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ABSTRACT. Bovine leukemia virus (BLV) is an important pathogen associated with enzootic 
bovine leukosis. In this study, we performed PCR and sequencing analysis to characterize 
BLVgp51 sequences from formalin-fixed paraffin-embedded (FFPE) specimens made from 1974 
to 2000 and successfully obtained BLV proviral genome sequences from 94% of the analyzed 
samples. Furthermore, from these samples, we reconstructed eight full-length and nearly full-
length BLVgp51 sequences. These sequences were classified as BLV genotype 1, implying that 
genotype1 has already been circulating in Japan since the 1970s. In our results, the proviral DNA 
was detected in the 1970s, 1980s, and 1990s in the same manner, indicating that the detection of 
BLV proviral genome depends on storage conditions rather than storage period. The sequences 
obtained in this study provide direct insights into BLV sequences before 2000, which serves as a 
good calibrator for inferring ancient BLV diversity.
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Bovine leukemia virus (BLV) belongs to the genus Deltaretrovirus in the family Retroviridae. BLV is an important pathogen 
associated with enzootic bovine leukosis (EBL) [25]. Dairy and beef cattle farms faced significant economic losses due to EBL. 
Most BLV-infected cattle are asymptomatic, however, approximately 30% of infected cattle develop persistent lymphocytosis 
and 1%-5% develop malignant B-cell lymphoma [2]. BLV is primarily transmitted by transferring infected cells via blood-
contaminated needles or gloves, surgical equipment, colostrum, and blood-sucking insects.

The complete genome of BLV is 8,714 nucleotides. The viral genome includes three major genes, gag, pol, and env [1]. The 
env gene encodes the surface glycoprotein GP51 and the transmembrane glycoprotein GP30, which are both essential for viral 
infectivity and immune evasion [32]. BLVgp51 gene has been the focus of phylogenetic analysis because of its crucial biological 
functions and its localization on the viral surface. Previous research has identified at least 10 BLV genotypes based on the genetic 
diversity of the BLVgp51 sequences [21].

The history of EBL in the world dates back to the 19th century. EBL was first recognized in dairy cattle in Germany in 1871 
[18]. Following the initial report, this disease spread westward gradually during the early 20th century [3]. The number of EBL 
case reports in European countries had increased by the mid-twentieth century [6]. BLV has now spread to over 60 countries and 
regions around the world, and it has been successfully eradicated from European countries due to the implementation of systematic 
control and eradication programs [11, 21, 26, 29–31].

The first case of EBL in Japan was reported in 1927 in Iwate Prefecture, Northern Japan [16]. After the first report, the number 
of bovine leukosis cases has steadily increased. In 2020, 4,197 cases were reported as bovine leukosis according to the animal 
hygiene statics of Japan. The increase in the number of bovine leukoses is due to the increase in the number of BLV-infected cattle. 
While many studies have employed a phylogenetic study to examine BLV diversity, the results of these studies came from the 
analysis of viral gene sequences collected in the first two decades of the 21st century [19–21]. In this study, we performed PCR 
and sequencing analysis to characterize BLVgp51 sequences from formalin-fixed paraffin-embedded (FFPE) specimens made from 
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1972 to 2000. We conducted a retrospective molecular study of the early BLV outbreak in Japan using the information on sample 
collection years. Moreover, the phylodynamic analysis was conducted to infer viral epidemiology, with the identification of the 
historical fluctuations in population dynamics.

