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Based on Whole-Genome Sequence Analysis
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ABSTRACT Amplification of the IS900 multicopy element is a hallmark nucleic acid-based
diagnostic test for Mycobacterium avium subsp. paratuberculosis, which causes Johne’s
disease in ruminants. This assay is frequently used to determine the presence of the
bacterium in feces of infected cattle and sheep. Two IS900 primer sets developed in
the 1990s were widely used for decades, and their use has continued in current studies.
However, these primers were developed prior to the availability of complete genome
sequences. Recent sequence analysis of the binding locations for one primer pair (P90/
P91) identified errors and binding inefficiencies that can be easily corrected to further
increase detection sensitivity. The P90 primer is missing two nucleotides that should be
present near the 39 end, and it does not bind all copies of IS900 due to 59 deletions at
some IS900 loci. These IS900 primer pairs, along with newly developed primers, were
tested by real-time PCR on purified genomic DNA to determine which primer set
performed the best and how primer design errors affect amplification efficiencies.
The newly designed PCR primer set (JB5) showed increased sensitivity by two to three
quantification cycles using purified genomic DNA and was similar in efficiency to 150C/
921. These tests were extended using DNA from feces and tissues of infected cows, which
showed similar results. Finally, a 167-bp partial duplication of IS900 was found in type I
strains. Although P90 and P91 primers successfully amplify M. avium subsp. paratuber-
culosis DNA, their use should be discontinued in favor of more efficient primer pairs in
future studies.

IMPORTANCE This study is an example of how applied genomic analysis can aid
diagnostic test improvements. Detection of Mycobacterium avium subsp. paratuber-
culosis infection of livestock prior to the appearance of clinical disease signs is very
difficult but essential for identifying animals shedding the bacterium to prevent
transmission of Johne’s disease. Total M. avium subsp. paratuberculosis quantity in
the feces as determined by real-time PCR (qPCR) using the IS900 target indicates
bacterial shedding status and potential for transmission of the pathogen. However,
legacy primers designed prior to the availability of complete genome sequences
that are used in these tests to detect M. avium subsp. paratuberculosis were based
on data from only a single copy of IS900 and not considering all copies collectively
as a group. This approach resulted in primer design errors which can be easily cor-
rected to improve test sensitivities. We tested original primers that contain these
errors and their corrected versions by qPCR and showed improved sensitivity on
purified genomic DNA as well as fecal and tissue samples. These findings may help
detect the organism from environmental samples on farms where sensitivity is cur-
rently lacking.
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Mobile genetic elements are a primary driver in chromosome remodeling and no
genome from extracellular bacteria is devoid of them. In the pregenomic era, the

insertion sequence, termed IS900, was identified as a repetitive DNA element that
is uniquely present in Mycobacterium avium subsp. paratuberculosis, which causes
Johne’s disease in cattle and other ruminants. A member of the IS110 family of transpo-
sases (1, 2), the number of IS900 copies in the M. avium subsp. paratuberculosis genome
ranges between 16 and 22 (3, 4). Because IS900 is M. avium subsp. paratuberculosis specific
and present in multiple copies per genome, it enables high sensitivity of detection down
to 1 fg of purified genomic DNA (5). This insertion sequence is 1,453 bp and contains one
open reading frame, originally termed p43 (6). IS900 is distributed randomly around the
chromosome and does not have detectable regions of high insertion density. Finally, IS900
rarely inserts within a coding sequence since it was found to disrupt only three genes
among the three representative strain types (4). These strain types include type I and type III
strains, typically isolated from sheep, and type II strains, typically isolated from cattle.

The IS900 PCR test is broadly used for most Johne’s disease diagnostic, genotyping and
research applications. This one test has historically been used more to detect M. avium
subsp. paratuberculosis infection and aid in the control of Johne’s disease than any other
method. This test is recommended by the World Organization for Animal Health (OIE [7])
and is more sensitive than histopathology, acid-fast staining, or culture. IS900 was first
described in M. avium subsp. paratuberculosis by two independent groups (8, 9), each of
which realized early on the diagnostic implications of their discovery. M. avium subsp. para-
tuberculosis causes Johne’s disease in cattle, sheep, and goats, and this bacterium is shed in
the feces of infected animals during the advanced stages of disease. Before the discovery of
thisM. avium subsp. paratuberculosis-specific insertion sequence, the bacterium was only de-
tectable by protracted culture of feces from diseased animals. Now IS900 amplification
assays are most used to detect M. avium subsp. paratuberculosis in feces of infected cattle,
sheep and goats, resulting in more rapid and reliable results (10, 11). Furthermore, it is
also used for organism detection in milk (12–14) and human tissues of Crohn’s disease
patients (15). IS900 restriction fragment length polymorphism has emerged as a useful
strain typing tool (16) that has been automated for ease of use (4).

