that
none of the initial six IMS or PMS approaches had a capture
efficiency close to 100%, as sought. Thus, none of the magnetic-
separation methods included in the initial evaluation showed the
desired capture efficiency or specificity for M. avium subsp. para-
tuberculosis.

The major weakness of the magnetic-separation approaches
initially evaluated was the nonspecific recovery of other Myco-
bacterium spp.; this would be a barrier to the use of these
methods in conjunction with the phage assay, which was our
objective. The issue of nonspecific binding between paramag-
netic beads and nontarget bacteria has been reported in the
literature previously (14, 31, 32). Vytfasovd et al. (32) observed
similar results during IMS experiments with anti-Listeria sp.
Dynabeads, in particular under competitive capture condi-
tions. These authors defined a moderate nonspecific reaction
as a recovery percentage of <10% and nonspecific binding as
a recovery percentage of >10%. However, it is not clear
whether Vytrasovd et al. (32) considered the nontarget bacte-
ria to be reacting with the anti-Listeria antibody on the Dyna-
beads or with the surfaces of the beads by physical absorption.
To investigate which was the case during M. avium subsp.
paratuberculosis magnetic separation, a negative control con-
sisting of uncoated beads was included (Fig. 1B, method G).
The results clearly showed that uncoated beads recover a mod-
erate percentage (around 10%) of nontarget mycobacteria and
that nonspecific interaction between the surfaces of paramag-
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netic beads and bacteria does occur. Such interaction is most
likely due to electrostatic bonds or van der Waals forces. This
nonspecific recovery level of ~10% was common to all six
magnetic-separation approaches initially evaluated (Fig. 1B),
and we attributed these results to physical interaction between
bacterial cells and paramagnetic beads, whereas recovery levels
exceeding 10% were attributed to suspected cross-reaction be-
tween the coating antigen or antibody and nontarget bacteria.
Consequently, it was considered unsuitable to pursue method
C (Pathatrix PM-50 beads). Methods A, E, and F, which
showed the highest capture efficiency, were selected for further
study.

A variety of other surface-activated magnetic beads coated
with polyclonal antibody S624 or with either of the two specific
peptides, aMp3 and aMptD, were evaluated in subsequent
experiments. The beads studied included polystyrene or glass
particles providing chemically active groups (amine, carboxylic,
tosyl) that could be linked through covalent bonds with the first
available carboxylic or amine group provided by the coating
antigen (peptide or polyclonal antibody). Besides using primary-
group-activated beads, we also evaluated the performance of
two different streptavidin-coated paramagnetic beads coupled
with biotinylated peptides aMp3 and aMptD. The results of
this set of experiments (Fig. 2) once again showed that the
capture efficiency of coated paramagnetic beads for M. avium
subsp. paratuberculosis differed widely for different paramag-
netic-bead—coating-antigen combinations. Dynabeads MyOne
Tosylactivated beads coated with polyclonal antibody S624 or
either peptide achieved the highest capture efficiencies for M.
avium subsp. paratuberculosis overall. A key difference between
this type of surface-activated bead and the other beads em-
ployed was the higher number of beads added per sample, 5 X
10% in 10 wl compared to 10° to 107 in 10 pl. A higher number
of beads increases the surface area available for the binding of
the target bacterium, thus enhancing the potential for bacterial
capture.