A total of 28 FFPE specimens from 28 EBL cattle individuals were distributed from the archives of Livestock Hygiene Service 
Center and Meat Inspection Center in Japan Meat Inspection Center in Japan (Hokkaido Abashiri Livestock Hygiene Service 
Center, Hokkaido Nemuro Livestock Hygiene Service Center, Chiba Prefectural Chuo Livestock Hygiene Service Center, Chiba 
Prefectural Tousou Meat Inspection Office and Iwate Prefectural Chuo Livestock Hygiene Service Center) (Table 1). Most FFPE 
specimens were derived from lymph nodes or tumor tissues and preserved at room temperature (generated in the 1970s:10 
specimens, in the 1980s: eight specimens, in the 1990s: nine specimens, in 2000: one specimen). These specimens were analyzed 
using data obtained in part from autopsies or postmortem inspection of slaughtered cattle by veterinary officers. All data or 
information exclude personally identifiable information, such as farmers’ names. To confirm as these specimens were derived from 
lymphoma, they were sectioned to 5 µm thickness and incubated at 45℃ for 2 hr and then stained with hematoxylin-eosin (data not 
shown).

FFPE specimens were deparaffinized with xylene, ethanol, and phenol-chloroform after being sliced with a surgical blade [28]. 
Briefly, 1 ml of xylene was added and centrifuged at 10,000 rpm, and the supernatant was removed. These steps were repeated 
once. Subsequently, 1 ml of 100% ethanol was added and centrifuged at 10,000 rpm, and the supernatant was removed. These steps 
were repeated once, and the DNA pellet was dried. Next, 675 µl of TE (pH9.0), 75 µl of 10% SDS, and 18.8 µl of Proteinase K 
(20 mg/µl) were added to the sample and incubated at 48°C for 24–48 hr with shaking (800 rpm). Afterward, 75 µl of 10% SDS 
and 18.8 µl of Proteinase K (20 mg/µl) were added and incubated for more than 24–48 hr with shaking. The supernatant was 
transferred into a clean tube without disturbing the pellet after 500 µl of TE-saturated phenol was added and centrifuged at 3,000 
rpm. These steps were repeated once. Later, 500 µl of phenol-chloroform-isoamyl alcohol (25:24:1) was added and centrifuged at 
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Table 1. Sample information and PCR amplification of BLVgp51 of formalin-fixed paraffin-embedded (FFPE) specimens

Location
Collection 

date Breed Organ
PCR amplification Detection 

of the BLV 
proviral 
genome

Daseignated 
namePrefecture City A B C D E F G H

Hokkaido (n=9)
Nemuro 1987 Dairy cattle Heart + - + + + - - - +
Nemuro 1988 Holstein Lymph nodesa - - - + + - - + +
Nemuro 1989 ND Lymph nodesa + - - + + - - - +
Nemuro 1990 ND Lymph nodesa - - - + + - - - +
Nemuro 1993 Holstein Lymph nodesa - - - + + - - + +
Abashiri 1995 Holstein Lymph nodesa + + + + + + + + + Hokkaido-1995
Shiribeshi 1998 Beaf cattle Unknown - - - - - - - - -
Nemuro 1999 ND Unknown - + + + + - - + +
Abashiri 2000 ND Heart + + + + + + + + + Hokkaido-2000

Iwate (n=8)
Kuji 1972 Japanese shot horn Anterior lymph nodes - - - + - - - - +
Hachimantai 1973 Holstein Stomach - - - + + + - + +
Hachimantai 1974 Holstein Lymph nodesa - - - + + - - + +
Sumita 1974 Japanese black cattle Heart + + + + + + + + + Iwate-1974
Sumita 1975 Japanese black cattle Abomasum - + - + + - - +
Kuji 1975 Japanese shot horn Intestine - + - + + - - + +
NDb 1975 Japanese black cattle Unknown - + - + + + - + +
Kamaishi 1978 Japanese black cattle Intestine - + - + + - - + +