Although IS900 amplification is a sensitive test to determine the presence of M. avium
subsp. paratuberculosis in samples, there is still a need to further optimize its sensitivity to
survey M. avium subsp. paratuberculosis at the herd level on farms. Currently, environmental
sampling on farms does not have sufficient sensitivity to consistently detectM. avium subsp.
paratuberculosis, especially on smaller farm operations (17, 18). Efforts to improve the sensi-
tivity of the IS900 PCR assay include a fecal DNA extraction procedure (19, 20), M. avium
subsp. paratuberculosis enrichment steps (21) and multiplex PCR approaches (22). However,
no studies have examined the effect of primer binding characteristics on assay improve-
ment. Selection of the target region and associated primer pairs should be performed with
care to ensure optimal specificity and sensitivity of the assay. Using suboptimal primer pairs
would theoretically lead to an under-representation of bacterial burden in feces or false-
negative and false-positive reactions.

After the initial discovery of IS900 in the late 1980s, primer sequences were soon devel-
oped to amplify this repetitive sequence (1, 23). These legacy primers were designed using
sequence data from only a single copy of IS900 rather than considering all copies collec-
tively as a group. These early primers were then established and used in over 400M. avium
subsp. paratuberculosis studies through the decades. The diversity of IS900 loci was recently
examined by our group and demonstrated that IS900 has several polymorphisms, especially
at the 59 end of the element (4). When comparing the IS900 sequence among the three
strain types of M. avium subsp. paratuberculosis, there are three single nucleotide polymor-
phisms (SNPs), as well as deletions at four total loci: two in type II, one in type III, and one in
type I (4). In this study, we analyzed commonly used primer pairs to show that not every
IS900 loci contains a binding sequence for some commonly used IS900 primers.

It is well known that high specificity in primer sequence design is critical to prevent
mispriming in the target sequence. General guidelines for good primer design include a
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17- to 21-bp length with low secondary structure and similar melting temperatures between
the primer pairs. There are several online primer design tools that account for these character-
istics and more (24, 25). Primer3 software, in particular, has incorporated detailed thermody-
namic algorithms and added DNA duplex stability data in the 2012 revision (26). We tested
commonly used IS900 primers and designed a new set of primers for testing the effects of pri-
mers on IS900 amplification efficiencies.

RESULTS
Errors in IS900 primer pairs used in Johne’s disease and Crohn’s disease studies.We

recently analyzed the distribution and polymorphisms of every IS900 loci in closed
M. avium subsp. paratuberculosis genome sequences representing each of the three
subtypes (4). Subsequently, it became of interest to apply those results to the improve-
ment of IS900 DNA amplification, which may lead to improved M. avium subsp. paratu-
berculosis. There are two primer sets that predominate in Johne’s disease and Crohn’s
disease studies. These primer pairs were first reported by Vary et al. (1) (designated
150C and 921) and by Moss et al. (23) (designated P90 and P91). These primer pairs tar-
get a single stretch of overlapping DNA within 430 bp of the 59 end of the element
(see Fig. S1). The 59 region of IS900 is considered more specific to M. avium subsp. par-
atuberculosis (27, 28). See Table 1 for primer sequences and other characteristics.
Combined, these two primer sets have been used in over 400 published M. avium
subsp. paratuberculosis studies.

Analysis of 220 IS900 loci from 14 closed M. avium subsp. paratuberculosis genomes
(see Table S2) revealed that the P90 primer is missing two nucleotides, guanine and cyto-
sine, at positions27 and28 from the 39 end (Fig. 1). Furthermore, this primer error appears
to have been left uncorrected in subsequent studies as suggested by at least 82 published
studies that used this primer (see Table S1). Note that there are slight differences in the
primer length reported in a few studies and sometimes there is a minor shifting of the bind-
ing region; however, they all overlap the originally designed P90 sequence, and none con-
tain the GC dinucleotide (see Table S1). The IS900 sequence originally published by Green
et al. (8) also lacks the GC dinucleotide (top sequence in Fig. 1), and the P90 primer was
designed based on that sequence. However, these two nucleotides are present in all other
IS900 sequences in public sequence databases. This missing dinucleotide was originally
noted by Semret et al. (29) when comparing the original IS900 sequence from Green et al.
(8) with later sequence data, but they did not mention its effect on P90 primer binding.
There are four other SNPs between the originally published sequence and that from the K-10
genome sequence (see Fig. S2), but these SNPs do not affect any IS900 primer binding regions
(see Fig. S1). Therefore, in this study, we designed a new primer, termed P90Corr, that includes
the two nucleotides missing from the original P90 primer (Fig. 1).

