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I n t r o d u c t i o n
Paratuberculosis, or Johne’s disease, was first reported by Johne 

and Frothingham in 1895 (1). It is a contagious, progressive, chronic 
digestive disorder of both wild and domestic ruminants caused 
by Mycobacterium avium subsp. paratuberculosis (MAP) (2–9). Fecal 
culture is still considered the “gold standard” for detecting MAP, 
but this method depends on the bacterial load in the specimen and 
the stage of the disease, and results may not be available for 16 to 
20 wk. Enzyme-linked immunosorbent assay (ELISA) has commonly 
been used in the diagnostic laboratory, but its sensitivity has been 
reported as 87% in clinical cases, 75% in subclinical cases with heavy 
fecal shedding, and 15% in subclinical cases with light fecal shedding 
(10). Consequently, ELISA is suitable only for detecting herd-level 
status. In a mixed herd of subclinically infected and noninfected 
cattle, the herd-level sensitivity of ELISA and fecal culture is about 
45% (11) and 45% to 55% (12), respectively. The sensitivity of both 
methods in cattle has also been reported to be around 35% (13).

Molecular testing gives a rapid diagnosis of Johne’s disease; sev-
eral polymerase chain reaction (PCR) assays have been developed 

(14–19). However, inhibitory factors in bovine fecal specimens 
coextract with the target DNA and interfere with the assay. To 
circumvent this problem, we have developed an immunocapture 
[or immunoseparation (IMS)] assay using IgY to capture the organ-
isms in the fecal sample prior to DNA extraction and PCR. The 
objective of this study was to optimize the conditions required for 
liquid- and solid-phase IgY-immunocapture of MAP in the presence 
and absence of fecal material.

M a t e r i a l s  a n d  m e t h o d s

Preparations of IgY
The IgY was purified from chicken egg yolks as previously 

described (20). Purified IgY with an ELISA titer greater than 1/5000 
was pooled and used for the following experiments. MagaBeads 
(Cortex BioChem, San Leandro, California, USA) of rabbit IgG 
against chicken antigen were mixed with IgY in a ratio of 1 mg 
of beads to 1.5 mg of IgY and incubated at room temperature for 
30  min, as recommended by the manufacturer; this preparation 
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was designated Beads A. In addition, purified IgY was coupled 
to magnetizable cellulose/iron oxide beads (Cortex BioChem) 
in a ratio of 18  mg of IgY to 1 g of beads, for a concentration of 
3 3 108 beads/mL. This preparation was designated MagaCell-IgY.

Sensitivity determination for PCR assay without 
immunocapture

The concentrations of 3 field and 2 reference strains of MAP 
[11992, EA4146, 2945, American Type Culture Collection (ATCC) 
12258, and ATCC 19698] were adjusted to 2 3 107 cells/mL. Dilutions 
of this standardized cell suspension were made from 10–3 to 10–7 in 
12 mM Tris-HCl (pH 7.4), and 200 mL of each dilution was extracted 
with the MagaZorb DNA isolation kit (Cortex BioChem) according 
to the manufacturer’s instructions. The DNA was eluted in 200 mL of 
12 mM Tris-HCl, and 10 mL was used as a template for PCR. Titration 
of each MAP strain was performed in triplicate.

Sensitivity determination for PCR assay with 
Beads A immunocapture

A field strain and a reference strain of MAP (EA4146 and ATCC 
19698) were selected on the basis of differences in their restriction 
fragment length polymorphism (20), thereby allowing comparison 
of binding affinity. Aliquots (1 mL) of each strain, consisting of 
2 3 104 cells in 12 mM Tris-HCl and 6% sodium dodecyl sulfate 
(SDS), were shaken on an Eberbach model 6000 shaker (Eberbach 
Labtools, Ann Arbor, Michigan, USA) at low speed for 30 min. 
A duplicate aliquot of cells was processed without SDS for compari-
son. The cells were pelleted by centrifugation at 13 000 3 g, washed 
with 1 mL of 12 mM Tris-HCl (pH 7.4), and resuspended in 1 mL 
of the same buffer. A 200-mL aliquot of the resuspended cells was 
centrifuged at 13 000 3 g for 3 min, and the cell pellet was resus-
pended in 990 mL of phosphate-buffered saline (PBS), pH 7.4. After 
the addition of 10 mL of Beads A, the tubes were incubated at 37°C 
for 1.5 h. After incubation, the cell/bead suspension was placed  
on an MPC-S unit (Invitrogen, Burlington, Ontario) for 5 min, after 
which the supernatant was discarded. The beads were resuspended 
in 1 mL of 12 mM Tris-HCl and returned to the MPC-S unit for 5 min, 
after which the supernatant was again discarded. This wash step 
was repeated 4 more times. The captured bacteria were released 
from the beads when the pellet was resuspended in 200 mL of 0.1% 
SDS at room temperature (RT) for 15 min. The reaction tubes were 
placed in the MPC-S unit for 15 min to remove the beads. Next, 
DNA was extracted from the supernatant by means of the MagaZorb 
DNA isolation kit, according to the manufacturer’s instructions. 
Similarly, DNA was extracted without immunocapture from 200 mL 
of the MAP cells treated or not treated with 0.6% SDS. All DNA 
was diluted from 10–1 to 10–7 in 12 mM Tris-HCl (pH 7.2), and 
10 mL of the 10–3 to 10–7 dilutions was used as the template for the 
PCR assay.

