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1. General Introduction 

1.1 Equine infectious anemia 

1.1.1 Overview 

Equine infectious anemia (EIA), also known as swamp fever, is an infectious 

viral disease that affects only members of the equine species, including horses, 

ponies, donkeys, and mules. EIA is caused by equine infectious anemia virus 

(EIAV), a lentivirus in the family Retroviridae (subfamily Orthoretrovirinae). The 

disease is characterized by acute and/ or chronic recun~ing clinical signs including 

depression, fever, anemia, edema and cachexia. EIA was first reported in France in 

1843 (MacLachlan & Dubovi, 2011) and was diagnosed as a nutritional disease by 

the scientists who noted the symptoms at that time. The weak horses were failed to 

be cured. In 1861, the disease was reported again and forced the scientists to search 

the cause of the disease. Two years later, EIA was documented in Switzerland. And 

two years after that, it spread through the German cavalry horses in Germany. 

Subsequently, almost all of the European countries, several African countries and 

much of Asia have reported cases of EIA. Japan was also subjected to the first 

epidemics and more than 3 00 horses a year died from this disease during the first 

decade of 19th century (Communication of Florida Horse.Com). In 1904, the 

disease was confirmed to be associated with the infection by a "filterable agent", 

which became one of the first animal diseases to be assigned a viral etiology 

(MacLachlan & Dubovi, 2011 ). There is no cure for this disease. Since it was first 
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reported, EIA has been reported worldwide and posed a significant challenge to 

veterinary medicine worldwide and caused significant losses to the equine industry 

(Issei & Coggins, 1979; MacLachlan & Dubovi, 2011). EIA threaten not only 

domestic equid but also wild animals. Recent report from Brazil on living wild 

horses have shown that about 30% of domesticated and about 5.5% of the wild 

horses are chronically infected with EIA in the Pantanal (Silva eta!., 1999). 

1.1.2 Disease course and clinical signs 

The incubation period of EIA is a week to 45 days or longer. Some horses 

remain asymptomatic until they are stressed. Although the course of disease 

following primary infection can be highly variable, in some cases resulting in the 

loss of life whereas in others the equid remains asymptomatic, horses commonly 

experience an acute clinical episode, lasting one to three days in which the main 

disease signs are fever and throtnbocytopenia. This is often followed by a chronic 

disease phase characterized by episodic bouts of fever, thrombocytopenia, 

depressed neurologic signs, anemia, edema and cachexia. In some particularly 

severe cases jaundice, bloodstained feces, tachypnea, and petechial hemorrhages of 

the mucosae are also apparent (Clabough et a!., 1991; Issei & Coggins, 1979; 

Lairmore, 2011; Sellon et a/., 1994 ). If the horse survives, the frequency of disease 

episodes will gradually diminish and after 12-24 months it will progress to a 

long-tenn clinically quiescent phase termed the inapparent carrier state. It is in this 

state that most infected equids are discovered (Clabough et a/., 1991; Issei & 

Coggins, 1979; MacLachlan & Dubovi, 2011; Sellon et al., 1994). Although 
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inapparent carrier horses appear clinically healthy they remain infected for life 

with viral replication continuing in macrophage-rich tissues even in the presence of 

strong virus-specific cellular and humoral inunune responses (Hammond et a!., 

2000; Harrold et al., 2000; MacLachlan & Dubovi, 2011). Therefore inapparent 

carrier horses remain potential reservoirs for transmission to other horses 

(Cheevers & McGuire, 1985) and may experience recrudescence of disease if 

subjected to environtnental stress or inunune suppression (Craigo et al., 2002; 

Kono eta!., 1976). 

For donkeys and mules, the infection is less likely to cause severe clinical 

signs. Mules can be infected asymptomatically, but typical EIA signs have been 

reported in some naturally or experimentally infected animals. It was reported 

donkeys inoculated with two horse-adapted strains showed infection without 

clinical stgns. However, donkeys inoculated with a serially-passaged, 

donkey-adapted strain are reported to have developed clinical signs. 