Chiba (n=11)
Mutsuzawa 1974 Cross breed Anterior lymph nodes - - - + + - - - +
Ichihara 1974 Holstein Lymph nodesa - + + + + + + + + Chiba-1974
Ichihara 1981 Holstein Iliac lymph nodes + + + + + + + + +
Misaki 1984 Holstein Heart - - - + - - - - +
ND 1984 ND Unknown - + + + + + + + + Chiba-1984
ND 1987 ND Unknown - + + + + + + + + Chiba-1987
Sodegaura 1989 Holstein Lymph nodesa - - - + + - - - +
Kisarazu 1991 Holstein Heart - - - + + + - - +
Yamada 1992 Holstein Lymph nodesa - - - + - - - - +
ND 1996 Dairy cattle Lymph nodesa + + + + + + + + + Chiba-1996
ND 1997 Dairy cattle Lymph nodesa + + + + + + + + + Chiba-1997

a: unspecified; b: no data.
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3,000 rpm and the supernatant was transferred into a clean tube (around 400 µl) without disturbing the pellet. These steps were 
repeated once. Afterward, 16 µl of 5 M NaCl and 1 ml of 100% ethanol were added and incubated overnight for room temperature. 
Samples were centrifuged at 12,000 rpm for 30 min, and the supernatant was removed. Subsequently, 1 ml of 80% ethanol was 
added and centrifuged at 12,000 rpm for 30 min and dried up. Finally, 25 µl of nuclease-free water was added and gently mixed the 
DNA with the solution.

The BLV proviral genome was detected by PCR targeting BLVgp51 (903 bases total). We used eight overlapping primers 
designed to anneal to highly conserved BLVgp51 gene region (Fig. 1 and Supplementary Table 1). PCR was conducted with 
Expand High Fidelity PCR systems (Roche, Basel, Switzerland). The reaction mixture contained deoxynucleotide mix (200 µM), 
each primer (300 nM each), template DNA (<500 ng), 15 mM MgCl2, and Expand High Fidelity enzyme mix (1.9 U/reaction). The 
reaction parameters were 2 min at 94°C, followed by 45 cycles of 15 sec at 94°C, 30 sec at 55° C and 45 sec at 72°C, and followed 
by a 7 min extension cycle at 72°C. The PCR products were analyzed by electrophoresis in a 2% agarose gel. The PCR products 
were purified using a QIAquick Gel Extraction Kit (QIAGEN, Hilden, Germany) and sequenced (Fasmac Inc., Yokohama, Japan). 
The Sequencer5.2.4 software was used for editing, alignment, and identification of nucleotide sequences (Gene Codes, Ann Arbor, 
MI, USA).

The phylogenetic tree was constructed using the maximum likelihood (ML) method with the Kimura 2-parameter model plus 
gamma distribution (K2+G) in MEGA7 [17]. The eight FFPE sequences obtained from this study with 192 representative BLV 
sequences with the collection years were retrieved from the GenBank database and aligned using MEGA7 (Supplementary Table 2). 
The robustness of the tree was assessed by performing 1,000 bootstrap replicates. Regression of root-to-tip genetic distance 
(inferred from ML trees) against the sampling time was performed by TempEst [24].

The Markov Chain Monte Carlo (MCMC) approach was employed using BEAST v2.4.8 to estimate the time to the most 
recent common ancestor (tMRCA) and effective population size with the following parameters: Nucleotide substitution model; 
HKY model + empirical, Clock model; Relaxed clock exponential, Prior; Coalescent exponential population, with 300,000,000 
states, logged every 10,000 states, and 10% burn-in [5]. Tracer v1.5 was used to assess the sampling size effectiveness by MCMC 
(effective sample size (ESS) >200), and TreeAnnotator was used to construct the maximum clade credibility (MCC) tree [27]. 
Finally, the MCC tree was visualized using FigTree v1.4.4 software [22]. The effective sample size of 48 BLVgp51 sequences from 
Japan was estimated using the Bayesian skyline plot (BSP) in BEAST 2.4.8 with the following parameters: Nucleotide substitution 
model; HKY model + empirical, Clock model; Strict clock, Prior; Coalescent Bayesian Skyline, with 300,000,000 states. The BSP 
was visualized by Tracer v1.5 [23].

