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Abstract
Background: The bovine leukemia virus (BLV) is the causative agent of enzootic bovine leukosis, the most common neoplastic disease in cattle. The proviral
load (PVL) is an important index for estimating disease progression. Previously, we developed a quantitative real-time PCR (qPCR) assay to measure the PVL
of BLV using coordination of common motif (CoCoMo) degenerate primers that can amplify all known BLV strains. However, mutations, which potentially
affect the detection ability, have been recently reported in the probe sequences of the long terminal regions (LTRs) of the BLV-CoCoMo-qPCR-2 assay. Here, we
developed a new strategy to overcome these newly generated mutations located in the probe regions of this assay.

Methods: We collected genomic DNA from 887 cows from 27 BLV-positive farms, using a nationwide survey conducted in 2011 and 2017 in Japan. BLV
variants were investigated by quantifying the provirus using BLV-CoCoMo-qPCR-2 targeting the BLV LTR gene and the TaKaRa Cycleave PCR system targeting
the BLV tax gene. Additionally, we sequenced the partial BLV LTR gene. The modi�ed probes were designed to completely match the three BLV variants
identi�ed here, and the modi�ed assay was established using mixed probes.

Results: We found four single mutations within the probe region of the original BLV-CoCoMo-qPCR-2 assay, three of which negatively affected its sensitivity.
Furthermore, we examined the optimum ratio of the concentration to be mixed with the wild type and three new BLV TaqMan probes were designed here using
genomic DNAs extracted from cattle infected with the wild-type BLV strain and cattle infected with variants. Hence, we successfully established an improved
BLV-CoCoMo-qPCR-3 assay that uses mixed probes corresponding to all three BLV variants.

Conclusions: To overcome the loss of assay sensitivity due to newly emerging variants, we have established the BLV-CoCoMo-qPCR-3 assay that could
amplify all BLV strains using newly designed mixed probes in addition to degenerate primers that were previously designed in our original assay. Our proposed
method maintained the original sensitivity and reproducibility and can detect all mutant strains; thus, it is a useful tool to prevent the spread of BLV infections,
especially those caused by newly emerging variants.

Background
Bovine leukemia virus (BLV) belongs to the family Retroviridae (genus Deltaretrovirus), together with human T-leukemia virus types 1 and 2 (HTLV-1 and − 2),
and causes enzootic bovine leucosis (EBL), the most common neoplastic disease affecting cattle worldwide [1]. Approximately 70% of BLV-infected cattle are
asymptomatic, a stage designated as aleukemic, whereas approximately 25–30% and 1–5% of BLV-infected cattle develop persistent lymphocytosis and B
cell lymphoma after several years of latency, respectively [1]. BLV infection commonly affects the cattle industry worldwide and causes signi�cant economic
losses due to decreased milk yield [2–5] and daily gain [6], decreased immunity levels [7], and reduced reproductive capacity [6] and longevity [2, 8].

Because BLV can cause silent infections in cattle at all disease stages, detecting the BLV provirus, the retroviral genome integrated into the host genome [9,
10], even in the absence of detectable BLV antibodies [11] is crucial for diagnosing BLV infection [10, 12–16]. Particularly, the BLV proviral load (PVL)
correlates strongly with not only the BLV infection capacity (as assessed by syncytium formation) [17, 18] but also EBL progression [19, 20]. For example, BLV
normally transmits horizontally and vertically, and cattle with high PVLs are considered a major risk factors for infection [11, 21–24] and for the progression of
EBL [11, 17, 25]. Indeed, previous reports have posited that as determined by BLV-CoCoMo-quantitative polymerase chain reaction (qPCR)-2 [26], BLV provirus
may be detected in the milk, nasal mucus, and saliva of dairy cattle with PVLs > 10,000, 14,000, and 18,000 copies per 105 cells in blood samples, respectively
[23, 24]. These infected cattle may pose an increased risk of BLV transmission when in direct contact with healthy cattle. In contrast, cattle with low PVLs are
less likely to transmit BLV to other cattle [27]. Thus, PVL is a useful index for estimating the risk of transmission.

We previously developed a BLV-CoCoMo-qPCR assay using coordination of common motifs (CoCoMo) degenerate primers to amplify both known and novel
BLV variants and an internal BLV TaqMan probe to enhance the speci�city and sensitivity of the assay targeting the long terminal repeat (LTR) gene of BLV
[17, 28]. This LTR region is present at two copies per provirus, contributing to the assay’s improved sensitivity and the highly sensitive detection of BLV
variants from different countries [17]. In addition, to normalize the levels of BLV to those of viral genomic DNA, this technique ampli�es bovine leukocyte
antigen (BoLA)-DRA––a single-copy host gene––in parallel with the viral genomic DNA. This allows for adjusting variations in ampli�cation e�ciency
between samples. Recently, a modi�ed version CoCoMo-qPCR-2, which uses optimized degenerate primers and the construction of an optimal standard curve,
was improved in 2015 [26]. This modi�ed version has been widely used by BLV researchers and veterinarians [11, 13–16, 18, 24, 29–38] due to its quantitative
nature and high speci�city, sensitivity, and reproducibility.