Legacy IS900 primers do not bind to every copy of IS900. The two commonly
used IS900 primer pairs designed in the Moss et al. (23) and Vary et al. (1) studies were
analyzed at each IS900 loci in silico using PrimerProspector (30). Primers designed in this
study (JB5F and JB5R; see Table 2) were also included in the analysis. All primers except
P90 and P90Corr yielded a theoretically optimal weighted score of 0 (Fig. 2). P90 showed
the previously identified mismatches in PrimerProspector analysis, and no binding at four in-
dependent IS900 loci, indicated by the 51 weighted score in Fig. 2. When P90Corr is analyzed

TABLE 1 IS900 primers and probe used in this studya

Primer or probe Orientation Sequence (59–39) DG Tm (°C) Length %G+C Comment
P90 F GAAGGGTGTTCGGGGCCGTCGCTTAGG 42.4 67.3 27 67 P90 primer reported by Millar et al. (12).
P90Corr F GAAGGGTGTTCGGGGCCGTCGGCCTTAGG 46.6 70.0 29 69 Corrected P90 primer for IS900 amplification.
P91 R GGCGTTGAGGTCGATCGCCCACGTGAC 42.9 67.3 27 67 From Millar et al. (12).
JB5F F GTCGTCTGCTGGGTTGATCT 26.5 53.8 20 55 Designed in this study.
JB5R R ATGAGCAAGGCGATCAGCAA 26.8 51.8 20 50 Designed in this study.
150C F CCGCTAATTGAGAGATGCGATTGG 32.2 57.4 24 50 From Vary et al. (1).
921 R AATCAACTCCAGCAGCGCGGCCTCG 39.3 64.2 25 64 From Vary et al. (1).
Dual-labeled probe R FAM/TCCACGCCCGCCCAGACAGG/TAMSp 31.9 62.0 20 75 Fluorescent probe from IS900 (1).
aF, forward; R, reverse. DG, free energy of the primer in 1 M NaCl at 25°C and pH 7. Tm, melting temperature under standard conditions at pH 7.
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in PrimerProspector, mismatches are no longer present, but there is still a lack of binding at
four IS900 loci (Fig. 2). The four IS900 variants not expected to bind the P90 or P90Corr primers
are due to specific deletions in IS900 variants distributed differentially across type I, II, and
III strains.

As stated previously, a full-length copy of IS900 is 1,453 bp. An alignment of all
IS900 loci from the representative type I, II, and III M. avium subsp. paratuberculosis
strains shows deletions at 6 of the 58 total IS900 sites (4). These include a 5-bp deletion in
locus 9 of the type I strain and locus 13 of the type III strain (Fig. 3). In addition, there is a 44-
bp deletion in one of the copies from each strain type, and a 70-bp deletion in locus 17 of
the type II strains. All deletions occur toward the start of each locus and the 44- and 70-bp
deletions prevent P90 and P90Corr primer binding at those loci (Fig. 3). There are also three
SNPs at positions 169, 216, and 1405 (4, 29, 31); however, none of these SNPs affect primer
binding for any of the IS900 primers in this study. Because genomic sequence corresponding
to P90 binding in the K-10 strain is absent at 2 of the 17 loci, only 15 copies would be
expected to amplify.

This analysis was conducted on representative genome sequences; however, we wanted
to determine whether these findings would remain true when analyzing all available closed
M. avium subsp. paratuberculosis genome sequences. Therefore, our analysis was expanded to
14 complete M. avium subsp. paratuberculosis genome sequences to identify all IS900 primer
binding sites. Examination of every IS900 loci within these M. avium subsp. paratuberculosis
genomes in the context of commonly used primer binding sites revealed new findings
summarized in Table S2 in the supplemental material. Notably, the 44-bp deletion was
found in all 14 genomes analyzed. In addition, the final locus in all type II strains analyzed
showed the same 70-bp deletion as that observed in K-10 locus 17 (Fig. 3).

Partial duplication of IS900 in a subset of M. avium subsp. paratuberculosis
genomes. Unlike the Moss primer pair (P90/P91), the Vary primer pair (150C/921) binds
to all IS900 sites in each of the type I, II, and III strains. However, there are two forward
primer binding sites for both primer sets in one IS900 locus unique to the type I strains ana-
lyzed (see Table S2). This is due to a 167-bp partial duplication of IS900 (Fig. 4). For this study,
we have designated this duplication as locus 21.5 since only the forward primer from these

FIG 1 The P90 and P90Corr primer sequences are shown in context with the originally reported IS900
sequence from Green et al. (8) (top sequence) and the M. avium subsp. paratuberculosis K-10 genome
sequence from locus 1 (bottom sequence; genome coordinates 39820 to 39848 from GCF_000007865.1).
Shown in the middle is the original P90 primer sequence, as published by Moss et al. (23) and used in many
other research studies (see Table S1). Note that both the original IS900 sequence and the P90 primer are
missing the GC dinucleotide at positions 27 and 28 from the 39 end. The P90Corr primer, which
represents the corrected P90 primer, contains the GC dinucleotide (shown in red) and matches the K-10
genome sequence exactly. Selected nucleotide positions are marked along the top row with 21
defining the 39-end nucleotide.

TABLE 2 qPCR amplification efficiency

Strain or template

Primer pair

Slope R2 Efficiency (%)Forward Reverse
167 P90 P91 23.5740047 0.9956 90.46

P90Corr P91 23.6082333 0.9944 89.30
150C 921 23.3369762 0.9933 99.38
JB5F JB5R 23.2801345 0.9954 101.77

K-10 P90 P91 23.7656404 0.9957 84.31
P90Corr P91 23.6160345 0.9938 89.04
150C 921 23.2797773 0.9949 101.79
JB5F JB5R 23.4627333 0.9955 94.44
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two primer pairs bind in this region (Fig. 4; see also Table S2). This extra forward primer bind-
ing site creates two amplification products for this locus only (229 and 394 bp; see Table S2).
The JB5 primer pair does not bind within the 167-bp duplication, but it does flank the fluores-
cent probe sequence developed by Vary et al. (1) (see Fig. S1).

