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Abstract 20 

A combined host biomarker and pathogen diagnosis provides insight into disease progression 21 

risk and contributes to appropriate clinical decision-making regarding prevention and 22 

treatment. In preventive veterinary medicine, such combined diagnosis could improve risk-23 

based livestock herd management. We developed a single-well based test for combined 24 

diagnosis of bovine leukemia virus (BLV) and bovine MHC (BoLA)-DRB3 alleles. A fourplex 25 

droplet digital PCR method targeting the BLV pol gene, BLV-susceptible DRB3*016:01 26 

allele, resistant DRB3*009:02 allele, and housekeeping RPP30 gene (IPATS-BLV) 27 

successfully measured the percentage of BLV-infected cells and determined allele types 28 

precisely. Furthermore, it discriminated homozygous from heterozygous carriers. Using this 29 

method to determine the impact of carrying these alleles on the BLV proviral load (PVL), we 30 

found DRB3*009:02-carrying cattle could suppress the PVL to a low or undetectable level, 31 

even with the presence of a susceptible allele. Although the population of DRB3*016:01-32 

carrying cattle showed significantly higher PVLs when compared with cattle carrying other 33 

alleles, their individual PVLs were highly variable. Because of the simplicity and speed of 34 

this single-well assay, IPATS could be a suitable platform for the combined diagnosis of host 35 

biomarkers and pathogens in a wide range of other systems. 36 
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Background 38 

Owing to decades of effort associating genetic information with disease risk, genomic risk 39 

prediction is now being implemented clinically (Abraham & Inouye, 2015; Lewis & Vassos, 40 

2020). It contributes to clinician decision-making regarding disease treatment and prevention, 41 

and it provides more flexible customized treatment for patients. Overcoming the threat of 42 

infectious disease requires an accurate risk prediction of the disease severity for individuals. 43 

However, even among those harboring disease-related biomarkers, many of which have been 44 

identified in population level studies, disease progression and its outcome vary because of the 45 

highly complex and dynamic host–pathogen interactions that occur during infection (Ellner et 46 

al., 2021; Zhang et al., 2022). A combined diagnosis that encompasses genomic risk 47 

prediction and pathogen identification is one potential solution for overcoming the 48 

heterogeneity of individual infection and would provide deeper insight into an individual’s 49 

infectious status. 50 

Human leukocyte antigen (HLA; major histocompatibility complex (MHC) in humans), 51 

proteins on the surface of cells are involved with the regulation of innate immunity and 52 

antigen presentation (Neefjes et al., 2011; Wieczorek et al., 2017). The HLA haplotype is 53 

informative for predicting the strength of an individual’s immune responses against pathogens 54 

and is a useful indicator of disease susceptibility (Augusto & Hollenbach, 2022; Matzaraki et 55 

al., 2017). The impact of differing immune capacity against viral replication could result in 56 

the emergence of a rare population with highly transmissibility to others (super spreaders). 57 

Additionally, high immune capacity can suppress an individual’s viral load to levels 58 

undetectable by diagnostic testing (e.g., elite controllers in human immunodeficiency virus 59 

studies). In viral infections, the viral load is diagnostically important because it acts as an 60 

indicator of disease severity (Fajnzylber et al., 2020; Granados et al., 2017; Yamano et al., 61 

2002) and transmissibility (Attia et al., 2009; Marc et al., 2021; Marks et al., 2021). 62 

Determining both the HLA haplotype and viral load has the benefit of accurately identifying 63 
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infection susceptible/severe disease patients and infection resistant/mild disease patients. Such 64 

information supports the prioritization of intensive medicine and vaccination to the at-risk 65 

population. 66 

There is a critical need of diagnostics that determine the genomic risk prediction and quantity 67 

of pathogens for livestock infectious diseases. The eradication of highly contagious diseases, 68 

such as foot and mouth diseases (Knight-Jones & Rushton, 2013) and African swine fever 69 

(Mason-D’Croz et al., 2020), and of chronic, untreatable diseases, such as paratuberculosis 70 

(Johne’s disease) (Garcia & Shalloo, 2015) and bovine leukemia virus (BLV) infection 71 

(Pelzer, 1997), is an unavoidable challenge to assure future food production. These diseases 72 

are listed as notifiable terrestrial animal diseases by the World Organization for Animal Health 73 

(World Organization of Animal Health, 2022). The latter diseases are difficult to control 74 

because of their silent spread, owing to the lack of clinical signs, and the unfeasibility of 75 

culling of all infected animals, owing to the high prevalence worldwide (Polat et al., 2017; 76 

Whittington et al., 2019). To control these diseases while preserving as many animals as 77 

possible, identifying and isolating susceptible super spreader animals and maintaining 78 

disease-resistant animals via selective breeding is a reasonable approach. 79 

BLV belongs to the genus Deltaretrovirus in the Retroviridae family, and it has a genomic 80 

structure and properties similar to those of human T-lymphotropic virus type 1 (Aida et al., 81 