A total of 28 FFPE specimens generated before 2000 were analyzed for the BLV proviral sequences from archived samples. 
Detailed information on the samples is listed in Table 1. Using primer set D, BLVgp51 partial sequences were detected in 27 
samples (96%) (amplicon size 148 bp). Moreover, full-length (903 bp) BLVgp51 sequences from five samples and nearly full-
length (862 bp) sequences from three samples were successfully reconstructed (full-length: Hokkaido-1995, Hokkaido-2000, 
Iwate-1974, Chiba-1974, and Chiba-1984. Near full-length: Chiba-1995, Chiba-1996, and Chiba-1997). These results indicated that 
FFPE specimens, even if stored for 40 years, are useful for obtaining molecular information of viruses. The ML tree of BLVgp51 
sequences revealed that these sequences belonged to genotype 1, implying that BLV genotype 1 has already been circulated in Japan 
since 1974 (Fig. 2). Moreover, there is a positive correlation between genetic divergence and sampling time and the coefficient of 
correlation with eight FFPE sequences was slightly higher than that without FFPE sequences (R2=0.399) (Supplementary Fig. 1). 
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Fig. 1. Strategy for amplification and sequencing of bovine leukemia virus glycoprotein gp51 (BLVgp51) (nucleotide 4,826–5,728, 903 bp). (A) 
A schematic diagram shows the strategy for amplifying and sequencing the BLVgp51 in eight short PCR fragments. BLV genome is shown on 
top of the figure and the relative position of primers can be seen by the bar under the genome. (B) Amplification of BLVgp51 of representative 
formalin-fixed paraffin-embedded specimen (Hokkaido-1995) by eight sets of primers. Primer sets A to H are designated as in Supplementary 
Table 1. M: DNA ladder marker.
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These results indicated that FFPE sequence data are suitable for phylogenetic molecular clock analysis in BEAST.
The MCMC tree based on BLVgp51 sequences revealed that eight FFPE sequences were classified into three micro clades 

(MC1-MC3) (Fig. 3). MC1 included FFPE sequences collected in the 1970s (Iwate-1974 and Chiba-1974), but no additional 
sequences from Japan. The other sequences from Latin America strain (Paraguay and Mexico) belong to the same clade. MC2 
and MC3 included FFPE sequences collected in the 1980s (Chiba-1984 and Chiba-1987) and 1990s to 2000 (Hokkaido-1995, 
Chiba-1996, Chiba-1997 and Hokkaido-2000), respectively. MC2 was confirmed in four countries: Japan, Korea, Mexico and 
South Africa. For MC3, Japan, Korea, and Mexico were confirmed as well as MC2, but Costa Rica, Thailand, and Vietnam were 
also included (Fig. 4).

The tMRCA of these MCs were inferred to be 1950 for MC1, 1962 for MC2, and 1967 for MC2 (Fig. 4). Moreover, we found 
that the tMRCA of the root of genotype 1 is 1922 (Fig. 4). The BSP analysis of sequences obtained from Japan indicated that the 
effective population size started to increase from the 1970s (Fig. 5). These results imply that the invasion of BLV have occurred 
multiple times from mid-1900s, probably during the period with increased cattle imports from overseas. As there are few BLV 
sequences reported before 2000, the sequences from FFPE specimens are useful for analyzing the early BLV epidemic phase in 
Japan.