To determine howwidespread this partial duplication is amongM. avium subsp. paratuber-
culosis strains, available sequence reads from 439 M. avium subsp. paratuberculosis strains
were aligned to the unique 400-bp query sequence derived from the Telford strain. This
unique sequence is formed by the junction between the end of the partial duplication and
the start of IS900 locus 22 (see Fig. 4 and Table S3 for query sequence used to map the reads).
None of the 370 type II strains contained the 167-bp duplication (see Table S3). However, the
duplication is present in 62 of 63 type I strains analyzed (see Table S3). The only type I strain
that did not show the partial duplication had the SRA ID SRR11839129 (see Table S3).
Furthermore, this duplication was absent in 5 of 6 type III strains analyzed. The only type III

FIG 2 Graphical output from PrimerProspector showing the weighted score for each of the primers used in this study.
Each primer was analyzed against 58 IS900 loci from each of the representative subtype strains of M. avium subsp.
paratuberculosis (K-10, S397, and Telford). Weighted scores give higher penalties to primers that poorly match the sequence
in the 39 region of the primer. A weighted score of 51 indicates no primer binding while scores closest to 0 predict optimal
primer performance. The top two graphs represent a single primer tested on 58 loci plotted by count versus weighted
score. The bottom graph shows the identical result obtained for the remaining five primers tested. See Materials and
Methods for the weighted score formula. Note that all primers used in this study except P90 and P90Corr showed a
theoretically perfect weighted score of 0.

FIG 3 Sequence alignment of all 58 IS900 loci from representative type I (Telford), II (K-10), and III (S397) strains of M. avium subsp. paratuberculosis.
Shown is an alignment of the first 81 nucleotides at the 59 end of the IS900 element for all loci present in the representative strains. These 58 loci
were binned into 15 variants and aligned using MacVector software. The consensus sequence is at the bottom and the red numbered nucleotide
scale is shown across the top. The blue box shows the location of the P90Corr primer binding site. Note that deletions at four loci prevent P90 or
P90Corr binding.
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strain that showed the duplication was JIII-386 (Fig. 4), which has no SRA data in NCBI, but is a
closed genome (32). It is unclear why the JIII-386 strain is the only type III strain to contain the
duplication, but there are not enough available sequence data from type III strains (n = 6) to
make any conclusions about the presence or absence of the duplication in that M. avium
subsp. paratuberculosis subtype. In general, the duplication appears to exist primarily in type I
strains and may be variably present in type III strains.

qPCR of M. avium subsp. paratuberculosis DNA. With the discovery of primer-
template mismatches along with missing primer binding sequences at some IS900 loci,
it is important to test how these findings affect the IS900 qPCR assay. DNA amplification
efficiency was calculated for each primer pair onM. avium subsp. paratuberculosis genomic
DNAs. The Vary and JB5 primer pairs showed the highest average amplification efficiency
at 100 and 98%, respectively (Table 2). Conversely, the efficiencies using P90 and P90Corr
primer pairs are 87 and 89%, respectively.

The primer pairs were also tested by qPCR on three different purified M. avium subsp.
paratuberculosis genomic DNA samples standardized at 1 pg/mL, and the results showed
no significant improvement when using the P90Corr primer as Cq values were virtually
identical (Fig. 5). However, an improvement in average Cq that reached statistical signifi-
cance was observed using JB5 and Vary primer pairs (Fig. 5). Specifically, a 2.3-Cq improve-
ment was noted when using either the JB5 or Vary primer pairs compared to the P90 or
P90Corr primer pairs (Fig. 5). This statistical difference remained between the primer
pairs regardless of the DNA template. Similar results were obtained when testing nine

FIG 4 Multiple sequence alignment of the 167-bp duplication of IS900. Matching 400-bp query sequences were extracted from each type I
M. avium subsp. paratuberculosis genome (Telford and JIII-386) and aligned using Clustal Omega multiple sequence alignment. Note that the
sequence diverges between the type I strains and S397 (a type III strain) after the duplication which demonstrates that the duplication is absent in
S397. However, the sequence is identical between Telford and JIII-386. The two forward primers (P90 and 150C) are also shown to bind within the
partial duplication. This duplication is shown within the red box and is flush with the 59 start of IS900. It is present in all type I strains analyzed.
This duplication has been designated locus 21.5 (see Table S2 in the supplemental material for coordinates). The IS900_Telford_locus_11 used in
the alignment represents a “typical” copy of IS900 at 1453-bp.
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additional M. avium subsp. paratuberculosis genomic DNAs (Table 3). The P90 and
P90Corr primer sets are indistinguishable, while the Vary and JB5 primer sets detect
DNA at significantly lower Cq values (Table 3). No amplification was detected using
non-M. avium subsp. paratuberculosis DNA samples from the closely related M. avium
subsp. hominissuis (Table 3).