1.1.3 Transmission 

EIA is a thought to be a blood-born infectious disease. It can be transmitted 

through blood, saliva, milk, and body secretions. The virus can to be transmitted 

mechanically on the mouthparts of biting insects. EIAV persists in blood 

leukocytes for life in the infected horses, and also can be detected in plasma during 

febrile episodes. Moreover, the Symptomatic horses are more likely to transmit the 

disease than animals with asymptomatical infections. After biting an carrier, the 

insect is likely to become a vector. 
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Biting flies in the family Tabanidae, especially horse flies (Tabanus spp. and 

Hybon1itra 5pp.) and deer flies (Chrysops spp. ), are the most effective vectors for 

EIAV transmission, although other insects including stable flies (Sto1noxys 

calcitrans) are also have the possibility for transmission. In the biting course, the 

equid reacts with the biting because of pain, and interrupts the feeding. Then the 

fly attempts to resume feeding on the same animal or on another nearby host, 

which result to transfer the infectious blood. EIAV survives for a litnited time on 

the mouthparts of insects, and it is less likely to be spread to tnore distant hosts. 

EIAV can also be transmitted by contatninated surgical equipment, recycled 

needles and syringes in blood transfusions and teeth floats. It is reported to persist 

for up to 96 hours on hypodennic needles. EIAV may also be passed by the vertical 

transmission from a mare to her foal in utero. There are also some minor routes for 

EIAV transmission. For example, the virus can be found in tnilk and semen, and 

horses can be infected by inoculating these secretions subcutaneously. In some 

nursing foals, possible transmission through milk has been reported. The venereal 

transmission is thought to be one of the minor routes for EIAV transmission, but 

there was one has been reported to have transmitted the virus to a mare with a 

vaginal tear during breeding. In 2006, the possibility of aerosol transmission by 

infectious material during close contact was raised during the EIA outbreak in 

Ireland (Cullinane eta!., 2007; More et al., 2008). 

1.1.4 Necropsy 

In chronic cases, the gross necropsy findings include emaciation, an enlarged 
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meaty spleen, an enlarged liver with a prominent lobular pattern, mucosal and 

visceral hemorrhages, generalized lymph node enlargement, ventral subcutaneous 

edema, the pale mucous membranes and vascular thrombosis. Edema is often 

found in the limbs and along the ventral abdominal wall. Petechiae may be 

observed on internal organs such as the spleen and kidney. And blood vessel 

thrombosis have also been reported. Histopathology usually shows accumulations 

of lymphocytes and macrophages in sinusoids and portal areas of the liver, in 

medullary sinus of lymph nodes, adrenal glands, spleen, meninges, and lung. This 

lymphoproliferation may be due to an attempt to control the infection by the T

lymphocytes. There is also marked extramedullary hematopoiesis. Other liver 

lesions include fatty degeneration and hepatocellular necrosis. Kupffer cells are 

swollen with hemosiderin accumulation. In chronically infected horses, gross 

lesions are generally unremarkable, although some animals may have proliferative 

glomerulonephritis or ocular lesions. 

1.1.5 Diagnosis 

EIA diagnosis is usually carried out via clinical signs, differential diagnosis 

and laboratory tests. For clinical signs, EIA should caused differentials in 

individual horses with depression, edema, weight loss, and intermittent fever. 

Meanwhile, we also need to pay attention to horses when several of them showed 

clinical signs such as fever, anemia, edema, progressive weakness or weight loss, 

particularly when new animals have been introduced into the herd or a member of 

the herd has died. During the clinical diagnosis, other febrile illnesses, including 
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equine viral arteritis, purpura hemorrhagica, leptospirosis, babesiosis, severe 

strongyliasis or fascioliasis, phenothiazine toxicity, autoimmune hemolytic anemia 

and other diseases that cause fever, edema and/or anemia, are needed to pay 

attention for differential diagnosis. 

For laboratory tests, there are several methods including virus isolation and 

identification, agar gel immunodiffusion (AGID or Coggins) test (Coggins et al., 

1972), enzyme-linked immunosorbent assays (ELISAs) (Suzuki et al., 1982), 

western blotting (Cook et a!., 2005), polymerase chain reaction (PCR), 

reverse-transcriptase PCR (RT-PCR), and real-time PCR assays (Cook et al., 2002; 

Nagaraj an & Simard, 2001; 2007). Virus isolation is usually thought to be not 

necessary for making a diagnosis. EIAV may be found in both plastna and blood 

leukocytes during febrile episodes, between these periods, the virus is 

cell-associated. To isolate EIAV from suspect horses usually need to inoculate their 

blood on to leukocyte cultures prepared from horses free of infection. Then the 

virus production in cultures can be confirmed by detection of specific EIA antigen 

by ELISA (Shane et al., 1984), by imunofluorescence assay (Weiland et al., 1982), 

by molecular tests or by subinoculation into susceptible horses. However, the 

disadvantage of virus isolation is the difficulty of growing horse leukocyte 

cultures. 