In general, increasing variations in the genomic sequences of microorganisms are the main reason why they escape host immune responses. Furthermore,
they can avoid the current detection assays that target the viral gene by undergoing mutation. Hence, it may be necessary to improve the detection methods
for mutated viruses from time to time. Recently, the three types of mutations have been reported in the nucleobase of BLV LTR regions [15, 39, 40]. However, if
these mutations are present in the probe region in the LTRs of the BLV-CoCoMo-qPCR-2 assay, the assay may not be able to detect all BLV strains. In this
study, �rst of all, we investigated the mutant BLV strains by using genomic DNA of 887 cattle from 27 farms in 13 prefectures in Japan. Moreover, we
constructed three new probes to amplify variants with single substitutions. Finally, we developed a modi�ed version of the BLV-CoCoMo-qPCR assay––the
BLV-CoCoMo-qPCR-3 assay––that can detect all BLV mutant strains using a mix of wild type and three new BLV TaqMan probes.

Methods

Sample collection and genomic DNA extraction
In 2011 and 2017, ethylenediaminetetraacetic acid-treated peripheral blood samples were corrected from a total of 887 cattle from 27 BLV-positive farms in 13
prefectures of Japan: 633 Holstein, 242 Japanese Black, 10 Jersey, and 2 Brown Swiss (Table 1).
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Genomic DNA was extracted using the Wizard Genomic DNA Puri�cation Kit (Promega Corporation, Tokyo, Japan), according to the manufacturer
instructions.

Quanti�cation of BLV provirus using real-time PCR targeting the BLV LTR gene
BLV PVLs were quanti�ed using BLV-CoCoMo-qPCR-2 (RIKEN Genesis, Kanagawa, Japan) with THUNDERBIRD Probe qPCR Mix (Toyobo, Tokyo, Japan), as
described previously [17, 26, 28]. In brief, a 183 bp sequence of the BLV LTR gene was ampli�ed using the degenerate primer set “CoCoMo-FRW and CoCoMo-
REV” and detected with a 15 bp 6-carboxy�uorescein (FAM)-labeled LTR probe. As the internal control, the BoLA-DRA gene was ampli�ed using the primer set
“DRA-F and DRA-R” and detected with the FAM-labeled DRA probe. Finally, the PVL was calculated using the following formula: (number of BLV LTR
copies/number of BoLA-DRA copies) × 105 cells.

Quanti�cation of BLV provirus using real-time PCR targeting BLV tax
BLV PVL was quanti�ed using the Cycleave PCR system (TaKaRa Bio, Inc., Tokyo, Japan) on the 7500 FAST Real-time PCR System (Life Technologies). Brie�y,
BLV tax was ampli�ed and detected with the FAM-labeled Cycleave probe using the Cycleave PCR BLV detection kit (TaKaRa Bio, Inc., Otsu, Japan). Finally, the
number of copies of provirus per 100 ng of genomic DNA was calculated.

PCR ampli�cation and sequencing of the partial BLV LTR gene
We selected genomic DNA samples that were negative by the BLV-CoCoMo-qPCR assay but positive by the TaKaRa Cycleave PCR assay and sequenced their
LTR genes. In brief, the BLV LTR gene was ampli�ed using single-step PCR with the CoMo-t1F (5 -ACGTCAGCTGCCAGAAAAGCTG-3 ) and CoMo-t1R (5 -
AGCCAGACGCCCTTGGAGCGCG-3 ) primer set. Then, the ampli�ed products were sequenced using the ABI PRISM Big Dye Terminator v 1.1 Ready Reaction
Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) and the CoMo-t2F (5 -CTGGTGACGGCAGCTGGTGGC-3 ) and CoMo-t3R (5 -
TAGAGCTCGCGGTGGTCTCAG-3 ) primer set. Sequencing data were analyzed using GENETYX version 10 (Genetyx Corporation, Tokyo, Japan).

Designing new probes and establishing BLV-CoCoMo-qPCR-3
By sequencing the LTR regions as described above, three types of BLV TaqMan probes (p242, p246, and p253) were newly constructed based on the three
mutations at codon 242, 246, and 253, respectively, in the probe region of BLV-CoCoMo-qPCR-2 corresponding to the nucleotide positions 240–254 of the
whole BLV genomic sequence recorded in GenBank (accession no. EF600696) [41]. These probes were labeled with a �uorescein amidite (FAM) dye, non-
�uorescent quencher (NFQ), and minor groove binder (MGB) probe for enhancing the probe melting temperature. The FAM-LTR probes used were follows: p
wild type (WT), 5 -FAM-CTCAGCTCTCGGTCC-NFQ-MGB-3 ; p242, 5 -FAM-CTTAGCTCTCGGTCC-NFQ-MGB-3 ; p246, 5 -FAM-CTCAGCCCTCGGTCC-NFQ-MGB-
3 ; and p253, 5 -FAM-CTCAGCTCTCGGTTC-NFQ-MGB-3 .

To establish the BLV-CoCoMo-qPCR-3 assay, the ratio of wild type to mutant type probes (pWT:p242:p246:p253) was examined. Brie�y, the probes were mixed
at ratios (in ng) of 200:33:33:33, 150:50:50:50, 100:67:67:67, and 75:75:75:75, and the PVLs in cattle blood genomic DNA samples were quanti�ed to verify
the optimal ratio.

Results
Identi�cation of four single substitutions between residue 240 and 254 in BLV LTR by comparison of BLV-CoCoMo-qPCR-2 targeting the BLV LTR gene and the
TaKaRa Cycleave PCR system targeting the BLV tax gene

The BLV genome is highly conserved and has minor genetic variations [15, 42, 43]. However, some substitutions were recently reported to be present in the LTR
region of BLV [15, 40, 44]. Therefore, to determine whether these substitutions were located in the probe region of BLV-CoCoMo-qPCR-2 corresponding to the
nucleotide positions 240–254 of the LTR regions of BLV, we �rst collected 2115 BLV nucleotide sequences from GenBank (on 14th January, 2020), and 206
LTR sequences were selected according to GenBank annotations. As shown in Fig. 1a, comparison of the 14 LTR sequences with the sequence of the FLK-BLV
strain pBLV913 [41] revealed three mutations at codons 246 (T→C), 252 (T→C), and 253 (C→T) located in the probe region in the LTR of the BLV-CoCoMo-
qPCR-2 assay [15, 39, 40].