Optimization of Beads A for the immunocapture 
assay

Aliquots of 10, 20, 30, or 40 mL of Beads A suspension were added 
to 1.5-mL microcentrifuge tubes containing 4000 MAP cells (EA4146 
or ATCC 19698) in a total volume of 1 mL of PBS. The mixture was 
held at 37°C for 1.5 h, then washed 5 times, and DNA was extracted 

as described above. For the PCR assay 10 mL of undiluted and of 
1:10 and 1:100 dilutions of template DNA was used.

To determine the optimal incubation time and temperature 
required for the immunocapture assay, 4000 MAP cells of each strain 
in 1 mL of PBS were captured with 40 mL of Beads A, and the sus-
pensions were mixed with a MyLab Rotamix SLRM1 (MJS BioLynx, 
Brockville, Ontario) at 37°C and RT for 15, 30, or 60 min. The Beads A 
mixture was washed and the DNA extracted as previously described.

Limit of detection using the immunocapture assay 
and bovine feces spiked with MAP

Bovine feces were provided by Agri-Food Laboratories Branch, 
Alberta Agriculture and Rural Development, Edmonton, Alberta. 
All samples had tested negative for MAP by culture and had been 
stored at –80°C. The MAP strains used for spiking were the same 
field and reference strains as used for the PCR sensitivity determi-
nation without immunocapture. Aliquots of frozen feces (1 g) were 
thawed overnight at 4°C and mixed with 1 mL of the MAP strains 
containing 2 3 103, 2 3 104, or 2 3 105 cells. An unspiked fecal 
sample was included as a negative control. Each sample was added 
to a conical centrifuge tube containing 24 mL of 0.6% (w/v) SDS 
in water. Each suspension was mixed by vortex for 1 min and then 
placed for 30 min on a horizontal shaker (Eberbach model 6000) set 
at low speed. After the tubes had stood for 30 min at RT to allow the 

Table I. End-point titration results for Mycobacterium avium 
subsp. paratuberculosis (MAP) cells in polymerase chain 
reaction with or without treatment with sodium dodecyl sulfate 
(SDS) and subsequent immunocapture

	 Without	 With
Dilution of 	 immunocapture	 immunocapture
MAP cells	 With SDS	 Without SDS	 With SDS	 Without SDS
1023	 1	 1	 1	 1

1024	 1	 1	 1	 1

1025	 1	 1	 1	 –
1026	 1	 1	 –	 –
1027	 –	 –	 –	 –

Figure 1. Determination of Beads A volume required for immunocapture of 
American Type Culture Collection (ATCC) strain 19698 of Mycobacterium 
avium subsp. paratuberculosis (MAP). For each Beads A volume used, DNA 
was run undiluted (N) and at dilutions of 1:10 (21) and 1:100 (22). The 
bead volumes were as follows: lanes 1 to 3, 10 mL; lanes 4 to 6, 20 mL; 
lanes 7 to 9, 30 mL; lanes 10 to 12, 40 mL. Lane –C — negative water 
control; lane M — 1-kb molecular weight marker; bp — base pairs.
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particulate matter to settle, 20 mL of the supernatant was removed 
and centrifuged in a Beckman centrifuge G120 (Beckman Coulter, 
Brea, California, USA) at 2380 3 g for 30 min. The supernatant 
was discarded and 24 mL of sterile, purified water added to the 
pellet. After being mixed by vortex for 1 min, the suspension was 
centrifuged at 2380 3 g for 30 min. The cell pellet was washed once 
more in the same way and resuspended in 1 mL of PBS (pH 7.4). All 
suspensions were then stored at 4°C.