2013). BLV causes production issues in livestock farms by reducing the milk and meat 82 

productivity of infected cattle (Nakada et al., 2022; Ott et al., 2003). Furthermore, just under 83 

10% of BLV-infected cattle develop a malignant B-cell lymphoma called enzootic bovine 84 

leukosis (EBL) upon lifelong infection (Burny et al., 1988). As there are no effective 85 

treatments or vaccines for BLV infection (Barez et al., 2015), an appropriate intervention to 86 

prevent the spread of this virus is needed. BLV transmits via the direct transfer of infected 87 

blood, so the proviral load (PVL) is a determinant of transmissibility. Previous research 88 

revealed an association between exon 2 of the bovine MHC (BoLA)-DRB3 gene (DRB3) and 89 
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the BLV PVL. In the Japanese Black species of cattle, having DRB3*016:01 is associated 90 

with a high PVL (HPL) of BLV; thus, this allele is considered to be a BLV susceptibility gene 91 

(Lo et al., 2021; Miyasaka et al., 2013). In contrast, having DRB3*009:02 is strongly 92 

associated with a low PVL (LPL) of BLV in the Japanese Black and Holstein species of cattle; 93 

thus, this allele is considered to be a BLV resistance gene (Carignano et al., 2017; El Daous et 94 

al., 2021; Hayashi et al., 2017; M. A. Juliarena et al., 2008; Lo et al., 2021; Miyasaka et al., 95 

2013; Takeshima et al., 2019). To provide a method for identifying BLV-susceptible super 96 

spreaders and BLV-resistant elite controllers more easily and rapidly, we developed a single-97 

well droplet digital PCR (ddPCR)-based measurement system for the BLV PVL, 98 

DRB3*016:01 allele, and DRB3*009:02 allele. 99 

 100 

Results 101 

Single-well measurement of BLV PVL, DRB3*016:01, and DRB3*009:02 102 

This study aimed to design a method for easily and rapidly identifying BLV-susceptible super 103 

spreaders (DRB3*016:01-carrying cattle with a HPL of BLV) and BLV-resistant elite 104 

controllers (DRB3*009:02-carrying cattle with an undetectable PVL). We developed a 105 

fourplex ddPCR targeting the BLV pol gene, DRB3*016:01 allele, DRB3*009:02 allele, and 106 

housekeeping gene RPP30, named IPATS (Identifying Pathogen and Allele Type 107 

Simultaneously)-BLV (Figure 1A–1H). This assay consists of a multiplex TaqMan assay 108 

using seven primers, including two locked nucleic acid (LNA) primers, and four TaqMan 109 

probes in a single well (Tables S1 and S2). By modulating the amplicon length and 110 

primer/probe concentration in the reaction mixture, we succeeded at detecting two targets in 111 

the same color with separate fluorescence magnitudes in the PCR-positive droplet (Levy et 112 

al., 2021; Miotke et al., 2014). When a droplet contains a DRB3*016:01 allele or/and 113 

DRB3*009:02 allele, which we set to be detected by a low-concentration probe 114 

(approximately 200 bp of amplicon), the droplet exhibits a low level of FAM or/and HEX 115 
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color, respectively, in our TaqMan assay. When a droplet contains a BLV pol gene or/and 116 

RPP30, which we set to be detected by a high-concentration probe (approximately 100 bp of 117 

amplicon), the droplet exhibits a high level of FAM or/and HEX color, respectively, in our 118 

TaqMan assay. When a droplet contains both DRB3*016:01 and the BLV pol gene (i.e., low 119 

and high levels of FAM color) or DRB3*009:02 and RPP30 (i.e., low and high levels of HEX 120 

color), a cluster showing a very high level of color is observed (Figure 1D–1F). This assay 121 

visualizes the properties of BLV PVL, DRB3*016:01 allele presence, and DRB3*009:02 122 

allele presence in samples via the FAM and HEX amplitude cluster patterns of droplets 123 

(Figure 1F). We used the percentage of BLV-infected cells as an indicator of the BLV PVL. 124 

We could calculate the percentage of BLV-infected cells by dividing the number of BLV-125 

positive droplets by half of the number of RPP30-positive droplets. Furthermore, this assay 126 

can determine the heterozygosity or homogeneity of DRB3*016:01 and DRB3*009:02 by 127 

dividing the number of DRB3*016:01/*009:02-positive droplets by the number of RPP30-128 

positive droplets. 129 
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 130 

Figure 1. Workflow of IPATS-BLV 131 

The work flow is indicated from a to f. (A) DNA extraction from bovine whole blood. (B) 132 

Addition of DNA samples to the reaction mixture. (C) Generation of droplets for partitioning 133 

the sample DNA. (D) Fourplex TaqMan Assay of the droplets. (E) Determination of the 134 

florescence magnitude. (F) 2D amplitude indicating the position of droplet clusters according 135 

to the fluorescence magnitude. (G) 2D amplitude pattern of a BLV-susceptible super spreader. 136 