Next, to investigate whether these substitutions were really detected in BLV-positive farms in Japan, we screened for genomic DNA samples that were negative
according to BLV-CoCoMo-qPCR targeting the BLV LTR gene but positive according to TaKaRa Cycleave PCR targeting the BLV tax gene and sequenced their
LTR genes. BLV-CoCoMo-qPCR-2 and the TaKaRa Cycleave PCR assay were performed using the same genomic DNA samples obtained from a total of 887
cattle (Table 1): 590 (66.5%) and 575 (64.8%) out of 887 cattle were positive as per BLV-CoCoMo-qPCR-2 and the TaKaRa Cycleave PCR assay, respectively. As
shown in Table 2, 557 samples were positive according to both BLV-CoCoMo-qPCR-2 and the TaKaRa Cycleave PCR assay (+/+), 11 were negative according
to BLV-CoCoMo-qPCR-2 but positive according to the TaKaRa Cycleave PCR assay (-/+), 33 were positive according to BLV-CoCoMo-qPCR-2 but negative
according to the TaKaRa Cycleave PCR system assay (+/-), and 286 were negative according to both BLV-CoCoMo-qPCR-2 and the TaKaRa Cycleave PCR
assay (-/-). Thus, according to the results obtained via both methods, we selected the 11 samples which were negative according to BLV-CoCoMo-qPCR-2 but
positive according to the TaKaRa Cycleave PCR assay, as targets for the sequencing test.

Furthermore, we ampli�ed the genomic DNA extracted from those 11 samples and sequenced the partial BLV LTR gene corresponding to nucleotide positions
57–437 of the whole BLV genomic sequence [41]. We identi�ed three types of single substitution at codons 242, 246, and 253 in the probe region of BLV-
CoCoMo-qPCR-2 (Fig. 1b)––namely, at codon 242 (C→T) for samples M17, M18, and M19; at codon 246 (T→C) for samples Y14, Y20, K4, K16, K25, T2 and
Cb15; and at codon 253 (C→T) for sample K14. Interestingly, two types of mutations at codon 246 (T→C) and at codon 253 (C→T) are �tted to mutations that
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have already been registered in NCBI (Fig. 1a), whereas one type of substitution at codon 242 (C→T) was not registered in NCBI. These three mutant strains
were present at a rate of 1.2% (11 out of 887 samples). By contrast, substitution at codon 252 (T→C), which was registered in NCBI as sample pvAN003
(Fig. 1a), could not be detected in this nationwide survey conducted in 2011 and 2017. Fortunately, we could detect the mutation at the same site in a cow
sample that was collected from the Tochigi prefecture in another survey conducted in 2009.

Ampli�cation curves of BLV-CoCoMo-qPCR-2 using 12 cattle DNAs with the four types of single substitutions at codons 242, 246, 252, and 253

We �rst investigated the ampli�cation curves of 12 genomic DNAs with four types of single substitutions at codons 242, 246, 252, and 253, which were
identi�ed in this nationwide survey, and 252 which was identi�ed in another nationwide survey using BLV-CoCoMo-qPCR-2 (Fig. 2a and b). The ampli�cation
curves of the 11 mutants using a wild type probe (pWT)––such as Y14, Y20, K4, K16, K25, T2 and Cb15 for the mutation at codon 246 (T→C) (Fig. 2a and
2b); K14 for the mutation at codon 253 (C→T) (Fig. 2b); and M17, M18, and M26 for the mutation at codon 242 (C→T) (Fig. 2b)––showed a low-slope rise but
failed to rise. By contrast, the wild-type LTRs of genomic DNA extracted from three BLV-infected cattle (P1–P3) were successfully ampli�ed as well as the
positive control (PC), but not negative control (NC), by wild type probe (Fig. 2a and 2b). By contrast, the genomic sample DNA pvAN003 for mutation at codon
252 (T→C) was slightly ampli�ed by the wild type probe with a PVL of 91,566 copies per 105 cells (Fig. 2c and Table 3).

Our results clearly showed that three out of the four mutations are present in the probe region of the BLV-CoCoMo-qPCR-2 assay, negatively impacting the
sensitivity of BLV-CoCoMo-qPCR-2.

Construction of new three probes to amplify variants with single substitutions at codons 242, 246, and 253

To amplify three BLV variants, such as M242 (for codon 242), M246 (for codon 246), and M253 (for codon 253), three types of BLV TaqMan probes,
designated as p242, p246, and p253, were newly constructed.