FFPE specimens provide valuable information for retrospective molecular epidemiological studies [13]. However, DNA 
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Fig. 2. Maximum likelihood (ML) phylogenetic tree of bovine leukemia virus glycoprotein gp51 (BLVgp51). ML phylogenetic tree of the 200 
BLVgp51 sequences including eight sequences from formalin-fixed paraffin-embedded specimen (length 862 bp to 903 bp). These sequences 
were obtained from the GenBank database with collection date, and representative sequences of each genotype were used for phylogenetic 
analysis. G: Genotype.
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extraction and PCR amplification of FFPE 
specimens are significantly difficult because of 
DNA fragmentation, chemical modification, and 
inhibition of enzyme reactions by the effects of 
oxidation and formalin fixation during long-term 
storage [8–10]. In a previous study, more than 
50% of the samples failed to amplify the target 
DNA after being stored for approximately 15 years 
[4]. Concerning BLV analysis, molecular genetic 
analysis of FFPE specimens of EBL cattle has been 
reported using FFPE specimens within three years 
of storage, but no reports have analyzed FFPE 
specimens stored for longer than that (Unpublished 
data of Meat Sanitation Inspection Station Miyagi 
Prefectural Government and Meat Inspection 
Office, Shimane Prefecture). In this study, we 
employed the phenol-chloroform approach to 
extract DNA from FFPE specimens. Today, many 
commercial kits are available for extracting 
DNA from FFPE specimens [15]. However, in 
our preliminary analysis, while relatively new 
FFPE specimens could analyze using these kits, 
the phenol-chloroform extraction method applied 
in this study yielded the most successful PCR 
amplification for samples that were created several 
decades ago.

There was a significant difference between 
primer sets whether the amplified product could 
be obtained or not. Using primer sets D and 
E (149 and 135 bp), which set for amplifying 
relatively short sequences, BLV proviral genome 
was successfully amplified in 27 (96%) and 25 
(89%) samples, respectively. However, using 
primer sets C and G, which set for amplifying 
longer sequences (249 and 327 bp), BLV proviral 
genome was amplified in nine (32%) and ten 
(36%) samples, respectively. Furthermore, the 
detection of BLV proviral genome depends on 
storage conditions rather than storage period, 
that the proviral DNA was detected in the 1970s, 
1980s, and 1990s in the same manner. All FFPE 
specimens used in this study were stored at room 
temperature, but in Japan, room temperature and 
humidity vary by region, so storage conditions 

also vary by facility. Moreover, reagents or procedures of FFPE preparation may also be different from each facility. Of these 
samples, the purity of the extracted DNA was high in the FFPE specimens that were quickly fixed in 20% formalin (Chiba-1996, 
Chiba-1997) and all PCR amplicons were obtained. On the other hand, the purity was low in the FFPE specimens that were 
severely damaged. These specimens may have been damaged due to incomplete dehydration and paraffin permeation during 
the FFPE preparation procedure. Incomplete dehydration and paraffin permeation prevented gene detection because the residual 
formalin in the water caused DNA fragmentation and Protease K inhibition. These results indicate that rapid fixation, sufficient 
dehydration, and paraffin permeation are important for obtaining high purity DNA. Overall, our results imply that the BLV proviral 
genome can be detected in specimens archived more than 40 years ago.

Using eight sets of primers for amplification, five full-length (903 bp) and three nearly full-length (862 bp) of BLVgp51 
sequences were successfully reconstructed. Phylogenetic analysis indicated that these sequences were classified into genotype 1 
(Fig. 3). Studies have reported that BLV genotype 1 is the most prevalent worldwide and reported in major BLV-positive 
countries, including North and South America, Africa, and Asia [19, 21, 31]. This genotype includes the earliest BLV sequence 
in Australia (D00647), at the same time it seems to be well established in the Americas and increasingly common in Asia [7, 31, 
32]. Our results implied that genotype 1 has already been circulating in Japan since the 1970s. Early evidence of the prevalence 
of genotype 1 was also reported in the USA where sequences collected before 2000 were available (EF065644, EF065656, etc.). 
Moreover, sequences in MC1 are relatively close to those sequences from the foreign strain in the MCMC tree, indicating the 