(H) 2D amplitude pattern of a BLV-resistant elite controller. 137 
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As shown in Figure 2A–2I, IPATS-BLV produces a variety of cluster patterns of FAM and 139 

HEX fluorescence intensity in 2D amplitude. BLV-susceptible super spreaders produce the 140 

cluster patterns shown in Figure 2D and 2C (Figure 2C displays the pattern produced by 141 

DRB3*016:01/*009:02-carrying cattle with a HPL of BLV). In contrast, BLV-resistant elite 142 

controllers produce the cluster patterns shown in Figure 2B and 2D (Figure 2D displays the 143 

pattern produced by DRB3*016:01/*009:02-carrying cattle with an undetectable PLV of 144 

BLV). DRB3*016:01-carrying cattle with an undetectable PVL of BLV produce the pattern 145 

shown in Figure 2E. When cattle carry neither the DRB3*016:01 allele nor the DRB3*009:02 146 

allele, those with a HPL, LPL, or undetectable PVL of BLV produce the cluster patterns 147 

shown in Figure 2F, 2G, and 2H, respectively. Figure 2I displays the pattern produced by 148 

cattle that are negative for all the target genes. A 1D amplitude of these patterns is provided in 149 

Figure S1A-S1I. 150 
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 151 

Figure 2. Cluster patterns in IPATS-BLV 2D amplitudes 152 

Cluster patterns of IPATS-BLV of eight cattle with different possession of DRB3*016:01, 153 

DRB3*009:02 and BLV provirus, and water is shown. Each droplet produces each different 154 

FAM and HEX fluorescence magnitude in TaqMan assay, reflecting a presence of targeting 155 

genes within droplet. Droplets makes clusters according to the similarity of fluorescence 156 

magnitude. The divisions of clusters are indicated by different color of droplets. (A) BLV-157 

susceptible super spreader. (B) BLV-resistant elite controller. (C) Mixed population of 158 

DRB3*016:01/*015:01-carrying cattle with a HPL of BLV and DRB3*009:02/*015:01-159 

carrying cattle (presumably DRB3*009:02/*016:01 heterozygous with detectable BLV 160 

provirus). (D) DRB3*009:02/*016:01 heterozygous cattle with undetectable BLV provirus. 161 

(E) DRB3*016:01-carrying cattle with undetectable BLV provirus. (F) Other allele-carrying 162 

cattle with a HPL of BLV. (G) Other allele-carrying cattle with a LPL of BLV. (H) Other 163 

allele-carrying cattle with undetectable BLV provirus. (I) Water. 164 
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Digital allele typing with high accuracy 166 

To assess the accuracy of the DRB3*016:01 and DRB3*009:02 genotyping by our new 167 

method, we performed IPATS-BLV on 58 bovine genomic DNA samples with DRB3 allele 168 

variation. These samples were previously genotyped using combined PCR-Restriction 169 

Fragment Length Polymorphism (RFLP)-sequencing (El Daous et al., 2021; Notsu et al., 170 

2022; Van Eijk et al., 1992). A total of 21 DRB3 alleles were identified by this previous 171 

analysis (Table S3). Among these samples, IPATS-BLV successfully discriminated seven 172 

samples with DRB3*016:01 alleles and 14 samples with DRB3*009:02 alleles by calculating 173 

the ratio of the number of DRB3*016:01-positive (DRB3*016:01 ratio) and DRB3*009:02-174 

positive (DRB3*009:02 ratio) droplets to the number of RPP30-positive droplets (Table 1 - 175 

Table S3). Five of these samples were DRB3*016:01/*009:02 heterozygous. The 176 

DRB3*016:01 and DRB3*009:02 ratio was 0.4646 (standard error (SE): ±0.01087) and 177 

0.4658 (SE: ±0.00779), respectively. Because we rounded the values of the DRB3*016:01 and 178 

DRB3*009:02 ratios of samples carrying other alleles to two decimal places to suppress the 179 

effect of noise, all these samples had values of 0.0 for their ratios, except for a sample 180 

carrying heterozygous DRB3*037:01/*044:01 (yellow-highlighted in Table S3) which had a 181 

DRB3*016:01 ratio value of 0.2. Thus, IPATS-BLV had a 100% diagnostic sensitivity and 182 

specificity for DRB3*016:01 and DRB3*009:02 genotyping. 183 

 184 

Table 1. Comparison of the allele detectability of IPATS-BLV and combined PCR-185 

RFLP-sequencing 186 
  Combined PCR-RFLP-sequencing 

  DRB3*016:01 DRB3*009:02 DRB3*016:01/DRB3*009:02 Other alleles 

IPATS-BLV DRB3*016:01/other allelea 2 0 0 0 

 DRB3*009:02/other alleleb 0 9 0 0 

 DRB3*016:01/DRB3*009:02 0 0 5 0 

 Other alleles 0 0 0 42 

aexcept DRB3*009:02 187 
bexcept DRB3*016:01 188 
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BLV infection diagnostic performance of IPATS-BLV is comparable with that of other 189 

diagnostic methods 190 

We first evaluated the BLV infection diagnostic performance of IPATS-BLV by comparing it 191 

with that of the anti-gp51 antibody ELISA test. We performed both the ELISA test and 192 