When BLV-CoCoMo-qPCR was performed using each single probe and cattle genomic DNAs as shown in Table 3, the ampli�cation curves of each mutant
genomic DNA sample was clearly raised (Fig. 2d-f), unlike that in the original BLV-CoCoMo-qPCR-2 performed using a wild type probe (Fig. 2a-b). For example,
samples Y14, Y20, K4, K16, K25, T2 and Cb15 were successfully ampli�ed by p246 (Fig. 2d) but not by pWT (Fig. 2a), p242 and p253 (Table 3), with PVLs
ranging from 375 to 34,028 copies per 105 cells (Table 3). Samples M17, M18, and M26 were ampli�ed by p242 (Fig. 2e) but not by pWT (Fig. 2b) and p246
(Table 3), with PVLs ranging from 421 to 44,167 copies per 105 cells (Table 3). Sample K14 was ampli�ed by p253 (Fig. 2f) but not by pWT (Fig. 2b) and p246
(Table 3), with a PVL of 15,885 copies per 105 cells (Table 3). In addition, genomic DNA samples extracted from eight BLV-infected cattle carrying wild-type
LTR were successfully ampli�ed, with PVLs ranging from 401 to 91,731 copies per 105 cells using a wild type probe but not p242, p246, and p253 (Table 3). By
contrast, the proviral copy numbers of genomic DNAs extracted from the three BLV-uninfected cattle were estimated to be “0” according to BLV-CoCoMo-qPCR
conducted using all four probes (Table 3). Thus, the PVL of each sample could be quanti�ed at various copy numbers, indicating that the three new BLV
TaqMan probes are more suitable than the wild type probes for the three mutants M242, M246, and M253.

Development of a new BLV-CoCoMo-qPCR-3 assay using mixed probes

To develop a new BLV-CoCoMo-qPCR assay that can detect all BLV mutants as well as maintain the original speci�city, sensitivity, quantitative nature, and
reproducibility, we �rst examined the optimum ratio of the concentration to be mixed with the wild type (pWT) and three new BLV TaqMan probes (p242, p246,
and p253) using genomic DNAs extracted from three cattle (A11, S38, and S33) infected with the wild-type BLV strain and two cattle (Y20 and K25) infected
with M246 variant, which were detected most frequently out of four mutants (Table 4). Four types of mixed probes were used at a ratio as follows:
pWT:p242:p246:p253 = (i) 200:33:33:33 ng, (ii) 150:50:50:50 ng, (iii) 100:67:67:67 ng, and (iv) 75:75:75:75 ng. Wild type BLV-infected cattle A11, which had a
PVL of 1,237 copies ± 137 per 105 cells as determined using the wild type probe, was successfully detected in all of the triplicate PCR ampli�cations
performed using all four types of mixed probes as well as by only using the wild type probe. By contrast, wild-type BLV-infected cattle S38 and S33, which had
PVLs of < 100 copies per 105 cells as determined using the wild type probe, were positive by BLV-CoCoMo-qPCR using mixed probe 200:33:33:33 ng; however,
the S38 cattle were negative for one of triplicate PCR ampli�cations using the other three mixed probes, and S33 was negative for one of the triplicate PCR
ampli�cations using the mixed probe 75:75:75:75 ng. The two BLV-infected cattle (Y20 and K25) carrying the M246 variant were detected by all four types of
mixed probes and not only the wild type probe. In addition, the coe�cient of variation (CV) of the mixed probe 200:33:33:33 ng ranged between 23.1% and
3.6% for BLV PVLs per 105 cells of �ve BLV-infected cattle A11, S38, S33, Y20, and K25, whereas the CVs of three other mixed probes ranged between 74.8%
and 2.8%, indicating 200:33:33:33 ng has less variations than the other three types of mixed probes.

Next, we con�rmed whether the mixed probe 200:33:33:33 is suitable for BLV-infected cattle carrying other BLV variants. As predicted, BLV-infected cattle M17,
M18, and M26, which have a M242 variant, K14, which have a M253 variant, and pvAN003, which have an M252 variant, were detected in all the triplicate PCR
ampli�cations using the mixed probe 200:33:33:33 ng, and their CVs showed less variation (between 10.9% and 1.0%). By contrast, the BLV-uninfected cattle
Y1 was estimated to have a value of “0” by BLV-CoCoMo-qPCR using the mixed probe 200:33:33:33 (Table 4).

Thus, based on the new BLV-CoCoMo-qPCR assay performed using a concentration ratio of the four probes, the mixed probe 200:33:33:33 was selected as the
optimal probe for the detection of all mutant BLV strains, and this was designated as the “BLV-CoCoMo-qPCR-3” assay.

Reproducibility of the new BLV-CoCoMo-qPCR-3 assay

To verify the reproducibility of the new BLV-CoCoMo-qPCR-3 assay for the quanti�cation of BLV PVLs, we performed intra- and inter-assays using the genomic
DNA from six cattle infected with the wild-type strain and two cattle infected with BLV variants at codon 246 (Table 5). We performed triplicate PCR
ampli�cations for each sample and repeated the same assay thrice to determine the intra-assay reproducibility. The intra-assay CV for BLV PVLs per 105 cells
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ranged from 0.4–13.4% (mean 4.9%). We also performed three independent experiments with each sample to determine the inter-assay reproducibility. The
inter-assay CV for BLV PVLs per 105 cells ranged from 1.5–15.1% (mean 6.5%). These results suggest that the intra- and inter-assay reproducibility of the new
BLV-CoCoMo-qPCR-3 assay is high.

A comparison of the sensitivity of the new BLV-CoCoMo-qPCR-3 assay with that of the original BLV-CoCoMo-qPCR-2 assay for the detection of the BLV
provirus

We also compared the sensitivity of the new BLV-CoCoMo-qPCR-3 compared to that of BLV-CoCoMo-qPCR-2 for the detection of the BLV provirus using an
infectious full-length molecular clone of BLV (pBLV-IF2)[45] (Table 6). We performed a two-fold dilution of the pBLV-IF and adjusted the proviral copy numbers
from 100 to 0.1953125 per 105 cells in 10 steps and then performed triplicate PCR ampli�cations and veri�ed the percentage of successful detection. Both
methods showed exactly the same detection rate and detected 100% (3/3) of BLV-IFs when present at ≥ 0.78125 copies, 67% (2/3) when present at 0.390625
copies, and 33% (1/3) when present at 0.1953125 copies. These results indicate that BLV-CoCoMo-qPCR-3 as sensitive and reproducible as the original BLV-
CoCoMo-qPCR-2 assay in the detection of the low BLV proviral copy numbers.