qPCR of IS900 in feces and tissues. As proof of principle, qPCR was conducted on
feces and tissues from infected cows to determine amplification efficiencies on farm samples.
The results show similar trends in that the Vary and JB5 primer pairs routinely outperform
both the original P90/P91 and P90Corr/P91 pairs (Fig. 6). M. avium subsp. paratuberculosis
DNA concentrations in these samples were calculated from the standard curve (Table 4). The

FIG 5 qPCR of purified M. avium subsp. paratuberculosis genomic DNAs. The primer pair used is indicated by the color legend at the upper right. Error bars
represent the standard errors of the mean. Tukey-HSD P values for individual comparisons are indicated on the graph. DNA templates were standardized to 1 pg/
mL by the Qubit assay.

TABLE 3 qPCR results on an expanded panel ofM. avium genomic DNAs

M. avium strain

Average Cq (SE)

P90/P91 P90Corr/P91 150C/921 JB5F/JB5R
Subsp. paratuberculosis
Ben 27.84 (0.01) 26.60 (0.18) 24.46 (0.13) 24.29 (0.06)
K-10 27.30 (0.11) 23.40 (0.66) 18.05 (0.19) 20.12 (0.15)
S397 25.36 (0.08) 23.83 (0.28) 21.98 (0.36) 21.91 (0.10)
Drew 22.63 (0.02) 20.65 (0.20) 17.74 (0.04) 18.48 (0.18)
Linda 24.00 (0.09) 24.58 (0.07) 17.65 (0.01) 17.29 (0.14)
64 1038 27.68 (0.17) 26.65 (0.12) 23.73 (0.01) 23.67 (0.15)
19698-1974 22.99 (0.11) 22.14 (0.03) 19.93 (0.06) 19.37 (0.30)
S467 24.90 (0.85) 25.19 (0.21) 19.93 (0.25) 22.07 (0.22)
6053 24.92 (0.04) 26.52 (0.10) 23.95 (0.15) 22.36 (0.20)
Avg Cq 25.29 (0.65) 24.39 (0.70) 20.82 (0.92) 21.06 (0.79)

Subsp. hominissuis
3200 .40 .40 .40 .40
104 .40 .40 .40 .40
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fecal sample pools from subclinical cows (2 and 3) are borderline positive when using the P90
or P90Corr primers with#1 pg M. avium subsp. paratuberculosis DNA detected in those sam-
ples. However, the Vary and JB5 primers detected.3 pg in those same samples. Pooled fecal
sample 1 from clinical cows and the tissue sample from clinical cows are positive, regardless of
the primers used (Table 4).

In summary, correcting a long-standing error in P90 by adding two “missing” nucleotides
may marginally increase the sensitivity of IS900 qPCR, but this increase is not significant.
However, using primers that bind at all M. avium subsp. paratuberculosis loci increases the
sensitivity by at least two quantification cycles.

DISCUSSION

This study highlights the practical importance of genome sequence data, as well as
the robustness of DNA amplification. The original IS900 sequence contained errors that

FIG 6 qPCR of fecal and tissue DNA samples of unknown concentration. The primer set used is shown by color (see legend at the top right).
Error bars represent standard errors of the mean. Tukey-HSD P values for individual comparisons are indicated on the graph.

TABLE 4M. avium subsp. paratuberculosis DNA concentration in fecal and tissue samples

Sample Primer

SQ (pg)a

Avg SD
Pooled fecal 1 P90 4,922.95 121.66

P90Corr 5,306.08 119.14
150C/921 15,206.69 808.22
JB5 17,618.11 2,443.06

Pooled fecal 2 P90 1.15 0.51
P90Corr 0.61 0.08
150C/921 4.73 1.00
JB5 3.72 1.72

Pooled fecal 3 P90 0.91 0.23
P90Corr 0.46 0.10
150C/921 4.63 1.02
JB5 11.39 0.70

Proximal jejunum P90 80,067.25 4,857.01
P90Corr 237,710.96 50,996.76
150C/921 1,005,980.26 318,155.00
JB5 302,406.49 45,603.99

aValues were calculated based on the standard curve, y =23.2705x1 38.58, R2 = 0.9947. SQ, starting quantity in
picograms.
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were incorporated into the P90 primer design and was carried forward for several deca-
des prior to whole-genome sequencing. Yet, despite these errors, a sensitive and specific PCR
test was designed and used to detect M. avium subsp. paratuberculosis in that pregenomic
era. Prior to the first complete genome sequence of M. avium subsp. paratuberculosis (33), the
sequence of every IS900 copy was not available. Therefore, primers were designed from a sin-
gle locus of IS900 (8) out of the 16 to 22 copies now known to be present in M. avium subsp.
paratuberculosis genomes (4). Obviously, the IS900 sequence that was originally reported by
Green et al. (8) was the full-length element and not a locus with the 44- or 70-bp deletions,
respectively (Fig. 3). However, the P90 primer designed from the sequence reported in that
publication was missing a GC dinucleotide (see Fig. 3 [from reference 8]). Therefore, primers
subsequently designed using the Green et al. sequence contained this error (23), and it was
carried forward through the scientific literature (see Table S1). This error does not diminish the
excellent work conducted by that research team to identify the novel IS element since it had
to be cloned and sequenced by a primer walking method, and they were also successful at
capturing flanking sequences for three IS900 loci (8). At the time the work was conducted,
obtaining even a kilobase of DNA sequence was manually intensive, fraught with errors, and
expensive.