IPATS-BLV for 65 samples with an unknown infectious status. We qualitatively compared the 193 

ELISA-positive/negative results versus the IPATS-BLV-positive/negative results. As shown in 194 

Table 2, 27 samples were identified as BLV-positive and 33 samples as BLV-negative by both 195 

assays. One sample was identified as BLV-positive by IPATS-BLV but as BLV-negative by 196 

ELISA; this discrepancy could result from a sample taken during the initial phase of BLV 197 

infection. Four samples were identified as BLV-negative by IPATS-BLV but as BLV-positive 198 

by ELISA. This result might indicate that these cattle were capable of suppressing an increase 199 

in the BLV PVL. Among these cattle, one was identified as carrying the DRB3*009:02 allele. 200 

The kappa value between the IPATS-BLV and ELISA was 0.8452 (SE: ±0.1235). 201 

 202 

Table 2. Comparison of the BLV detectability of IPATS-BLV and ELISA 203 
  anti-gp51-ELISA 

  Positive Negative 

IPATS-BLV Positive 27 1 

 Negative 4 33 

 204 

Next, we evaluated the accuracy of the measurement of the percentage of BLV-infected cells 205 

by IPATS-BLV via a comparison with qPCR. We found a strong correlation (Pearson’s 206 

coefficient R = 0.9858, p < 1×10−15) between these two assays, based on the measurement of 207 

40 samples with variation in their percentage of BLV-infected cells (Figure 3). Finally, we 208 

determined the limit of detection (LOD) of the percentage of BLV-infected cells in IPATS-209 

BLV using DNA extracted from serially diluted whole blood of BLV-infected cattle. IPATS-210 

BLV could detect BLV provirus from cattle in which 1.50×10−1 percent of cells were infected 211 

with BLV, which is comparable to the LOD of commercial qPCR for BLV provirus (Table 3). 212 

 213 
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 214 

Figure 3. Correlation analysis of the measurement of the percentage of BLV-infected 215 

cells between IPATS-BLV and qPCR 216 

The red line and blue dotted line indicate the linear model and 95% CI, respectively. 217 

 218 

Table 3. Comparison of the BLV LOD between qPCR and IPATS-BLV 219 
  qPCR  IPATS-BLV 

Percentage of infected cells (%)  Ct  The No. of positive droplet CNV2a 

1.50 

Fraction 1 34.71  39 0.014444 

Fraction 2 34.32  37 0.016897 

Fraction 3 34.68  46 0.018678 

1.50×10-1 

Fraction 1 38.08  5 0.001672 

Fraction 2 38.3  3 0.001059 

Fraction 3 39.52  6 0.002066 

1.50×10-2 

Fraction 1 Undetected  1 0.000326 

Fraction 2 40.65  0 NAb 

Fraction 3 Undetected  0 NA 

1.50×10-3 

Fraction 1 Undetected  0 NA 

Fraction 2 Undetected  0 NA 

Fraction 3 Undetected  0 NA 

aBLV copy number per two RPP30 copies 220 
bNA: Not available 221 

  222 
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Survey for the percentage of DRB3*016:01- and DRB3*009:02-carrying cattle, and impact 223 

of these alleles on the percentage of BLV-infected cells 224 

A field survey of the percentage of DRB3*016:01 or DRB3*009:02-carrying cattle and the 225 

impact of these alleles on the BLV PVL was carried out in Miyazaki prefecture, Japan. First, 226 

we used an anti-gp51 ELISA to screen for BLV-infected cattle. Among 4,603 asymptomatic 227 

Japanese Black cattle from 1,394 farms, 353 cattle (7.7%) from 164 farms were identified as 228 

BLV-positive by ELISA (“ELIZA-positive”). We then performed IPATS-BLV on samples 229 

from the 353 ELISA-positive cattle; 200 cattle (56.7%) and 24 cattle (6.8%) were found to 230 

carry DRB3*016:01 and DRB3*009:02, respectively. Prior to performing a comparison of the 231 

percentage of BLV-infected cells, we classified these cattle into the following five groups: 232 

DRB3*016:01/*009:02 heterozygous (n = 8), DRB3*009:02/Other allele heterozygous (n = 233 

16), DRB3*016:01/*016:01 homozygous (n = 37), DRB3*016:01/Other allele heterozygous 234 

(n = 155), and Other alleles (n = 137) (Figure 4). The 37 DRB3*016:01/*016:01 homozygous 235 

cattle showed an average DRB3*016:01 ratio of 0.9930 (SE: ±0.014965). Cattle with a 236 

DRB3*009:02 allele had a significantly lower percentage of BLV-infected cells compared 237 

with the in the other groups, even when the cattle were heterozygous for the BLV-susceptible 238 