Evaluation of the sensitivity of the new BLV-CoCoMo-qPCR-3 assay compared with that of the original BLV-CoCoMo-qPCR-2 assay

We examined the correlation between the quantitative values of the proviral loads using the new BLV-CoCoMo-qPCR-3 and the BLV-CoCoMo-qPCR-2 assay
with 100 genomic DNA samples (95 samples were infected with wild-type BLV strain and 5 samples were uninfected). The coe�cient of correlation for both
methods was 0.99 and the slope was 0.95 (Fig. 3). This result clearly demonstrated that the quantitative values of the new BLV-CoCoMo-qPCR-3 and the BLV-
CoCoMo-qPCR-2 assay were highly correlated.

Discussion
Here we developed a new real-time PCR assay that allows the quanti�cation of all mutant BLV strains. Recently, it was reported that some substitutions are
present in the nucleobase of the probe region of the BLV-CoCoMo-qPCR-2 assay [15, 39, 40]. If the BLV-CoCoMo-qPCR-2 assay is not improved, it will be
impossible to fully detect animals infected with these variants and will lead to the spread of infection within the farm. Thus, improving the BLV-CoCoMo-qPCR-
2 assay is important to prevent BLV infection or to eradicate BLV as soon as possible. In this study, we found three mutations at codons 246, 252, and 253
located in the probe region of the BLV-CoCoMo-qPCR-2 LTR regions of BLV by the alignment of 206 BLV LTR nucleotide sequences, which were registered in
NCBI (January 14, 2020). Based on a nationwide survey conducted in 2011 and 2017, we con�rmed that three BLV variants (M242, M246, and M253) are
actually present in the probe region of the BLV-CoCoMo-qPCR-2 assay in 11 BLV-infected cattle that were all negative by the BLV-CoCoMo-qPCR assay
targeting the BLV LTR gene but positive by the TaKaRa Cycleave PCR assay targeting the BLV tax gene. Thus, this nationwide survey showed that single
substitutions in the probe region of the BLV-CoCoMo-qPCR-2 assay were present at a rate of 1.2% (11 out of 887 samples). Next, we found an M252 variant
which was registered in NCBI; however, we could not detect this in the nationwide survey, in a cow sample that was collected from the Tochigi prefecture in
another survey conducted in 2009 [39]. Therefore, we investigated the ampli�cation curves of 12 genomic DNAs with a single substitution and clearly showed
that three out of four mutations negatively affected the sensitivities of the BLV-CoCoMo-qPCR-2. Thus, we developed a BLV-CoCoMo-qPCR-3 assay that is able
to detect various BLV strains having substitutions located in the probe region of BLV-CoCoMo-qPCR-2 and corresponding to nucleotide positions 240–254 of
the LTR regions of BLV.

The BLV-CoCoMo-qPCR-3 assay used a mix of three kind of probes corresponding to three mutations at codons 242 (C→T), 246 (T→C), and 253 (C→T),
excluding one variant (pvAN003) with a substitution at codon 252 (T→C). Because the genomic DNA with only the M252 variant among four variants was
clearly ampli�ed by the BLV-CoCoMo-qPCR-2 assay using the wild type probe (Fig. 2c), we did not synthesize a new probe corresponding to this mutation. The
nucleobase of T at codon 252 that is present at the third place from the 3  side in the probe region of BLV-CoCoMo-qPCR-2 was mutated to C. Because C is
known to have a stronger binding energy than T [46], the nucleobase was mutated from T to C, resulting in stronger binding. In addition, since the mutant
position is much closer from the 3  side of probe, the binding of the probe from the 5  side is not affected. This is why this strain could be clearly ampli�ed
using the BLV-CoCoMo-qPCR-2 assay.

To create a new BLV-CoCoMo-qPCR assay, the ratio of mixing four types of probes (pWT:p242:p246:p253) was examined. The veri�cation test was conducted
by mixing the three types of mutant probes with the wild type probe (pWT:p242:p246:p253) in four different ratios (in ng; 200:33:33:33; 150:50:50:50;
100:67:67:67; and 75:75:75:75) and selected BLV-CoCoMo-qPCR-3 [probe ratio (in ng): 200:33:33:33] as the best assay (Table 4). When the mixing ratios of
the probes corresponding to variants were increased, it could not be detected one or two in triplicate PCR ampli�cations when repeatedly quanti�ed using the
genomic DNA (wild type strain) with low proviral loads (Table 4). Our results showed that among the BLV-infected cattle from all over Japan, approximately
99% were infected with the wild-type strain, whereas only approximately 1% were infected with the variants mentioned above. Therefore, when making the
mixed type of probe, adding a large proportion of the wild-type is important to maintain the sensitivity and reproducibility similar to those of the BLV-CoCoMo-
qPCR-2 assay, considering the ratio (200:33:33:33) of the four types of probes is optimal in the BLV-CoCoMo-qPCR-3 assay. In addition, we observed su�cient
intra- and inter-assay reproducibility of a new BLV-CoCoMo-qPCR-3 assay for the diagnosis using eight infected animals. The assay CV between each sample
(0.4–13.4%) and between each experiment (1.5–15.1%) (Table 5) was as good as that for the BLV-CoCoMo-qPCR-2 assay (4.8–11.8%, and 9.0%, respectively),
as shown in previously [26]. Furthermore, this assay showed the same detection sensitivity for provirus (Table 6) and high correlation of quantitative nature for
PVLs with BLV-CoCoMo-qPCR-2, as shown previously [26] (Fig. 3). Collectively, the BLV-CoCoMo-qPCR-3 assay is a useful tool that enables the simultaneous
detection and quanti�cation of the PVLs of all BLV variants.