Although the P90 and P91 primer pair does amplify M. avium subsp. paratuberculosis
DNA, these documented errors result in DNA amplification inefficiencies that can be easily
avoided. There are over 80 published studies spanning three decades from 1992 through
2020 that used the P90/P91 primer pair (see Table S1). These same primers continue to be
used even in recent studies, although one recent study from 2020 reports the P90 primer
containing the GC dinucleotide similar to the P90Corr primer in this study (34). A few stud-
ies used the P90/P91 name designation, but the primer sequences stopped short of the
GC dinucleotide, effectively avoiding the mismatch (35–38). In the present study, we exam-
ined a few commonly used IS900 primer sets along with a newly developed PCR primer pair
to determine whether we could improve the sensitivity of M. avium subsp. paratuberculosis
detection. Both the Vary et al. primers and the JB5 primers demonstrated greater sensitivity
of detection and higher amplification efficiencies. In conclusion, we recommend use of the
Vary et al. (1) primers or the JB5F and JB5R primers for maximumM. avium subsp. paratuber-
culosis detection sensitivity in future studies.

This study also demonstrates that significant improvements to IS900 detection can be
obtained simply by changing primers. In this context, it is important to determine how a
primer-template mismatch can affect DNA amplification results. Mismatches between
the target DNA and primers are known to prevent amplification of the target (39), but in
this case the 2-bp deletion in the P90 primer (Fig. 1) is clearly tolerated because it ampli-
fies IS900 (Fig. 5 and 6). One study demonstrated a sensitivity of detection at 50 CFU/mL
in milk samples concentrated by centrifugation (40), while a second study showed detec-
tion of 1 fg/mL of purified genomic DNA (41) when using the P90/P91 pair. Thus, the
historical use of P90/P91 does not invalidate any published results for M. avium subsp.
paratuberculosis detection as amplification is still achieved with excellent sensitivity using
these legacy primers. Adding the two missing nucleotides to create P90Corr should theo-
retically improve binding efficiency and sensitivity; however, any improvement was mar-
ginal since there was a nearly indistinguishable Cq value using either P90 or P90Corr
forward primers.

The location of sequence mismatches within the primer can greatly affect the efficiency
of amplification, which should be 100% if the number of DNA molecules doubles after each
cycle (42). The detrimental effect of primer-template mismatches was previously analyzed
by artificially introducing mismatches in either the primer or template of the 16S rRNA gene
from Pseudomonas aeruginosa (39). Mismatches in the primer sequence that are located
closer to the 39 end of the primer are more detrimental to DNA amplification efficiency
(30, 39). Those studies examined single base primer mismatches; however, in this study,
we show the dinucleotide mismatch is located 27 and 28 nucleotides from the 39 end
of the primer (Fig. 1). Our data suggest that the mismatch was internal to the P90 primer
such that detrimental effects on amplification were very small. Bru et al. (39) showed
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that a single mismatch at positions 25, 26, or 28 at the 39 end of the forward primer
used to amplify the 16S rRNA gene was sufficient to lead to an underestimation of 1 log
of the gene copy number. But the reverse 16S rRNA primer containing similar mismatches
located more that 4 bases from the 39 end showed no negative effect. Our data show that
the dinucleotidemismatch is well tolerated in IS900 PCR assays; however, it would be interesting
to conduct additional PCR tests on more DNA samples to determine whether a statistical differ-
ence would emerge.

A significant gain in sensitivity is achieved when using primers that bind to all IS900
loci within a given genome. When using 150C/921 or JB5F/JB5R primer pairs, Cq values were
reduced by two to three cycles. These data suggest that in this case, the number of template
copies available for amplification is more important than the described primer sequence
errors. For M. avium subsp. paratuberculosis detection, we recommend discontinuing the
use of the P90 primer along with a switch to the use of primer sets that bind within the
conserved regions of IS900, enabling amplification from all copies in the M. subsp. para-
tuberculosis genome.

A 167-bp partial duplication of IS900 was discovered when examining primer binding
locations as both the P90Corr and 150C primers bind in this sequence. This duplication
was absent in all 370 type II strains examined but was present in 62 of 63 type I strains an-
alyzed. The type I strains are predominant in Australia based on gyrAB typing results of M.
avium subsp. paratuberculosis strains from this country. Type I strains have also been iden-
tified in Saudi Arabia (10), but not in the United States. The type I CLIJ361 draft genome
(43) was also examined, but since the sequence reads were unavailable, only a small frac-
tion of the duplication could be found at the very end of contig 0234, from which nothing
could be concluded. The duplication was also absent in all but one of the six type III strains
analyzed. The only type III strain that contained the duplication was JIII-386. That genome
has two versions in the database and the first version used a reference genome for assem-
bly (44). If a type I strain was used for this purpose, that could have led to an assembly
error. The second version used long reads and CANU assembler, suggesting a de novo as-
sembly, which puts into doubt any assembly errors (44). Thus, it appears that at least one
type III strain contains the 167-bp duplication. To answer the question more completely
about duplication presence in type III strains, additional sequences need to be obtained
for this underrepresented subtype. Our group is currently working on closing this knowl-
edge gap by sequencing another type III strain (LN20). A search of the sequence read data
from LN20 suggests the duplication is also present in that strain (unpublished results).