For the immunocapture, 200 mL of each prepared spiked suspension 
was centrifuged, the pellet was resuspended in 160 mL of PBS, and 
then 40 mL of Beads A was added. After incubation with gentle mixing 
at RT for 15 min, the cell/bead suspension was placed on the MPC-S 
unit for 5 min, after which the supernatant was discarded. The beads 
were resuspended in 1 mL of PBS and returned to the MPC-S unit for 
5 min, after which the supernatant was again discarded. This wash-
ing process was repeated 4 more times. The captured bacteria were 
released from the beads when the pellet was resuspended in 200 mL 
of 0.1% SDS in PBS at RT for 15 min. The reaction tubes were placed 
in the MPC-S unit for 3 min to remove the beads. DNA was extracted 
from the entire 200 mL of supernatant with use of the MagaZorb DNA 
isolation kit according to the manufacturer’s instructions.The same 
immunocapture and DNA extraction protocols described for Beads 
A were used to test the MagaCell-IgY beads. To optimize the assay, 
4 replicate sets of spiked fecal samples containing 2 3 103, 2 3 104, and 
2 3 105 MAP cells per gram of feces were run with 5, 10, 15, or 20 mL 
of MagaCell-IgY beads instead of the 40-mL volume used for Beads A. 
All other steps were replicated as described above.

Detection of amplicons
The PCR was performed with primers that produce an amplicon 

298 base pairs (bp) long that targets the insertion element IS900 of 
MAP (21). Amplification conditions were those described previously 
(20). Briefly, the PCR master mix consisted of 1X PCR buffer, 2.0 mM 
magnesium chloride, 150 mM of dNTPs, 1.0 mM of each primer, 1 unit 
of Taq polymerase and 2 mL of template in a total volume of 50 mL. 
All reagents were purchased from Invitrogen. The PCR cycling 

parameters were as follows: 95°C for 5 min; [95°C for 15 s, 55°C for 
15 s, and 72°C for 15s] for 25 cycles; [95°C for 15 s, 65°C for 30 s, and 
72°C for 15 s] for 25 cycles; and a final extension at 72°C for 7 min. 
The PCR product was subjected to 1% agarose gel electrophoresis, 
and the bands were visualized after staining with 0.5% ethidium 
bromide. An internal control that gave an amplified product of 
992 bp was included in each PCR tube to monitor for inhibitors (20). 
A 1-kb marker was used for size verification.

R e s u l t s
The PCR titration of DNA from the 3 field and 2 reference strains 

of MAP gave identical end-point results in triplicate titrations with 
each of the strains (data not shown). The PCR analytical sensitiv-
ity was detected at a cell dilution of 10–6, or 20 cells/mL, which is 
equivalent to # 1 cell per PCR assay. No difference was observed 
in the end-point PCR detection level between the presence or 
absence of 0.6% SDS without immunocapture of MAP ATCC 19698 
(Table I). The sensitivity of immunocapture using 10 mL of Beads A 
was determined by capturing 4000 cells of 2 MAP strains, EA4146 
and ATCC 19698. With SDS treatment followed by immunocapture, 
the PCR end-point detection was at the dilution of 10–5. There was a 
log difference between the treated and untreated cells, as shown for 
MAP ATCC 19698 in Table I; identical results were observed with 
strain EA4146 (data not shown). The PCR end-point titrations with 
various dilutions of DNA extracted from 4000 cells of MAP ATCC 
19698 captured with different amounts of Beads A are illustrated in 
Figure 1. Again the results were identical to those obtained using 
MAP EA4146 (data not shown). The intensity of the PCR band 
increased as the volume of Beads A increased from 10 to 30 mL 
(lanes 2, 5, and 8), but there was no difference in intensity between 
volumes of 30 and 40 mL (lanes 8 and 11).

PCR titration results showed that incubation times of 15, 30, 
or 60 min make no difference to immunocapture efficiency at RT 
with the use of 4000 cells of MAP ATCC 19698 (Figure 2A) or MAP 
EA4146 (data not shown). In addition, results were duplicated when 

Figure 2A. Polymerase chain reaction (PCR) results with different concen-
trations of DNA extracted from ATCC 19698 MAP cells immunocaptured 
by 40 mL of Beads A incubated at room temperature (RT) for different 
times; DNA was run undiluted (N) and at dilutions of 1:10 (21) and 1:100 
(22). The incubation times were as follows: lanes 1 to 3, 15 min; lanes 4 
to 6, 30 min; lanes 7 to 9, 60 min. Lane 1C — positive-control DNA (ATCC 
19698); lane 1IC — positive internal-control DNA; lane –C — negative 
water control; lane M — 1-kb molecular weight marker.