A higher efficiency of capture of M. avium subsp. paratuber-
culosis was consistently recorded with the biopanning-derived
peptides reported by Stratmann et al. (28, 30) than with the
original polyclonal-antibody-based IMS method (9). Surpris-
ingly, biotinylated aMp3 and biotinylated aMptD peptides,
which had originally been chemically synthesized to be applied
to M280 and MyOne streptavidin beads, not to MyOne Tosyl-
activated beads, showed the highest capture efficiency and the
lowest level of nonspecific binding by other Mycobacterium spp.
Chemical modeling analysis carried out using Spartan ’08 soft-
ware (Wavefunction, Inc., Irvine, CA), which can predict the
site of binding between peptides and paramagnetic-bead sur-
faces, provided some insight into the enhanced capture capa-
bility of the biotinylated peptides. It revealed that the presence
of the biotin molecule linked to asparagine (N) in peptide
aMp3 and to glycine (G) in peptide aMptD caused a change in
the orientations of the two peptides (Fig. 3). Given that the two
sites are no longer available for the amine bond with the
paramagnetic beads, the most probable sites of linkage to the
beads are the two arginines (R in the peptide sequences [Fig.
3]) located on the opposite parts of the two peptide chains. The
linkage between beads and the two arginines, the fourth and
third amino acids in the chains of aMp3 and aMptD, respec-
tively, does not allow the peptide to bind perpendicularly to the
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FIG. 3. Schematic illustrating the predicted binding between the
tosyl group on the surfaces of MyOne Tosylactivated Dynabeads and
the M. avium subsp. paratuberculosis-specific peptides (aMp3, biotin-
ylated aMp3, and biotinylated aMptD). Dashed lines indicate the sup-
posed areas of interaction for binding with M. avium subsp. paratuber-
culosis in broth or milk samples.

surface of the bead and thus, due to steric hindrance, is likely
to have produced a change in the angle of binding and the
presentation of the peptide for capture purposes. It is possible
that this condition enhances the surface available for binding
with the target bacteria and makes interaction between the
peptide and the cell wall receptor of the target bacteria more
stable. This may explain the higher capture efficiency of M.
avium subsp. paratuberculosis achieved using the two biotinyl-
ated phage-derived peptides, both separately and as a 50:50
mixture.

Interestingly, the highest capture efficiency for M. avium
subsp. paratuberculosis (determined either by colony counts or
by plaque counts) was consistently achieved by PMS using a
cocktail of MyOne Tosylactivated beads coated with biotinyl-
ated aMp3 and biotinylated aMptD (5 pl of each type of
coated bead added separately per reaction rather than 10 pl of
a mixture of the two types of beads). It should be noted that
beads coated with the two types of peptide do not mix well, and
a consistent 10-pl volume of mixed beads is difficult to achieve.
This is why the two types of beads were added separately to the
sample. The capture efficiency for M. avium subsp. paratuber-
culosis achieved by the 50:50 mixture was 91% =+ 5% instead of
66% * 5% or 53.5% * 4.5%, achieved by biotin-aMp3- or
biotin-aMptD-coated beads individually. The explanation for
this finding is unclear, but the finding is in agreement with
those of Kretzer et al. (16), who found that paramagnetic
beads coated with phage-based cell wall-binding domain
(CBD) molecules performed much better than commercially
available antibody-based beads for IMS of L. monocytogenes,
in terms of both sensitivity and the percentage of recovery.
Furthermore, Kretzer et al. (16) found that a mixed prepara-
tion of two different types of CBD beads (CBD118 and
CBDS500) was required to capture all Listeria cells present in a
sample. It is possible that broth cultures of M. avium subsp.
paratuberculosis contain cells at different metabolic stages and
that not all cells express the target proteins to which each
peptide binds. It is reasonable to assume that the simultaneous
use of two coating antigens would enhance the probability of
recovering cells expressing either one or both of the two target
proteins on the cell wall of M. avium subsp. paratuberculosis.

The best magnetic-separation approach (a 50:50 mixture of
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biotinylated-peptide-coated Dynabeads MyOne Tosylactivated
beads) was then combined with the optimized phage assay into
a novel automated PMS-phage assay, and experiments were
carried out to determine the analytical sensitivity (LODs,) and
specificity for M. avium subsp. paratuberculosis in broth and
spiked milk. The automated PMS-phage assay consistently
achieved a high capture efficiency for M. avium subsp. paratu-
berculosis (85 to 100%) and showed minimal cross-reaction
with other Mycobacterium spp. Blocking reduced (to a recovery
level of <1%), but did not completely eliminate, nonspecific
binding between other mycobacteria and the paramagnetic
beads, which means that a small percentage of plaques pro-
duced when a raw-milk sample is tested could be generated by
the D29 phage infecting other Mycobacterium spp. Therefore,
the method may overestimate the number of viable M. avium
subsp. paratuberculosis organisms when it is employed to test
raw milk, where other pathogenic or environmental mycobac-
teria may also be present. However, this issue can potentially
be resolved by testing a proportion of the plaques obtained by
IS900 PCR, so called plaque-PCR, according to the method
described by Stanley et al. (26).