It was noted that primers commonly used to amplify IS900 bind very close to the 59 end
where the deletions and duplication are located. Interestingly, the same fluorescent probe
can be used for both the Vary et al. and the Moss et al. primer pairs in real-time PCR assays,
which is centered around 260 bp in IS900 (see Fig. S1). The JB5F/JB5R primers were also
designed to use the same probe, thus controlling for probe variability as an effect in this
study. However, it may be of interest to examine primers and probes in the central or 39
end of IS900 where the sequence is more stable providedM. avium subsp. paratuberculosis
specificity can be retained. The specificity of both the Moss and Vary primer pairs were
called into question in an early study that showed IS900-like sequence amplification in
non-M. avium subsp. paratuberculosis mycobacteria (45), but many subsequent studies
have given investigators confidence in their continued use. Nonetheless, IS900 primers
that bind near the center of the element have been developed in a few studies (5, 15, 46,
47), but these primers have not been widely adapted. One study tested centrally located
IS900 primers in a nested PCR assay that showed high specificity (15) and a second study
examined fecal PCR detection in sheep, which also showed excellent specificity and sensi-
tivity (5).

Other approaches to gain increased sensitivity of this important PCR test have
shown promise, including DNA extraction methods (19), pooling or enriching samples
(21, 47, 48), and testing different amplification methods (49). Likewise, targets 150 to 200 bp in
length are considered best for the highest efficiency (50). The target lengths of the IS900 ampli-
fications in this study ranged from 229 to 415 bp (see Table S2). Since this size range is longer
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than 200 bp, it might be useful to evaluate whether primers designed to produce amplicons in
the 150- to 200-bp range would further increase the efficiency of IS900 qPCR assays.

This study provides important comparative data on the sensitivities of IS900 primers
that are currently being used in M. avium subsp. paratuberculosis research and diagnos-
tics worldwide. Future efforts should be directed at qPCR test validation on fecal samples
using robust and well-defined OIE standards, as has been done recently (27). Based on the
results presented here, it is recommended to either use the Vary et al. primers or the new JB5
primer set for amplifying IS900 inM. avium subsp. paratuberculosis.

MATERIALS ANDMETHODS
Genome sequences. Ref_Seq genomes of all available M. avium subsp. paratuberculosis strains were

downloaded from the National Center for Biotechnology Information (NCBI) public database in February
2022. IS900 loci were extracted from these genomes, and each was assigned a number based on their
starting location within a given genome. They were numbered sequentially clockwise around each
genome.

Literature search for studies using P90/P91 primers. Scopus and PubMed databases were used to
conduct a literature search in September 2021 using the terms “paratuberculosis” and “IS900 PCR.” Scopus
returned 413 documents and PubMed returned 321 documents. The results from each database were merged
into a single list with duplicates removed. Each publication was manually inspected for the use of P90 and P91
primers. A total of 82 publications satisfied these criteria and had the primer sequences, or references to primer
sequences, extracted and entered in Table S1, along with relevant bibliographic data.

Mycobacterial strains and DNA extraction. Strains used in the study were all members of the M.
avium complex and are shown in Table 5. Mycobacterial genomic DNA extraction was conducted using
a series of hydrolytic enzymes to degrade proteins and lipids prior to loading the extract onto a Qiagen 500/G
genomic tip, as described previously (51). Fecal DNA extractions were performed using the bead beating
method followed by DNA binding to paramagnetic beads (MagMax total nucleic acid isolation kit; Applied
Biosystems, Foster City, CA), as described previously (19). Tissue samples from the mid jejunal lymph node and
proximal jejunum of the same clinical cow were homogenized for DNA extractions using the gentleMACS
Octo Dissociator (Miltenyi Biotech, Bergisch Gladbach, Germany), followed by centrifugation at 2,000 � g for
5 min to remove tissue debris. DNA was extracted using DNeasy kits (Qiagen).