In general, viruses have been continuously mutating and generating novel strains throughout the evolution process [47]. The mutation rate of retroviruses,
such as HIV-1, was estimated to be 1.62 × 10− 2 nucleotides per site per year [48], whereas that of RSV was estimated to be 1.4 × 10− 4 nucleotides per
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replication cycle [49] and that of BLV as 9 × 10− 5 and 3.4 × 10− 4 nucleotides per year for env gene and LTR, respectively [43]. To achieve persistence through
evolution strategies, BLV may be able to avoid immunological surveillance and remain dormant in the infected host [43]. To overcome the possibility of newly
emerging variants, it is very important to improve the assay’s sensitivity from time to time. Yang et al. (2014) [50] detected several new mutations that were
located in the primer and probe regions of real-time PCR assays commonly used for human in�uenza A viruses and then established a new real-time PCR
assay using degenerate nucleotide bases in both the primer and probe, successfully increasing the sensitivity enough to detect new variants of human
in�uenza A viruses. Guillaume et al. (2009) [51] established a single-tube, multiplex, real-time PCR assay using mixed primers and probes to simultaneously
detect, differentiate, and quantify the PVLs of HTLV-1, 2, and 3 and simian T-cell leukemia virus types 1 and 3 (STLV-1 and 3). Britta et al (2009) [52] also
developed a multiplex real-time PCR assay using mixed primers and probes to simultaneously detect, genotype, and quantify the PVLs of HTLV-1, 2, and 3.
Here, it was possible to amplify all BLV strains using degenerate primers designed in our original BLV-CoCoMo-qPCR-2 assay, and the mixed type of probe was
used in a new BLV-CoCoMo-qPCR-3 assay. Thus, our method may be useful for detecting severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
which was initially reported in December 2019 in Wuhan, China [53] and been rapidly spreading around the world, imposing negative consequences for the
healthcare system and the overall population. Thus, during the evolution of pathogens in both humans and animals, there is a risk that humans will eventually
be affected unless the existing epidemiological and molecular biology techniques are improved from time to time.

BLV infection is causing serious economic damage to the cattle industry. The infection continues to spread gradually as there are no effective treatments or
vaccines. It is hoped that BLV infection will be prevented or eradicated from farms as soon as possible. Currently, BLV-CoCoMo-qPCR-3 is considered a highly
speci�c, accurate, and sensitive tool that can detect all BLV strains. We are uncertain of the possibility of new mutations occurring in the nucleobase of the
probe region of BLV-CoCoMo-qPCR-3 in the near future. To avoid this possibility, we will discuss degenerate probe synthesis for BLV-CoCoMo-qPCR assay or
the development of a new real-time PCR assay targeting different BLV genome sequence regions without mutations.

Conclusion
We established an improved mixed-probe BLV-CoCoMo-qPCR-3 assay, which successfully ampli�ed all BLV strains, using mixed type of probes to overcome
the newly generated mutations located in the probe regions. This method is a useful tool for preventing the spread of BLV infection because it maintains high
sensitivity and reproducibility and can detect all mutant strains.

Abbreviations
Bovine leukemia virus (BLV), human T-leukemia virus types 1 and 2 (HTLV-1 and -2), enzootic bovine leucosis (EBL), proviral load (PVL), coordination of
common motifs (CoCoMo), long terminal repeat (LTR), bovine leukocyte antigen (BoLA), �uorescein amidite (FAM), non-�uorescent quencher (NFQ), minor
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Tables
Table 1 

Detection of BLV provirus with BLV-CoCoMo-qPCR-2 and TaKaRa-Cycleave qPCR assays.
Years   2011 2017

Regions   Okinawa Mie Shiga Gifu Ishigawa Shizuoka Kanagawa Chiba Niigata Yamagata Miyagi Tochigi

Farms   a b a b a b a b a b a b a b a b a b a b a b a

Cattle No.   20 30 30 20 30 20 30 20 30 20 33 30 30 30 30 19 30 20 30 20 30 20 30

BLV-
CoCoMo-
qPCR-2a

+c 23 18 24 5 20 12 17 18 29 3 11 4 14 26 28 11 23 16 25 9 20 20 16

- 7 2 6 15 10 8 13 2 1 17 22 26 16 4 2 8 7 4 5 11 10 0 14

Takara-
Cycleave
qPCRb

+ 20 18 27 5 19 11 17 18 27 4 11 4 15 25 28 11 23 15 21 9 16 16 17

- 10 2 3 15 11 9 13 2 3 16 22 26 15 5 2 8 7 5 9 11 14 4 13

a BLV-CoCoMo-qPCR-2 (Takeshima et al., 2015) was used to detect for the BLV LTR genes. b Cycleave PCR BLV detection kit (TaKaRa Bio inc.) was used to
detect for the BLV tax gene. c “+” and “-” represent the judgment results by two assays are positive and negative, respectively.

 

Table 2  
Comparison of the detection of BLV provirus with the BLV-CoCoMo-qPCR-2 and

Takara-Cycleave PCR assays.
Detection of BLV provirus Samples No. / Total No.