Figure 2B. Results of PCR with the use of 40 mL of Beads A to immuno
capture MAP ATCC 19698 spiked in bovine feces (2 3 104 cells/g) incu-
bated at RT for 15 min. Lanes 1 and 2 — DNA diluted 1:10 and 1:100; 
lanes 3 and 4 — negative-control bovine feces with DNA diluted 1:10 and 
1:100; lane 5 — positive-control DNA (ATCC 19698); lane 6 — negative 
water control; lane M — 1-kb molecular weight marker.
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the incubation temperature was 37°C (data not shown). Figure 2B 
demonstrates that 40 mL of Beads A at RT for 15 min was sufficient 
to capture MAP ATCC 19698 at a concentration of 2 3 104 cells per 
gram of bovine feces; results were identical for spiking with MAP 
field strains 11992, EA4146, and 2945 and ATCC 12258 (data not 
shown). Inhibition was observed when undiluted DNA from spiked 
and unspiked fecal samples captured with Beads A was used as the 
template for PCR. When 1:10 dilutions of DNA from the spiked and 
negative samples were used as the template, the internal control 
(IC) was not amplified, although the MAP gene was amplified in 
the spiked sample. At a 1:100 dilution of DNA, the IC was amplified 
in both cases but the MAP gene was not amplified.

Figure 3 illustrates that there was an insignificant difference in the 
PCR detection level with the use of 10 mL of MagaCell-IgY beads as 
opposed to 5, 15, or 20 mL. Again, amplification of the IC was absent 
or weak with undiluted DNA but was amplified when DNA was 
diluted 1:10 or 1:100. The limit of detection for the capture assay was 
2 3 104 cells/g of bovine feces with the use of 10 mL of MagaCell-IgY 
beads (Figure 4) or 40 mL of Beads A. This limit of detection was the 
same when MAP field strains 11992, EA4146, 2945 and ATCC 12258 
were used (data not shown).

D i s c u s s i o n
Different reports have been published on the use of IgG purified 

from rabbits for immunocapture assays of MAP (22–25), but this 
is the first study to show the utility of IgY prepared from chicken 
eggs for this purpose. The detection of pathogens by IMS has been 
used in conjunction with culture enrichment to increase cell number 
before immunocapture and, consequently, increase assay sensitivity 
(26,27). Owing to the slow growth of MAP organisms, this approach 
is inadequate for timely diagnosis. None the less, IMS can be used 
to immobilize and concentrate the number of organisms in a sample 
and enable their removal from the sample matrix so that, theo-
retically, the sensitivity of an assay can be improved. Although the 
ability to detect 1 MAP cell per reaction tube by PCR amplification 
afforded excellent sensitivity in this study, there is a problem with 
inhibition of the PCR when fecal samples are tested. Simple dilution 
of the template DNA does reduce the effect of these inhibitors, but it 

also reduces the amount of MAP DNA available for amplification as 
well as the sensitivity of the assay. The detection level of IMS-PCR 
increased to 200 cells per reaction tube in the presence of bovine 
feces. Decreased sensitivity of IMS-PCR for MAP cells in spiked 
sheep feces as compared with direct PCR on the same fecal sample 
was reported by Mason et al (25). This decrease is most likely due to 
the presence of free DNA from degraded MAP cells that is amplified 
by direct PCR but is not captured during IMS.

Bovine feces are a very heterogeneous and complex medium. 
Another reason for a decrease in the sensitivity of IMS-PCR with 
this type of suspension is the presence of nonspecific material that 
causes steric interference with the binding of the MAP cells to the 
antibody or actually traps the beads so they are lost during the wash 
steps. These effects were minimized in this study by increasing the 
volume of Beads A from 10 to 40 mL when applying IMS to MAP cells 
in the presence of bovine feces. If one assumes that the majority of 
MAP cells binding to the IgY must be intact so the integrity of the 
binding site is maintained for the antibody–antigen reaction to occur 
during IMS, the sensitivity of the IMS-PCR assay likely represents 
detection of intact organisms only. Intact microorganisms cannot be 
differentiated from free DNA fragments in a fecal sample by means 
of direct PCR assays, which is important if the shedder status of an 
animal is being determined for purposes of risk management. Our 
data corroborate the finding of Mason et al (25) of an IMS-PCR sen-
sitivity of 104 MAP cells per gram of spiked feces with PCR primers 
directed to the IS900 sequence.