Primer design and characterization. Commonly used primers for IS900 DNA amplification were
obtained from previous studies (1, 23). One primer set (JB5F/JB5R) was designed using Primer3 software,
which considers thermodynamic specifications and DNA duplex stability (26, 52). All primers used in this study
are shown in Table 1, and they all work with the same fluorescent probe containing a 59 fluorophore and a 39
quencher designed by Vary et al. (1). Primers were synthesized by Integrated DNA Technologies (IDT) using a
standard desalting purification method while the probe was synthesized by IDT and purified by high-pressure liq-
uid chromatography. To evaluate the primer-to-target mismatches, primers were tested with PrimerProspector
1.0.1 (30) using default settings. Specifically, all primer pairs were tested against a FASTA file containing all 58
IS900 loci from Telford (type I), K-10 (type II), and S397 (type III) strains ofM. avium subsp. paratuberculosis. Primer
scores were calculated based on the following formula: weighted score = non-39 mismatches � 0.40 1 39
mismatches � 1.001 non-39 gaps � 1.00 1 39 gaps � 3.00 (30). The closer the overall weighted score is to
0, the better the theoretical performance of the primer.

Bioinformatic analyses. All available M. avium subsp. paratuberculosis genomes and sequence read
archive (SRA) data were downloaded from the National Center for Biotechnology Information (NCBI).
The short reads were 250 bp in length from the SRA database and 300 bp for strain S397. To identify a
partial duplication of IS900, a 400-bp Telford strain sequence spanning the duplication was used to
query genome sequence reads. Reads mapping to this sequence were extracted using a k-mer approach
implemented in the MIRA v4.9.6 Mirabait package (53). Using the default parameters, the extracted

TABLE 5M. avium strains used in this study

Strain M. avium subsp. Subtype Host No. of IS900 copies
K-10 paratuberculosis II Bovine 17
Linda paratuberculosis Unknown Human Unknown
Ben paratuberculosis Unknown Human Unknown
S397 paratuberculosis III Ovine 19
MAP4 paratuberculosis II Human 16
S467 paratuberculosis III Ovine Unknown
Drew paratuberculosis II Bovine Unknown
64 1038 paratuberculosis Unknown Bovine Unknown
19698-1974 paratuberculosis II Bovine Unknown
6053 paratuberculosis Unknown Bovine Unknown
104 hominissuis NAa Human None
3200 hominissuis NA Swine None
167 paratuberculosis II Bovine Unknown
aNA, not applicable.
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reads were subsequently aligned to the reference junction sequence via the Burrows-Wheeler Aligner
(BWA v0.7.17) BWA MEM algorithm. Alignment outputs were in binary alignment files (BAM files). The
BAM files were sorted and indexed via SAMtools (v1.10). Read counts spanning the junction sequence
were obtained by analyzing the BAM files with BEDtools (v2.30.0). Strains were considered positive for
the presence of the duplication if there were more than 3 reads that spanned the junction point with a
minimum of 50 aligned base pairs on both sides of the junction. Multiple sequence alignments were
performed using Clustal Omega (54). Strain typing of M. avium subsp. paratuberculosis using publicly
available SRA data were performed using Bash and Perl scripts to collect SNP data and compare it to
established gyrA and gyrB gene references from K-10 (55) to create variant call format files. The gyrA and
gyrB reference genes were used as targets for extracting reads with Mirabait as described above, and
the extracted reads were aligned with BWA MEM as described. Variant calls were made using FreeBayes
v1.3.6 with the default parameters.

Real-time PCR assay. Real-time PCR was performed on a 7500 Fast Sequence Detection System
(Applied Biosystems) using the following reaction conditions: 1 cycle at 50°C for 2 min and 95°C for
10 min, followed by 40 cycles of denaturation at 94°C for 25 s and annealing-extension at 66°C for 1 min.
The total reaction volume in each sample was 25mL, which included 5mL of known or unknown concentrations
of template, 12.5 mL of Applied Biosystems TaqMan Environmental Master Mix 2.0, 6.88 mL of ultrapure distilled
water (DNase- and RNase-free), 200 nM concentrations of each primer, and 100 nM TaqMan probe. All reactions
were performed in triplicate. The 59-fluorescein-labeled probe with a 39-tetramethyl-rhodamine quencher was
synthesized by Integrated DNA Technologies (Coralville, IA) and adapted from Vary et al. (1) (Table 1). Each indi-
vidual sample was run in triplicate. A sample was considered positive if all the triplicate samples had an average
quantification cycle (Cq) value below 40. All qPCR products were analyzed by electrophoresis on 1.5% agarose
gels to verify the purity and expected size of the amplified products. The standard curve was run using the Vary
et al. (1) primers (designated 150C and 921) on 10-fold serial dilutions of M. avium subsp. paratuberculosis K-10
purified genomic DNA ranging from 1,000 pg/mL to 0.001 pg/mL. Controls with no template DNA were included
in all assays to check for contamination.

DNA amplification efficiency. For amplification efficiency calculations, standard curves were assembled
for each primer pair on serial dilutions of genomic DNA extracted from two different M. avium subsp. paratu-
berculosis type II strains (167 and K-10). These samples were subjected to real-time PCR using the same condi-
tions described above. DNA amplification percent efficiencies (E) were calculated using the following formula: E =
(1021/slope2 1)� 100 (56).

Statistical analysis. Three independent trials were conducted for all primer pairs and the average
was calculated. Real-time PCR data were analyzed by one-way analysis of variance. When primer pair effects
reached statistical significance (P, 0.05), means separation was conducted by using the Tukey-HSD test.
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