BLV-CoCoMo-qPCR-2a Takara-cycleave qPCRb

+c + 557 / 887

- + 11 / 887

+ - 33 / 887

- - 286 / 887

a BLV-CoCoMo-qPCR-2 (Takeshima et al., 2015) was used to detect for the BLV LTR genes. b Cycleave PCR BLV detection kit (TaKaRa Bio inc.) was used to
detect for the BLV tax gene. c “+” and “-” represent the judgment results by two assays are positive and negative, respectively.
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Table 3 
Quanti�cation of the BLV proviral load with the BLV-CoCoMo-qPCR assay using different types of probes.

BLV mutanta Samples ID PVL quanti�ed by CoCoMo-qPCR with four types of probesb

pWT p242 p246 p253

M242:   CTTAGCTCTCGGTCC M18 0 44167 0 nt

M26 0 1009 0 nt

M17 0 421 0 nt

M246:   CTCAGCCCTCGGTCC Y14 0 0 34028 0

T2 0 0 30604 0

Y20 0 0 26220 0

K16 0 0 22500 0

K4 0 0 20000 0

K25 0 0 5943 0

Cb15 0 ntc 375 nt

M252:   CTCAGCTCTCGGCCC pvAN003 91566 nt nt nt

M253:   CTCAGCTCTCGGTTC K14 0 nt 0 15885

WT:    CTCAGCTCTCGGTCC T43 91731 0 0 0

T41 41754 0 0 0

K7 21667 0 0 0

K4 15855 0 0 0

Ta2 13962 0 0 0

Ka2 5566 0 0 0

T1 1182 0 0 0

T112 401 0 0 0

Uninfected K1 0 0 0 0

K9 0 0 0 0

T51 0 0 0 0

a M242, M246, M252, and M253 represent the four types of single mutation at codons 242 (C→T), 246 (T→C), 252 (T→C) and 253 (C→T) in the probe region
between residue 240 and 254 of the BLV-CoCoMo-qPCR-2 in the BLV LTR genes, respectively. b pWT, p242, p246, and p253 represent the wild type (WT) of
probe and three new types of probes designed for each type of BLV variants (M242, M246, and M253). PVL represent the BLV proviral loads in 105 cells. c nt,
not test.
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Table 4  
Quanti�cation of the BLV proviral load with the BLV-CoCoMo-qPCR assay using wild and mixed probes.

Ratio, conc. (ng) pWT pWT: p246: p242: p253c

300 ng 200: 33: 33: 33 ng 150: 50: 50: 50 ng 100: 67: 67: 67 ng 75: 75: 75: 75 ng

LTRa Sample PVL Avg.
±SD

CV PVLb Avg.
±SD

CV PVL Avg.
±SD

CV PVL Avg.
±SD

CV PVL Avg.
±SD

WT          A11 1079     1202     1298     1297     1459  

1316 1237
±
137

9.0 1202 1260 ±
101

6.6 1316 1342
± 61

3.7 1604 1441
± 154

8.7 1604 1462
± 140

1316     1377     1412     1423     1324  

S33 69     77     100     150     98  

57 72 ±
17

18.9 94 83 ± 10 9.4 58 78 ±
21

22.1 125 91 ±
80

71.6 93 97 ±
3.3

90     78     76     0     100  

S38 24     67     0     94     76  

26 33 ±
11

33.9 39 51 ± 15 23.1 59 41 ±
36

70.9 0 57 ±
50

71.8 51 42 ±
39

49     47     65     76     0  

M246 Y20 0     24444     24537     25596     27248  

0 0 ± 0 0.0 26296 25741
± 1226

3.6 26574 25679
±
1040

3.3 24679 25627
± 964

3.1 24037 24893
±
2064

0     26481     25926     26606     23394  

K25 0     5283     4874     5171     4886  

0 0 ± 0 0.0 4874 5157 ±
246

3.9 5236 5110
± 205

3.3 5423 5184
± 232

3.7 5203 4962
± 214

0     5315     5220     4959     4797  

M242            M18       53539                    

nt     52584 51236
± 3198

6.2 nt     nt     nt  

      47584                    

M26       1078                    

nt     990 1013 ±
57

5.7 nt     nt     nt  

       971                    

M17       403                    

nt     382 379 ±
26

6.8 nt     nt     nt  

      351                    

M252 pvAN003       104828                    

nt     105517 104598
± 1053

1.0 nt     nt     nt  

      103448                    

M253 K14       15973                    

nt     15537 14832
± 1613

10.9 nt     nt     nt  

       12987                    

Neg Y1       0                    

nt     0 0 ± 0 0.0 nt     nt     nt  

      0                    
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a LTR represent long terminal repeated genes of BLV; WT (wild type), M242, M246, M252 and M253 represent no mutation and single mutation codons 242
(C→T), 246 (T→C), 252 (T→C) and 253 (C→T) in the probe region of the BLV-CoCoMo-qPCR-2 in the LTR genes, respectively. Neg represent the cattle
uninfected (negative) by BLV. b PVL represent proviral loads in 105 cells from triplicate PCR ampli�cations from each sample; Avg represent standard
deviation; SD represent the average PVL; CV represent coe�cient of variation between each experiment. nt represent not test. c pWT, p242, p246 and p253
represent the wild type (WT) of probe and three new types of probes designed for each type of mutant (M242, M246 and M253).

 

Table 5  
Intra- and inter-assay reproducibility of the BLV-CoCoMo-qPCR-3 assay using probe mixed at ratio of 200:33:33:33.