DRB3*016:01 allele. Although cattle with a DRB3*016:01 allele had a statistically 239 

significantly higher percentage of BLV-infected cells compared with other allele-carrying 240 

cattle, their PVLs varied widely. 241 

  242 
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 243 

Figure 4. Comparison of the percentage of BLV-infected cells by allele classification 244 

A box-and-whisker plot is shown. Box: 25th–75th percentile of the range of the percentage of 245 

BLV-infected cells. Intermediate line in the box: Median. Dot: Each sample. *p < 0.5; **p < 246 

0.0001 247 
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Discussion 249 

This study successfully developed a simple and relatively speedy test for both host genetic 250 

susceptibility and pathogen quantity, which will provide a deeper understanding of infection 251 

in individual patients and guide their appropriate treatment. An important usage of this 252 

platform is a risk analysis of the transmissibility of infected animals for veterinary science. 253 

We developed the IPATS-BLV method to identify BLV-susceptible super spreaders and BLV-254 

resistant elite controllers more easily and rapidly. This test provides an absolute DNA 255 

quantification of the BLV pol gene, BLV-susceptible DRB3*016:01 allele, BLV-resistant 256 

DRB3*009:02 allele, and RPP30 by using a fourplex ddPCR. IPATS-BLV was demonstrated 257 

to accurately measure the percentage of BLV-infected cells and provide highly sensitive and 258 

specific allele typing that discriminates between homozygous and heterozygous carriers, all in 259 

a single-well reaction. We found that cattle carrying the BLV-resistant DRB3*009:02 allele 260 

had a strong ability to maintain the PVL of BLV at a low or undetectable level. In contrast, 261 

DRB3*016:01-carrying cattle were found to have a relatively higher percentage of BLV-262 

infected cells when compared with other allele-carrying cattle. 263 

Here, we demonstrated the allelic impact of the previously identified BLV-susceptibility 264 

DRB3*016:01 allele and BLV-resistant DRB3*009:02 allele on the BLV PVL, as shown in 265 

Figure 4. DRB3*009:02-carrying cattle had a low/undetectable level of BLV provirus, even 266 

when their other allele was the BLV-susceptible DRB3*016:01 allele. This result is supported 267 

by previous studies, indicating a strong association between DRB3*009:02 and a 268 

low/undetectable PVL of BLV under the consideration of allele heterozygosity (El Daous et 269 

al., 2021; Lo et al., 2021). However, not all DRB3*009:02-carrying cattle are BLV resistant 270 

(Farias et al., 2017). It seems that BLV resistance is determined by not only the DRB3 allelic 271 

effect but also other factors, such as species and climate. One advantage of IPATS-BLV is that 272 

it identifies BLV-resistant elite controllers on the basis of both DRB3*009:02 and 273 

undetectable BLV provirus. Notably, DRB3*016:01-carrying cattle had a significantly higher 274 
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PVL of BLV when compared with cattle with other alleles. This is supported by previous 275 

study, indicating that the percentage of BLV HPL cattle was higher among the group of 276 

DRB3*016:01-carrying cattle (Miyasaka et al., 2013). However, our results also suggest that 277 

the PVL of DRB3*016:01-carrying cattle varies widely. As BLV susceptibility is a relative 278 

property at the population level, BLV-susceptible DRB3*016:01 does not have sufficient 279 

power to strongly associate with BLV HPL, unlike the strong association between 280 

DRB3*009:02 and low/undetectable BLV PVL. A population of BLV-susceptible allele-281 

carrying cattle with low or undetectable BLV provirus was previously found (Nakatsuchi et 282 

al., 2022). The association between DRB3*016:01 and BLV HPL seems to be limited in 283 

particular situations. When the property of HPL is derived from genetic susceptibility, BLV-284 

susceptible HPL cattle are considered to maintain a HPL and transmit BLV to others over a 285 

long span. BLV-susceptible allele (DRB3*015:01)-carrying Holstein cattle with a HPL 286 

continued to have a HPL over a long observation period (Bai et al., 2021). We recommend 287 

prioritizing the isolation of cattle with both DRB3*016:01 and a HPL of BLV among BLV-288 

infected cattle. 289 

The simultaneous detection of pathogens and host biomarkers contributes to strengthening the 290 

control of livestock infectious diseases. Because there are presently no vaccines or effective 291 

treatments for BLV infection, prevention is only available countermeasure. BLV was 292 

previously eliminated in some countries in Europe via the identification and stamping out of 293 

infected animals and the restriction of between-farm cattle movement from infected farms 294 

(Maresca et al., 2015; Nuotio et al., 2003). As the BLV PVL varies by individual, depending 295 

on the virus–host interaction and other factors, not all infected cattle pose a risk of 296 

transmitting BLV to other cattle. Recently, BLV control on the basis of the PVL has been 297 

implemented under the presumption that cattle with a LPL have low or no risk of BLV 298 

transmission (Marcela. A. Juliarena et al., 2016; Mekata et al., 2015; Ruggiero et al., 2019). In 299 

addition to viral factors, host factors such as the DRB3 haplotype have also received focus as 300 
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an indicator of BLV disease susceptibility (Takeshima & Aida, 2006). Several studies 301 

identified some DRB3 alleles as being associated with a LPL, including the strongly resistant 302 