EIA is often confirmed by serologicaltnethods. Once an animal is infected, it 

becomes a carrier for life. The two most commonly used serological tests are the 

AGID (also called Coggins) test (Coggins eta!., 1972) and enzyme-linked ELISAs 

(Suzuki eta!., 1982). Precipitating antibody is rapidly produced as a result of EIA 
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infection, which can be detected by the AGID test. Specific reactions are indicated 

by precipitin lines between the EIA antigen and the test serum. At present, there are 

four ELISAs including a competitive ELISA and three non-cotnpetitive ELISAs 

that are approved by the United States Department of Agriculture for the diagnosis 

of equine infectious anemia and are available internationally. The competitive 

ELISA and two non-competitive ELISAs detect antibody produced against the p26 

core protein antigen. The third non-competitive ELISA incorporates both p26 core 

protein and gp45 (viral transmembrane protein) antigens (OlE, 2008). In 2005, the 

immunoblot test (western blot) has been used as a research tool to detect EIA 

infection and was showed to be a sensitive serological method (Cook et a!., 2005). 

According to OlE Terrestrial Manual 2008, all positive samples by ELISA should 

be confirmed with AGID because some false-positive results have been noted with 

the ELISA (OlE, 2008), and also can be confinned with immunoblotting test 

(Western blotting). 

Although serologic tests have been well established, all of them have 

recognized limitations because some false-positive results and indeterminate 

results occurred in practice. Therefore, direct detection of EIAV need to be 

developed to supplement or confirm serological tests. Based on this, a nested 

polymerase chain reaction (PCR) assay to detect EIA proviral DNA from the 

peripheral blood of horses has been described (Nagaraj an & Simard, 2001 ). The 

nested PCR method is based on primer sequences from the gag region of the 

proviral genome. It has proven to be a sensitive technique to detect field strains of 

EIAV in white blood cells of EIA infected horses; the lower limit of detection is 
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typically around 10 genomic copies of the target DNA (Nagaraj an & Simard, 2001; 

2007). Meanwhile, a real-time reverse-transcriptase PCR assay has also been 

established to detect the virus and showed to be an efficient detection tool (Cook et 

a!., 2002). 

Comparing above diagnostic methods, extensive variation between 

individual cases coupled with the lack of specific disease characteristics precludes 

the diagnosis of EIA on the basis of clinical signs or pathological lesions. In 

addition, conventional virus isolation attempts in equine monocyte derived 

macrophage cultures are not sufficiently sensitive or reliable enough for routine 

detection purposes. Therefore, the diagnosis of EIA is currently exclusively 

dependent on indirect serological detection techniques with the most commonly 

used method being the AGID or Coggins test (Coggins et a!., 1972). Although 

ELISA-based tests are approved for use in some countries (Centaur, 1993; 

Matsushita et a!., 1989) these nations follow the OlE Terrestrial Manual 2008 

guidelines requiring that ELISA positive samples be confirmed by AGID. This is 

because false-positive results have occasionally been noted with the potentially 

more sensitive ELISA tests (OlE). In addition to these commercially available 

assays the immunoblot test (Western blot) has been used both as a research tool 

(Cook et a!., 2005) and very recently in an official capacity to resolve difficult 

diagnostic cases in Italy (C. J. Issei personal communication). While serological 

detection techniques have been used successfully in EIA control for more than four 

decades they all suffer from the disadvantage they cannot detect cases from the 

time of exposure until the development of sufficient virus specific antibodies. This 
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problem may be particularly evident in the case of the relatively insensitive AGID 

test. Although most equids become seropositive in AGID within 45 days of 

exposure to EIAV, delays of 157 days have been reported (Cullinane et al., 2007). 