PVL by

pWT or p246 (300 ng)

PVL by pWT: p242: p246: p253b 200: 33: 33: 33 ng  

     Exp.1      Exp.2      Exp.3 Intra-assayd Inter assaye

LTRa ID     Avg.±SDc    Avg.±SD    Avg.±SD    Avg.±SD Exp.1 Exp.2 Exp.3  Exp.1 3

WT A10 20222 ± 329 20736 ± 3391 19065 ± 1345 18903 ± 1605 13.4 5.8 6.9 4.2

A25 10046 ± 413 9801 ± 414 9851 ± 224 9520 ± 358 3.4 1.9 3.1 1.5

T71 6684 ± 146 5806 ± 222 5479 ± 242 5534 ± 244 3.1 3.6 3.6 2.6

S48 610 ± 136 698 ± 94 669 ± 10 544 ± 51 11.0 1.2 7.7 10.5

S9 ntf 368 ± 2 366 ± 29 416 ± 58 0.4 6.5 11.4 6.1

S33 148 ± 20 83 ± 8 63 ± 2 91 ± 6 9.4 2.7 6.3 15.1

M246 Y20 27535 ± 379 23578 ± 1456 25413 ± 734 27453 ± 555 5.0 2.4 1.7 6.2

K25 nt 6141 ± 109 5081 ± 166 5688 ± 177 1.5 2.7 2.5 5.6

a LTR represent long terminal repeated genes of BLV; WT (wild type) and M246 represent the no mutation and single mutation at codon 246 (T→C) in the
probe region between residue 240 and 254 of the BLV-CoCoMo-qPCR-2 in the BLV LTR genes, respectively.

b pWT, p242, p246 and p253 represent the wild type (WT) of probe and three new types of probes designed for each type of mutant (M242, M246 and M253). c

Values represent the average ± standard deviation (SD) of BLV proviral loads (PVL) in 105 cells from triplicate PCR ampli�cations from each sample. d Intra-
CV: Coe�cient of variation between each sample. e Inter-CV: Coe�cient of variation between each experiment. f nt represent not test.

 

Table 6  
Comparison between BLV proviral detection with the original
BLV-CoCoMo-qPCR-2 assay and the new BLV-CoCoMo-qPCR-

3 assay.
BLV (pBLV-IF2)
(copy numbers)

CoCoMo-qPCR-2a CoCoMo-qPCR-3b

100 3 / 3c 3 / 3

50 3 / 3 3 / 3

25 3 / 3 3 / 3

12.5 3 / 3 3 / 3

6.25 3 / 3 3 / 3

3.125 3 / 3 3 / 3

1.5625 3 / 3 3 / 3

0.78125 3 / 3 3 / 3

0.390625 2 / 3 2 / 3

0.1953125 1 / 3 1 / 3

0 0 / 3 0 / 3

a BLV LTR genes were detected by BLV-CoCoMo-qPCR-2 (Takeshima et al., 2015).

b BLV LTR genes were detected by BLV-CoCoMo-qPCR-3. c Number detected per number tested.
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Figure 1

Alignment of partial nucleotide sequences of BLV LTR genes from a total 14 strains in GenBank. (a) A total of 11 strains were detected in this nationwide
survey conducted in 2011 and 2017 (b). BLV isolates from this nationwide survey sample were submitted to GenBank [accession numbers: LC532162 (M17),
LC585344 (M18), LC585346 (M26), LC585348 (Y14), LC585349 (Y20), LC585345 (K4), LC532161 (K16), LC585347 (K25), LC585350 (T2), LC585351 (Cb15),
and LC585352 (K14)]. (a) Representation of three types of single mutations at codons 246 (T→C), 252 (T→C), and 253 (C→T) in the probe region between the
residue 240 and 254 of the BLV-CoCoMo-qPCR-2 in the BLV LTR genes from the 14 BLV LTR nucleotide sequences from GenBank. (b) Representation of the
three types of single mutations at codons 242 (C→T), 246 (T→C), and 253 (C→T) in the probe region between residue 240 and 254 of the BLV-CoCoMo-qPCR-
2 in the BLV LTR genes in the 11 BLV LTR nucleotide sequences in this nationwide survey. Dots indicate identity with FLK-BLV strain pBLV913 (accession
number: EF600696) [41].
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Figure 2

Ampli�cation curves of cattle genomic DNA by BLV-CoCoMo-qPCR assays using wild-type and three new BLV TaqMan probes. (a-c) The results by CoCoMo-
qPCR-2 using wild type probe, and (d-f) the results by CoCoMo-qPCR using one of the three new probes p242, p246, and p253 corresponding to each mutant
strain. The shapes of the ampli�cation curves were different between genomic DNAs that were extracted from BLV-infected cattle, with wild-type and variants
with four types of single mutation at codons 242 (C→T), 246 (T→C), 252 (T→C), and 253 (C→T) in the probe region of the BLV-CoCoMo-qPCR-2. P1, P2, and
P3 were infected with the wild-type strain, whereas M17, M18, and M26 were infected with the strain with single mutation at codons 242 (C→T) and Y14,Y20,
K4, K16, K25, T2 and Cb15 were infected with the strain with single mutations at codons 246 (T→C). pvAN003 was infected with the strain with single
mutation at codons 252 (T→C), and K14 was infected with the strain with single mutation at codons 253 (C→T). PC and NC were the positive and negative
control, respectively.
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Figure 3

Correlation between the proviral loads of 100 samples that were judged using the original BLV-CoCoMo-qPCR-2 with a wild type probe and the new BLV-
CoCoMo-qPCR-3 assay using a mix of four probes.