DRB3*009:02 (Carignano et al., 2017; El Daous et al., 2021; Hayashi et al., 2017; M. A. 303 

Juliarena et al., 2008; Lo et al., 2021; Miyasaka et al., 2013; Takeshima et al., 2019). The 304 

identification of BLV elite controllers will be useful in disrupting the chain of BLV 305 

transmission (Marcela. A. Juliarena et al., 2016). Despite of the benefit of herd management 306 

conducted on the basis of both PVL and DRB3 haplotype, it is too time-consuming to 307 

implement if PVL measurement and allele typing need to be performed independently. Our 308 

newly developed method allows these data to be obtained more easily and rapidly and could 309 

be further applied to a high-throughput diagnosis. The power of IPATS-BLV opens a new 310 

avenue of BLV control by permitting the consideration of both PVL and genetic susceptibility. 311 

Disease control using resistant animals has an aspect of providing assurance for food safety. 312 

Because of the genetic variation in susceptibility to infectious diseases among species, derived 313 

from co-evaluation with pathogens (Duxbury et al., 2019; O’Brien & Evermann, 1988), a 314 

population of livestock possessing the power of disease resistance should exist latently 315 

everywhere. As selective breeding is an applied use of natural resources, there is no need to 316 

evaluate its adverse health effects to humans, unlike products of genome engineering. In the 317 

case of genetically modified crops, commercialization requires 13 years from project 318 

development and 35.01 million US$ for the cost of regulatory safety assessment and of 319 

securing global registration and authorizations. Notably, it takes five to seven years to perform 320 

the safety evaluations and obtain regulatory (Kumar et al., 2020). Ethical problems are also 321 

unavoidable when applying genome engineering to animals. Taken together, despite the 322 

advantage of the customizability of genome engineering for livestock, there is a bottleneck for 323 

implementing this approach. Genetic selection, which is already performed largely in marine 324 

(D’Agaro et al., 2021), forest (Lebedev et al., 2020), and livestock agriculture (Hayes et al., 325 
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2013), is a feasible alternative to genome engineering. This technique is ready to use when the 326 

equipment for selective breeding and diagnostics is available. 327 

Consideration of both host biomarkers and pathogen levels has the potential for improving 328 

decision-making regarding the treatment and prevention of infectious diseases by providing a 329 

deeper understanding of individual infection. For example, septic shock outcome can be 330 

successfully predicted by merging information about the quantity of cytokines and bacteria in 331 

a patient (Abasıyanık et al., 2020). Regarding the current outbreak of severe acute respiratory 332 

syndrome coronavirus 2 (SARS-CoV-2) infection, researchers are discussing that HLA typing 333 

with viral diagnosis could improve the assessment of disease severity and allow high-risk 334 

individuals to be prioritized for vaccination (Nguyen et al., 2020). Such concepts contribute to 335 

improving preventive veterinary medicine by supporting appropriate herd management. Even 336 

when there are effective treatments and vaccinations for some threatening infectious diseases, 337 

some countries have a distribution bottleneck for these pharmacologic compounds owing to 338 

complex matters including supply chain and equipment (Acosta et al., 2019). Managing 339 

animals according to their current and future risk of disease transmissibility results in the best 340 

usage of available bioresources to suppress the damage from infectious diseases. Therefore, 341 

we expect the power of improved diagnostics to contribute to sustainable production from 342 

livestock in the future. 343 

Some limitations of this study must be discussed. First, DRB3*009*02-carrying cattle with 344 

undetectable provirus could be either a BLV elite controller or an uninfected animal. We 345 

recommend the use of IPATS-BLV in combination with an antibody detection method, such as 346 

an ELISA. Second, DRB3*009:02-carrying cattle can have detectable BLV provirus in the 347 

initial phase of BLV infection (Forletti et al., 2020). Thus, the determination of BLV-resistant 348 

cattle should be conducted by testing the PVL several times. 349 

In conclusion, IPATS is an easy and rapid platform with which to measure host biomarkers 350 

and pathogen levels. It provides strengthened diagnostics that consider both the disease 351 
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susceptibility of the host and the actual disease severity/transmissibility. Such an approach has 352 

the potential to become a key tool for next-generation human and veterinary medicine. 353 

 354 

Materials and Methods 355 

IPATS-BLV assay design 356 

We designed a fourplex ddPCR based on BLV proviral DNA, DRB3*009:02, DRB3*016:01, 357 

and RPP30-TaqMan Assay (Figure 1A–1F). To address the limited number of channels in our 358 

commercial ddPCR system (e.g., QX200 Droplet Digital PCR system, Bio-Rad, Hercules, 359 