Furthermore, AGID failed to detect the presence of EIAV infected horses following 

a compulsory 90 day quarantine period on a farm at the center of the 2006 Italian 

outbreak resulting in eight new clinical cases (Cappelli et al., 2011 ). Detection of 

viral genetic material by sensitive PCR or quantitative RT-PCR has the potential to 

overcome the shortfalls associated with indirect serological diagnostic techniques 

and such methods have been successfully applied to the detection of laboratory 

adapted strains along with some field EIAV isolates (Cappelli et al., 2011; 

Cullinane eta!., 2007; Nagarajan & Simard, 2001; OlE, 2008; Quinlivan et al., 

2007; Zheng et al., 2000). Since these PCR-based diagnostic assays showed to be 

very sensitive, OlE recommended that duplicate samples of each diagnostic 

specimen be processed, PCR positive samples need to be confirmed by AGID test. 

Because of the risk of cross contamination, it is also important that proper 

procedures are followed (OlE, 2008). 

1.1.6 Prevention and control 

For EIA prevention, it is very important to make the prevention programs to 

test EIA before entry of the horse, and require the local horses for test in regular. 

Regular voluntary testing of the equids on a farm, as well as testing of new animals 

before introduction, is very helpful in maintaining an EIA-free herd. It is thought 

to be a hard work to control this disease. Once equids are infected by EIA V, they 
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become lifelong carriers. Since there is no efficacious vaccine against EIA, the 

infected horse must be permanently isolated from other susceptible animals or 

euthanized. When a horse is confirmed as infection, it must be marked and isolated 

as soon as possible. If an outbreak happened, we need to control insect vectors by 

spraying, as well as the use of insect repellents and insect-proof stabling, which 

may aid in interrupting transmission. Meanwhile, it is better to place animals in 

small groups separated by at least 200 yards might be beneficial when the virus is 

being transmitted within a farm. Moreover, we need to pay attention to our 

handling to avoid iatrogenic transmission. Most of common disinfectants can be 

used to destroy the virus particle in fann since EIAV is an enveloped virus. 

1.1.7 Vaccine development 

At present, it is a great challenge to develop an efficacious vaccine against 

EIA and other lentiviral infections in human and veterinary medicine field. 

Although some encouraging results were reported, so far there has no actually 

available vaccine for EIA. For most naturally or experimentally EIAV-infected 

animals, they usually be able to control EIAV replication and disease processing 

within a certain period, which suggested it may be effective to develop a vaccine to 

prevent this disease. However, to date, all international efforts, including the 

classical vaccines based on inactivated or attenuated whole virus and vaccines with 

viral recombinant protein, failed to induce a broadly protective immune response. 

More than 20 years ago, one effective vaccine, using a live attenuated EIA V strain 

produced by serial passages on donkey leukocyte cells, was reported in China 
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(Shen & Wang, 1985). Unfortunately, since there were no independent 

investigations, the vaccine were not accepted by the international scientific 

community. Another research on inactivated vaccine showed that the prototype 

cell-adapted Wyoming strain (Malmquist et a/., 1973) efficiently protected ponies 

against the challenge with the homologous strain. But for the challenge of 

heterologous strain, although the virus replication was significantly reduced, it 

failed to prevent infection (Issei et a/., 1992). The subunit vaccine was also tried, 

but the result show the subunit vaccine enriched in envelope glycoproteins not only 

failed to protect the ponies against the attacks by homologous or heterologous 

strain, but also possessed a high potential to enhance EIA V replication and 

exacerbate the disease. Another live attenuated EIA V vaccine was constructed by 

using a molecular clone EIA V uK which carrying two inactivating stop codons in 

the S2 ORF (Li et al., 2003). Experimental result showed this vaccine protected the 

animal against the challenge with a homologous virus strain (Li et a/., 2003). 

However, the protection experiment was not done for challenge with a 

heterologous EIA V strain. In conclusion, so far there have been some encouraging 

results reported from the EIA vaccine trails, but still have Inany problems need to 

be solved. 

1.2 Equine infectious anemia virus 

1.2.1 Overview 

The EIAV IS a lentivirus In the family Retroviridae, subfamily 

Orthoretrovirinae. Other members of the lentivirus genus include: bovine 
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immunodeficiency virus; capnne arthritis encephalitis virus; feline 

immunodeficiency virus; human immunodeficiency virus I· human 
' 

immunodeficiency virus 2; and maedi/visna virus. Nucleic acid sequence 

comparisons have demonstrated a marked relatedness among these viruses. The 

single stranded EIA V RNA is approximately 8.2 kb in length and contains the 

simplest known genomic organization of any extant lentivirus. In addition to the 

structural proteins encoded by the retroviral prototypical gag, pol and env genes, 

EIAV possesses just three additional open reading frames (ORFs). These encode 

the tat and rev proteins that are present in all lentiviruses and a protein designated 

as S2 (Leroux et al., 2004). 