Bead-coating methods were also evaluated in this investigation. 
Whether the coating was done directly (as with the MagaCell-IgY 
beads) or indirectly via an antibody linker (as with Beads A), the 
immunocapture capability of the IMS was the same, as illustrated 
by the PCR end-point titrations. In the study by Mason et al (25), 
the antibody to MAP was directly coated onto the immunomagnetic 
beads by means of tosyl chemistry or indirectly coated via an anti-
body linker. That study also showed no difference in the capture 
capability of the 2 types of beads. However, in our investigation we 
observed PCR inhibition if MAP cells spiked in bovine feces were 
captured by Beads A. The 0.6% SDS shaking step of the National 
Veterinary Services Laboratory standardized protocol for MAP cul-
ture was incorporated into our study. This detergent may disrupt 

Figure 3. Determination of MagaCell-IgY beads volume required for immuno
capture of MAP ATCC 19698 spiked in bovine feces (2 3 104 cells/g) and 
incubated at RT for 15 min. For each MagaCell-IgY beads volume used, 
DNA was run undiluted (N) and at dilutions of 1:10 (21) and 1:100 (22). 
The bead volumes were as follows: lanes 1 to 3, 5 mL; lanes 4 to 6, 10 mL; 
lanes 7 to 9, 15 mL; lanes 10 to 12, 20 mL. Lane M — 1-kb molecular 
weight marker; lane 1C — positive-control DNA (ATCC 19698); lane –C — 
negative water control.

Figure 4. Results of PCR with the use of 10 mL of MagaCell-IgY beads 
to immunocapture MAP strain ATCC 19698 spiked in bovine feces at 
concentrations of 2 3 103 cells/g (lanes 1 to 3), 2 3 104 cells/g (lanes 
4 to 6), and 2 3 105 cells/g (lanes 7 to 9). End-point titration was per-
formed with extracted DNA run undiluted (N) and at dilutions of 1:10 (21) 
and 1:100  (22). Lane 1C — positive-control DNA (ATCC 19698); lane 
1IC — positive internal-control DNA; lane –C — negative water control; 
lane M — 1-kb molecular weight marker.
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the aggregation of MAP cells from the fecal material and help to 
free them for subsequent binding to the beads. The SDS treatment 
may have little or no effect on the release of intracellular MAP 
cells. Freezing and thawing of fecal samples will lyse macrophages 
and free the MAP cells for subsequent binding to the beads. Other 
detergents, such as Tween, have been used and most likely serve 
the same purpose (25).

The IgY used in this study to coat the immunocapture beads 
was a purified polyclonal antibody raised against a pool of 4 heat-
inactivated MAP strains (20). Polyclonal antibodies are not as highly 
specific as monoclonal antibodies because they are directed to a 
number of bacterial surface antigens rather than a single surface 
antigen. Thus, the antibody may recognize other MAP strains that 
were not included in the original pool. However, cross-reactivity 
with M. avium has been observed and was eliminated after adsorp-
tion with M. avium cells (20). Grant et al (24) recommended a higher 
dilution of the IgG used to coat the beads to circumvent the problem 
of cross-reactivity with other mycobacterial strains.

Although a simple technique, IMS is labor-intensive, especially 
when a large number of specimens are to be processed in the absence 
of automation for the washing steps. Beads may be lost during the 
sequential washing steps when the supernatant is being aspirated. 
Another potential drawback is that nonspecific material can bind to 
the beads and also be attracted to the magnet. Consequently, it is dif-
ficult to wash the beads and remove all of the nonspecific material. 
We did not observe any sliding of the beads with aspiration of the 
supernatant, as observed by Grant et al (28). The washing steps were 
time-consuming and labor-intensive and required special attention 
and care to avoid aspirating the beads along with the supernatant.

This study demonstrated the use of IMS capture assay for detect-
ing MAP in bovine feces. The IgY purified from chickens was used 
to coat the beads directly or indirectly via an antibody linker. For 
IMS plus conventional PCR with gel-based detection, the reporting 
time for 10 samples was less than 8 h. The detection level for cells 
in spiked bovine feces was 200 cells per PCR assay after capture 
with MagaCell-IgY beads. The inhibitory problem for the PCR was 
overcome, as illustrated by positive amplification of the internal 
control. However, future work is required to improve the sensitivity 
of the assay before implementation as a routine diagnostic tool for 
the detection of MAP in the diseased animals.
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