350–357, 2022

Fig. 3. Time-scaled Maximum clade credibility (MCC) tree of the bovine leu-
kemia virus (BLV) glycoprotein gp51 (gp51). The time-scaled MCC tree of 
BLV was performed using 200 BLVgp51 sequences (length 862 bp to 903 
bp). The phylogenetic and time to the most recent common ancestor (tMRCA) 
were estimated using relaxed molecular clock by BEAST v2.4.8. The years 
that the tMRCA were estimated to exist is shown for root of genotype 1. The 
sequences from formalin-fixed paraffin-embedded specimen and sequences 
from Japan are indicated by the black circle and gray circle. The foreign strains 
are indicated by square. MC: micro clade.
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close relationships of BLV sequences between Japan and the foreign strains. These results further indicate that the introduction of 
livestock from overseas poses a risk of spreading infectious diseases into Japan.

A previous study reported that, although the infection rate was low, BLV has already spread throughout Japan by 1980 [12]. In 
the 1970s, the number of live cattle imported to Japan from overseas significantly increased, especially from the USA, Canada, 
and South Korea according to the animal quarantine statics of Japan. BSP analysis of BLVgp51 sequences obtained from Japan 
indicated that the effective population size of BLV started to increase from the 1970s (Fig. 5). As four sequences from FFPE 
specimens generated between 1970 and 1980, these sequences provide important source of information on the diversity of viral 
sequences in the early phase of the epidemic in Japan. Some FFPE sequences, including the oldest specimens generated in 1974 
(Iwate-1974 and Chiba-1974) formed a distinct MC (MC1), which is not mainly circulating in Japan today. MC2 FFPE sequences 
(Chiba-1984 and Chiba-1987) spread to Japan on distinct introduction events from other clades. Further, as FFPE sequences of 
MC3 share a relatively new tMRCA with the sequences from foreign countries, these sequences were introduced to Japan more 
recently.

350–357, 2022

Fig. 4. The detailed time-scaled Maximum clade credibility (MCC) tree of bovine leukemia virus (BLV) genotype 1. The detailed trees 
of micro clade (MC) 1 to MC3 of the time-scaled MCC tree (Fig. 3) are shown. The root of each MC shows the estimated time to the 
most recent common ancestor (tMRCA). The country and collection date are indicated for each Taxa. The sequence information used in 
phylogenetic analysis were listed in Supplementary Table 2.
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BLV was prevalent within Europe in the 19th century and expanded to the Americas in the 20th century. Then, with the export of 
cattle from North America, BLV is said to have expanded worldwide from the mid-1900s [14]. In fact, genotypes 1 and 3 emerged 
in the 20th century and were introduced into Japan in the mid-1900s after spreading worldwide from the USA and Brazil, which is 
consistent with phylogenetic analysis and previous epidemiological reports.

This study has a practical limitation. The actual sequence of the FFPE specimens could not be obtained for the primer 
region (70 bp of the sequences). We tried several primers patterns to amplify the whole BLVgp51 sequence in FFPE samples, 
however, because of the fragmentation of the DNA from FFPE specimens, only eight sets of primers worked for successful PCR 
amplification in our study (data not shown). These regions in BLVgp51 sequences were highly conserved, and 99.8% of the 
bases in these regions in the sequences reported in Japan matched the consensus sequence. However, analysis using the obtained 
sequences might result in underestimating the genetic diversity of the FFPE specimens’ sequences. Despite this limitation, this 
is the first study to employ FFPE specimens to investigate the genetic diversity of the early BLV epidemic in Japan. It should 
be noted, however, that our knowledge of the genetic diversity of BLV in Japan is still limited. BLV sequences from diverse 
prefectures and from all pandemic periods to get a better understanding of the evolution and dissemination of BLV.

This study reveals that archived FFPE specimen analyses provide useful information not only for pathological diagnosis but 
also for molecular analysis. As public Livestock Hygiene Service Centers and Meat Inspection Offices hold a large quantity of 
past FFPE specimens from a wide variety of species, this study indicates that those specimens may serve as a valuable information 
source for retrospective livestock analysis.
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