Although EIA has a worldwide distribution and was described more than 150 

years ago, so far only two independent EIAV strains (EIAV wyoming [North America] 

and EIAVLiaoning [China]) have been identified based on their complete proviral 

sequences. All other reported strains with complete proviral sequences are 

laboratory-generated derivatives of these two strains. Although, novel field EIAV 

isolates have been reported based on the nucleotide sequences of gag (Cappelli et 

al., 2011) and env (Craigo et al., 2009) genes in USA and Europe, the whole 

proviral genome sequence for these viruses have not been determined. Therefore, it 

is not known if these European and North American isolates are truly novel 

because their actual phylogeny might be obscured by genome mosaicism which is 

often happened in other lentivirus (Lole et al., 1999; Sa Filho et a!., 2005; Shere fa 

eta!., 1998; Suet al., 2000). 
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1.2.2 Long terminal repeat 

In lentivirus, long terminal repeats (LTR) consist of three segments namely 

U3 (unique, 3' end), R (Repeated) and U5 (unique, 5' end) and serve as the site of 

transcriptional initiation. LTR contains important elements for virus replication and 

viral transcription. The lentivirus promoters are regulated by various cellular 

DNA-binding factors interacting with specific tnotifs on the LTR sequence. In 

colllinon with all reported EIAV strains possesses a consensus TATA-box, 

TATATAA along with three consecutive G residues that serve as the initiation site 

for RNA synthesis and define the R-U5 border. They also contain a consensus 

poly(A) addition signal (AATAAA). Additionally, LTR also contains cis-acting 

DNA eletnents corresponding to the methylated DNA-binding protein site MDBP, 

two PEA2 elements, a PEA3/ets tnotifand an AP-1 site (Carvalho & Derse, 1993a). 

The PU.1 (purine-rich element 1 ), which recognize the ets element, was showed to 

positively regulate the promoter of EIAV (Carvalho & Derse, 1993b). The 

generation of B-lymphocytes and macrophages, the natural target of EIAV 

infection, require the expression of PU.1 which is normally restricted to the 

haematopoietic system (Lloveras eta!., 1999). 

1.2.3 Structural proteins 

The structural proteins of EIAV are encoded by gag, pol and env genes, and 

produced from polyprotein precursor molecules. The products of gag and pol 

genes are translated from the full-length viral messenger RNA (Naiman et al., 

1990). The Gag-Pol polyprotein was synthesized with the ribosomes shifting their 
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translational reading fratne to read through the stop codon in gag. This processing 

is regulated by several critical motifs including an AAAAAAC slippery sequence, 

a 5-base GC-paired segment downstream of the slippery sequence and a 

pseudoknot structure (Chen & Montelaro, 2003). When the next generation virus 

bud from the host cells, the Gag precursor proteins is necessary to be expressed on 

the plasma membrane. The EIAV Gag-precursor (Pr55gag) polyprotein is cleaved 

by viral encoding protease into four major internal structural proteins of the mature 

virion. These comprise the the membrane-interacting matrix (MA) p15, the capsid 

(CA) p26, the RNA-binding nucleocapsid (NC) proteins p11 and p9 (Hussain et al., 

1988; Stephens et al., 1986). It is reported that conservation of amino acid 

sequences encoded by EIAV gag conforms to a hierarchy in which p26 > p 11 > 

p 15 > p9. The MA or p 15 in all EIAV wyoming-like viruses contains a potential 

leucine-rich type nuclear export signal (LKKLEKVTV) (Hatanaka et al., 2002). 

Although the actual function of this motif is unknown the fact that it is likely to be 

important within the EIAV replication cycle. The CA contains a motif present in 

many retroviruses termed the Major Homology Region (MHR) that is believed to 

be essential for virus assembly and budding from the host cell plasma membrane 

(Grund et al., 1994). The NC proteins of alllentiviruses share a high percentage of 

basic amino acid residues and one or two zinc-binding motifs. EIAV contains two 

of these zinc binding regions (C-X2-C-X4-H-X4-C where C represents cysteine, H 

represents histidine and X indicates a variable amino acid residue) separated by an 

usually short five basic residue-rich (R-A-P-K-V) linker (Amodeo et al., 2006). 