The present study found that automated PMS carried out
using the BeadRetriever system, which enables the processing
of 15 samples at once, required less plastic consumables,
speeded up the magnetic-separation process (approximately 40
min for 15 samples), achieved a capture efficiency for M. avium
subsp. paratuberculosis comparable to that of manual PMS,
and lowered the percentage of nonspecific recovery of other
Mycobacterium spp. The automated PMS-phage assay was able
to detect <10 PFU or CFU of viable M. avium subsp. paratu-
berculosis organisms per ml of spiked broth or milk. However,
a “matrix effect” was observed when milk rather than broth was
processed, resulting in the recovery of ca. 10-fold fewer CFU
or PFU from spiked milk than from spiked broth containing
the same number of M. avium subsp. paratuberculosis organ-
isms before testing (Table 2). The same trend was observed for
blind trial results, when a larger volume (50 ml) of UHT milk
spiked with M. avium subsp. paratuberculosis was tested. In this
case, the automated PMS-phage assay was able to detect <370
CFU M. avium subsp. paratuberculosis per 50 ml of milk (the
lowest spiking concentration tested), but the CFU and PFU
were once again about 10-fold lower than the corresponding
counts recorded for the original M. avium subsp. paratubercu-
losis-spiked samples (Table 3). This may be a real or artifactual
observation in light of the fact that M. avium subsp. paratuber-
culosis cells have a strong propensity to clump, and milk con-
tains agglutinins that may promote the clumping of cells once
the milk has been spiked. Consequently, more clumps, rather
than single cells, could have been captured by the beads from
milk during magnetic separation than from broth, with a re-
sultant artifactual decrease in CFU or PFU/ml. Alternatively,
milk proteins may have blocked some binding sites on the
coated beads, preventing the attachment of some of the M.
avium subsp. paratuberculosis cells present. Notwithstanding
the matrix effect observed, the detection sensitivity of the novel
automated PMS-phage assay is comparable to or better than
those of IMS-PCR methods used previously to test naturally
infected milk samples (500 CFU/ml [28] and 10° CFU/50 ml
[10]). Of course, the main advantage of the novel assay over
IMS-PCR is that it detects the presence of viable M. avium
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subsp. paratuberculosis cells, and not just M. avium subsp. para-
tuberculosis DNA.

In conclusion, of the magnetic-separation approaches tested
during this study, the best approach for the specific capture of
M. avium subsp. paratuberculosis cells from milk was a 50:50
mixture of MyOne Tosylactivated Dynabeads coated with bio-
tinylated M. avium subsp. paratuberculosis-specific peptides
aMp3 and aMptD. This PMS approach in combination with
the optimized phage assay consistently achieved a capture ef-
ficiency for M. avium subsp. paratuberculosis of 85 to 100%
from spiked broth and minimal nonspecific binding by other
Mycobacterium spp., particularly if coated beads were pre-
blocked with 1% skim milk before use. Despite an apparent
reduction in capture efficiency when milk was tested instead of
broth, the detection sensitivity of the automated PMS-phage
assay was 14.4 PFU/50 ml of milk (equivalent to 0.3 PFU/ml of
milk), which, in light of our previous experience and in light of
the numbers of M. avium subsp. paratuberculosis organisms
reported likely to be present in raw milk (11, 24), is considered
sufficient sensitivity for the testing of naturally infected milk
samples. The novel PMS-phage assay represents a more rapid
method of detecting and enumerating viable M. avium subsp.
paratuberculosis organisms in milk, and potentially other food
matrices, than chemical decontamination followed by culture,
which is the current reference method for the detection of
viable M. avium subsp. paratuberculosis but is slow (requiring
weeks, not hours, of incubation) and more costly.
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