USA), we modulated the amplicon length and primer/probe concentration in the reaction 360 

mixture to enable the separation of different targets within the same color (Levy et al., 2021; 361 

Miotke et al., 2014). We set the FAM_low, FAM_high, HEX_low, and HEX_high channels to 362 

DRB3*016:01, BLV pol gene, DRB3*009:02, and RPP30, respectively.  363 

 364 

Primer/Probe 365 

We obtained 382 sequences of DRB3.2 alleles from the IPD-MHC database (EBML-EBI, 366 

2021). For DRB3*009:02, we designed allele-specific primers and probe via minor 367 

modification of a previously developed DRB3*009:02-TaqMan assay33. To discriminate 368 

DRB3*016:01, we designed a DRB3*016:01-specific forward primer and probe. The 369 

DRB3*016:01-TaqMan assay shares the reverse primer for DRB3*009:02. One concern of 370 

this design was potential nonspecific reactions between the DRB3*009:02-primer/probe and 371 

DRB3*009:02-primer/probe. Thus, we recruited LNA primers to suppress the undesired 372 

amplification of untargeted alleles. To detect wild strains of BLV with sequence diversity, we 373 

designed primers and probe targeting a conserved region in the pol gene, as identified from a 374 

database of aligned sequences for 82 reported strains (Table S4). This database includes 72 375 

strains of BLV genotype 1 (G1), which is currently dominant worldwide, one strain of G2, 376 

one strain of G4, three strains of G6, four strains of G9, and one strain of G10. The primers 377 
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and probe target a position in the 3′ terminal end of the pol gene (Figure S2), that is conserved 378 

except for an acceptable mismatch at the 5′ side of the forward primer in the par91 strain 379 

(Acc. No. LC080658.1). We added primers and probe for RPP30 into the reaction for 380 

housekeeping purposes. Table S1 indicates the sequences of the primers/probes. We purchased 381 

all these primers and probes, except for the LNA primers, from Eurofins Genomics (Tokyo, 382 

Japan). We purchased the LNA primers from QIAGEN (Hilden, Germany). 383 

 384 

IPATS-BLV 385 

We finalized the IPATS-BLV reaction in a 22-µl reaction mixture containing 14 µl of 2× 386 

ddPCR Supermix for Probes (Bio-Rad, #1863023), 909 nM of primers except the RPP30 387 

primers (DRB3*016:01-forward, DRB3*009:02-forward, DRB3*009:02-reverse, BLV pol 388 

4527-forward, and BLV pol 4638-reverse), 455 nM of RPP30-forward and reverse primers, 68 389 

nM of FAM-labeled DRB3*016:01-probe, 182 nM of HEX-labeled DRB3*009:02-probe, 295 390 

nM of FAM-labeled BLV pol 4560-probe, 364 nM of HEX-labeled RPP30-probe, the sample 391 

adjusted to <35 ng, and the necessary volume of water to reach 22 µl (Table S2). We 392 

emulsified the reaction mixture using an automated droplet generator (#1864101JA, Bio-Rad) 393 

for partitioning into droplets in accordance with the manufacturer’s instructions. We 394 

performed PCR amplification according to the following amplification profile: 95 °C for 10 395 

min; 60 cycles of 94 °C for 30 s and 58 °C for 2 min; 98 °C for 10 min. The FAM and HEX 396 

fluorescence magnitude of each droplet were read using a QX200™ Droplet Reader 397 

(#1864003JA, Bio-Rad). The number of droplets in each cluster was quantified by 398 

automatically/manually setting the appropriate fluorescence amplitude thresholds using QX 399 

Manager Software Standard Edition, Version 1.2 (Bio-Rad). We calculated the percentage of 400 

BLV-infected cells using below equation. 401 

The percentage of BLV − infected cells =
The number of BLV positive droplets

The number of RPP30 positive droplets÷2 
 × 100  (1) 402 
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By calculating the ratio of the number of allele-positive droplets to the number of 403 

housekeeping-positive droplets using the below equation, we successfully discriminated 404 

whether cattle carry homozygous or heterozygous target alleles. 405 

𝐷𝑅𝐵3 ∗ 016: 01 (or 𝐷𝑅𝐵3 ∗ 009: 02) ratio =
The number of 𝐷𝑅𝐵3∗016:01 (or 𝐷𝑅𝐵3∗009:02) positive droplets

The number of RPP30 positive droplets 
  (2) 406 

Ratios of approximately 1 and 0.5 indicate homozygosity and heterozygosity of an allele, 407 

respectively. 408 

 409 

Sensitivity and specificity of DRB3*009:02 and DRB3*016:01 genotyping 410 

To determine the accuracy of DRB3*009:02 and DRB3*016:01 genotyping in IPATS-BLV, we 411 

genotyped 58 bovine genomic DNAs with varied DRB3 alleles by IPATS-BLV. These samples 412 

included 21 DRB3 alleles (Table S3), according to the results of DRB3 allele determination 413 

using combined PCR-RFLP-sequencing methods (El Daous et al., 2021; Notsu et al., 2022; 414 