Meanwhile, the p9 YPDL late domain that has been shown to be essential for 
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budding from the host-cell plasma membrane in EIAV (Chen et al., 2001; Li et al., 

2002; Puffer et al., 1997). The Pol protein is yielded fro1n the Cleavage of the 

EIAV Gag-Pol precursor (Pr180gag/pol) and it produce various enzymatic 

activities including the reverse transcriptase-RNaseH (p66) essential for the 

conversion of viral RNA into DNA, a viral protease (p12) for the processing of the 

polyproteins, a dUTPase (p 15) essential for EIAV replication in non dividing 

monocyte-derived macrophages, an integrase and the natural host cells for EIAV 

expression and replication (Lichtenstein et al., 1995; Steagall et al., 1995; 

Threadgill eta!., 1993). 

The surface unit (SU, gp90) and transmembrane envelope glycoproteins (TM, 

gp45) were encoded by env gene and produced by the action of host -cell specified 

proteases. The gp90 may interact with the cellular receptor, still unknown for EIAV. 

It is highly glycosylated; based on the deduced amino-acid consensus sequence of 

EIAVpv strain, 17 and 5 potential N-linked glycosylation sites (NX[S/T]) are 

present in gp90 and gp45 respectively (Leroux et al., 1997). The gp90-surface 

glycoprotein is showed for rapid evolution during the course of disease and the 

mutations are restricted to defined variable regions, V1 to V8, in gp90 (Leroux et 

a/., 1997). The cysteine residue sites are conserved in gp90 between different EIAV 

strains and that this may contribute via the formation of disulfide bridges to 

maintaining structural or functional integrity in this otherwise highly variable 

envelope glycoprotein (Craigo et a/., 2009). Lentiviruses utilize dense 

glycosylation to shield the envelope proteins from illlinune recognition. 
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1.2.4 Accessory proteins 

In addition to the structural proteins encoded by gag, pol and env, EIAV has 

three additional ORFs encoding the small accessary proteins Tat, S2 and Rev, This 

is in contrast with the seven additional genes contained in the genome of the 

primate lentiviruses (Thomas & Furman, 1991 ). The Tat or trans-activator protein 

regulates transcription of EIAV proviral DNA. It consists of the amino terminus, 

core region, basic region and carboxy terminus, but lacks a cysteine-rich region 

found in other lentiviruses (Carroll et al., 1991). EIAV Tat interacts with the viral 

LTR through the trans-activation responsive (TAR) element, suggesting that highly 

divergent Tat and TAR elements control viral gene expression by the same 

mechanism (Albrecht eta!., 2000; Bieniasz et al., 1999; Sune eta!., 2000). The S2 

gene is located in the pol-env intergenic region following the second exon of tat 

and overlaps with the 5 '- termin~l of the env gene while Rev is encoded by two 

exons comprising alternate reading frames within the env gene. 

1.3 EIA in Japan 

EIA was first reported in Japan in 1883. Since then, it has threaten the horse 

breeding in Japan. Because of EIAV infection, about 10,000 horses were killed in 

1952, and more than 50,000 horses were killed in 1950s (Sentsui, 2011 ). The 

kinetic of infection amount illustrated that infection peak was showed in 1952, and 

then it has been decreased because the amount of breeding horses have been 

reduced. However, one small peak was showed from 1973 to 1975 and total of591 

horse were infected. AGID method was introduced into Japan and accepted by the 
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government to detect EIAV infection in 1978. The diagnosis became standard and 

healthy checking for EIAV has been held every year. Therefore, the disease was 

controlled step by step. In 1983, 4 horses were diagnosed as positive, and then 

there had been no positive horse reported during 1984 to 1992. EIA was thought to 

disappear in Japan. Unfortunately, 2 horses were diagnosed as EIA positive in 1993 

in the same farm where EIA was reported 10 years ago. From 1993 to 2010, there 

had been no reports for EIA in Japan. However, after the 18-years silence, the 

disease was reported again in 2011. 

In Japan, it is a duty to accept regular health examination for equine. If the 

animal is diagnosed as EIA positive, it will lose the qualification not only for the 

horse racing but also for reproduction. Moreover, according to Act on Domestic 

Animal Infectious Diseases Control in Japan, the infected horses must be 

euthanized, and incinerated or buried as soon as possible. It is thought to possess a 

good system and experience to control EIA in Japan. 

1.4 Feral Misaki horse 

The Misaki horses were first documented more than 300 years ago and has 

been designated as a natural monument in Japan in 1958. It is considered as one of 

eight native breeds to Japan, also including Hokkaido Horse, Kiso Horse, Noma 

Horse, Tsushima Horse, Tokara Horse, Miyako Horse, and Yonaguni Horse. The 

Misaki horse inhabits in the Toi-Cape area, at the south end of Miyazaki Prefecture 

on the island of K yusyu, in southern Japan. It was documented in the historical 

record in 1697 when the Akizuki family of the Takanabe Clan rounded up feral 
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horses and developed a pool of breeding stock. At present, the Misaki horse is 

classified as an endangered breed, with only about 100 living animals. This 

population has remained relatively stable for the past 30 years, up from a low of 53 

individuals recorded in 1973 [Country Report (For FAO State of the World's 

Animal Genetic Resources Process)]. 

The Misaki horse average 12.2 to 13 hands (130 - 135 em) in height. It is 

exactly a breed of pony, under the official definition of a pony is a horse that 

measures less than 14.2 hands (58 inches, 147 em) at the withers. They are mostly 

bay or black, with a few chestnuts. Their average life of male is 14 years while 

female is 16 years. The female horse can give birth after 3 years old and can give 5 

to 6 birth during the whole life. The Misaki horse is thought to be one of pure 

horse species. However, One tnale hybrid tnale horse named Komatsugo was 

introduced into Misaki horse herd in 1913. The father of Komatsugo is 

Standardbred horse from America and his mother is a hybrid from Hokkaido 

Wasyu and N anbu horses. But the hybridization contribution of Komatsugo ts 

thought to be very limited to Misaki horse. 
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2. Establishment of a nested PCR diagnosis test 

Development of a nested PCR assay to detect equine infectious anemia 

proviral DNA from peripheral blood of naturally infected horses 
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2.1 Introduction 

Equine infectious anemia (EIA) is a disease affecting all members of the 

Equidae. The causative agent, EIA virus (EIAV) is a lentivirus in the family 

Retroviridae (subfamily Orthoretrovirinae) (Lairmore, 2011; Montelaro et a!., 

1993). Although the course of disease following primary infection can be highly 

variable, in some cases resulting in the loss of life whereas in others the equid 

remains asymptomatic, horses commonly experience an acute clinical episode, 

lasting one to three days in which the main disease signs are fever and 

thrombocytopenia. This is often followed by a chronic disease phase characterized 

by episodic bouts of fever, thrombocytopenia, depressed neurologic signs, anemia, 

edema and cachexia. In some particularly severe cases jaundice, bloodstained feces, 

tachypnea, and petechial hemorrhages of the tnucosae are also apparent (Clabough 

eta!., 1991; Issei & Coggins, 1979; Lairmore, 2011; Sellon eta!., 1994). After 12 

to 24 months the frequency of disease episodes diminishes and the equid enters a 

prolonged phase, the inapparent carrier state where it is devoid of overt clinical 

signs. The transition to this state is dependent on the development of broadly 

reactive adaptive immune responses that although effectively restrict viral 

replication, do not eliminate EIAV and so the equid remains a potential reservoir of 

the infection (Cheevers & McGuire, 1985). Therefore, in order to prevent 

transmission, infected animals must either be euthanized or remain permanently 

isolated from other equids. Since it was first described in France in 1843, EIA has 

been reported worldwide and even today poses a considerable threat to the equine 

industry in some countries (Issei & Coggins, 1979; Lairmore, 2011 ). 
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Extensive variation between individual cases coupled with the lack of 

specific disease characteristics precludes the diagnosis of EIA on the basis of 

clinical signs or pathological lesions. In addition, conventional virus isolation 