Van Eijk et al., 1992). The agreement of DRB3.2 allele typing between combined PCR-RFLP-415 

sequencing and IPATS-BLV was judged by calculating the diagnostic sensitivity and 416 

specificity. 417 

 418 

Agreement with commercial ELISA 419 

We judged the agreement of qualitative detectability of BLV-infected cattle of IPATS-BLV 420 

with a commercial anti-gp51 antibody ELISA kit (#No cat. number, Nippon gene, Tokyo, 421 

Japan). In the experiment, we used 65 bovine blood samples of unknown BLV infectious 422 

status. We isolated plasma by centrifuging the samples for 10 min at 1000 ×g. The ELISA test 423 

was performed in accordance with the manufacturer’s instructions. We extracted genomic 424 

DNA from whole blood using a Wizard® Genomic DNA Purification Kit (#A1120, Promega 425 

Corp., Madison, USA) and then performed IPATS-BLV. We defined samples as ELISA-426 

positive if their value was higher than the cut-off S/P value and as IPATS-BLV-positive if 427 

more than one BLV-positive droplet was detected in the amplitude. We evaluated the 428 
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consensus of ELISA-positive/negative versus IPATS-BLV-positive/negative by calculating a 429 

kappa value using software in epitools (Sergeant, 2018). 430 

 431 

Quantitativity of the percentage of BLV-infected cells 432 

For the accuracy of the quantification of the percentage of infected cells in IPATS-BLV, we 433 

determined the correlation of measurement with a commercial qPCR kit (#RC202A, TaKaRa, 434 

Shiga, Japan). The commercial qPCR kit targeted he BLV pol gene and RPPH1 for 435 

housekeeping. We extracted genomic DNA samples from the whole blood of cattle using 436 

MagDEA Dx SV reagent (#E1300, Precision System Science, Chiba, Japan) with an 437 

automated nucleic acid extraction system (magLEAD 12gC, #A1120, Precision System 438 

Science) in accordance with the manufacturer’s instructions. Next, we performed qPCR in 439 

accordance with the manufacturer’s instructions. We selected 40 samples satisfying the 440 

variation of the percentage of infected cells and performed IPATS-BLV on these samples. The 441 

strength of correlation between qPCR and IPATS-BLV was determined using Pearson’s 442 

coefficient, calculated using R software v. 3. 6. 2 (R Development Core Team, 2019).  443 

 444 

LOD of BLV detection 445 

To determine the LOD of BLV detection in IPATS-BLV, we tested DNA samples extracted 446 

from a serial dilution series of whole blood from BLV-infected cattle. This animal carried 447 

1.5% of BLV-infected cells (as confirmed using qPCR). We serially diluted the whole blood 448 

of this animal 10 times using whole blood from a BLV-uninfected animal. We confirmed the 449 

“uninfected” status of these cattle by both the absence of provirus in a qPCR assay and the 450 

absence of anti-BLV gp51 antibody in an ELISA. We extracted genomic DNA from three 451 

fractions of each dilution using magLEAD 12gC. We performed both IPATS-BLV and qPCR 452 

to compare the LOD. In both assays, the sample DNA input in the reaction mixture was 20 ng. 453 

 454 
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Field survey 455 

We performed a field survey for the percentage of DRB3*016:01- or DRB3*009:02-carrying 456 

cattle and the impact of these alleles on the BLV PVL. We targeted asymptomatic Japanese 457 

Black cattle in Miyazaki prefecture, Japan. Whole blood samples were collected from 4,603 458 

cattle over 1,394 farms by veterinarians and sent to University of Miyazaki. These samples 459 

were collected from May 2020 to July 2022. Anti-BLV gp51 antibody ELISA tests were 460 

performed immediately to screen for BLV-infected cattle. We stored the whole blood of 461 

ELISA-positive samples at −20 °C until their use in further analysis. We extracted the 462 

genomic DNA of ELISA-positive cattle using either the magLEAD 12gC or a MagMAX™ 463 

CORE Nucleic Acid Purification Kit (Thermo Fisher Scientific Inc., Waltham, USA) with an 464 

automated nucleic acid extraction system (KingFisher Duo Prime; Thermo Fisher Scientific 465 

Inc.). We performed IPATS-BLV for DRB3*016:01, DRB3*009:02, and BLV PVL. We 466 

classified these samples into the following five groups: DRB3*016:01/DRB3*009:02, 467 

DRB3*009:02/other allele, DRB3*016:01/DRB3*016:01 (DRB3*016:01 homozygous), 468 

DRB3*016:01/other allele, and other alleles groups prior to a comparison of the percentage of 469 

BLV-infected cells between groups. We used a pairwise Wilcoxon rank sum test with 470 

Bonferroni’s modification for determining the significance of differences between each group 471 

using R software. Differences with a p-value of <0.05 were judged as statistically significant. 472 
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