attempts in equine monocyte derived macrophage cultures are not sufficiently 

sensitive or reliable enough for routine detection purposes. Therefore, the 

diagnosis of EIA is currently exclusively dependent on indirect serological 

detection techniques with the most commonly used method being the agar gel 

immunodiffusion (AGID) or Coggins test (Coggins et al., 1972). Although 

enzyme-linked immunosorbent assay (ELISA)-based tests are approved for use in 

some countries (Centaur, 1993; Matsushita et al., 1989) these nations follow the 

OlE Terrestrial Manual 2008 guidelines requiring that ELISA positive samples be 

confirmed by AGID. This is because false-positive results have occasionally been 

noted with the potentially more sensitive ELISA tests (OlE). In addition to these 

commercially available assays the immunoblot test (Western blot) has been used 

both as a research tool (Cook eta!., 2005) and very recently in an official capacity 

to resolve difficult diagnostic cases in Italy (C. J. Issel personal communication). 

While serological detection techniques have been used successfully in EIA control 

for more than four decades they all suffer from the disadvantage they cannot detect 

cases from the time of exposure until the development of sufficient virus specific 

antibodies. This problem may be particularly evident in the case of the relatively 

insensitive AGID test. Although most equids become seropositive in AGID within 

45 days of exposure to EIAV, delays of 157 days have been reported (Cullinane et 

al., 2007). Furthermore, AGID failed to detect the presence of EIAV infected 
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horses following a compulsory 90 day quarantine period on a farm at the center of 

the 2006 Italian outbreak resulting in eight new clinical cases (Cappelli et a!., 

2011). Detection of viral genetic material by sensitive PCR or quantitative RT-PCR 

has the potential to overcotne the shortfalls associated with indirect serological 

diagnostic techniques and such methods have been successfully applied to the 

detection of laboratory adapted strains along with some field EIAV isolates 

(Cappelli eta!., 2011; Cullinane et al., 2007; Nagarajan & Simard, 2001; OlE, 

2008; Quinlivan et al., 2007; Zheng et al., 2000). 

In 2011, EIA was detected in the Misaki horses, using both AGID and 

Western blotting techniques. These are feral horses located in the Toi-Cape area, 

Miyazaki prefecture, in southern Japan. Despite clear evidence of positive 

serological reactions proviral DNA was not demonstrable in peripheral blood of 

any of the infected horses using PCR primers recommended by OlE (OlE 

Terrestrial Manual 2008) (Nagaraj an & Sitnard, 2001; OlE, 2008), previously 

published primer sets (Quinlivan et al., 2007; Zheng et al., 2000) or unpublished 

primer pairs currently being evaluated in other laboratories. In the present study, a 

novel nested PCR assay was established using primers designed within conserved 

5' regions of the EIAV genome extending from within the long terminal repeat 

(LTR) to the trans-activator (tat) gene. This assay successfully detected proviral 

DNA from peripheral blood cells in all seropositive horses proving it to be a rapid, 

sensitive and specific technique for the diagnosis of EIAV in naturally infected 

horses. 
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2.2 Materials and methods 

2.2.1 Primer design 

A total 11 whole genome sequences of EIAV were downloaded from 

GenBank (Wyoming (AF033820), USA; Liaoning (AF327877), China; V26 

(AB008197), Japan; DLV18-8 (HM141923), China; DV35-20 (HM141911), China; 

EIAVuk (AF016316), USA; DV117 (HM141912), China; FDDV-10 (GU385360), 

China; V70 (AB008196), Japan; Vaccine Strain (AF327878), China; WSU5 

(AF24 7394 ), USA) and aligned using the Laser Gene sequence analysis package 

(DNASTAR, Inc., Madison, WI) (Thompson et a!., 1997). Subsequently, specific 

primers were designed and analyzed using the Oligo 6.31 program, (Molecular 

Biology Insights, Inc., CO) based on highly conserved 5' EIAV genomic sequences 

extending from the LTR to the tat gene (Fig. 1 ). Sequences of the oligonucleotide 

primers are shown in Table 1. 

2.2.2 Positive control 

DNA was extracted from peripheral blood cells of a feral horse Miyazaki-A, 

diagnosed as EIAV positive in both AGID and Western blotting (Cook et al., 2005), 

using a DNeasy blood and tissue kit (Qiagen, Maryland, MD) according to the 

manufacturer's instructions. PCR was performed with outer primer set 

(EIAVltr-1F and EIAVltr-1R) using Takara Ex Taq (Takara, Shiga, Japan) in a 50 

Jll reaction volume with cycling conditions consisting of an initial denaturation 

step at 94°C for 5 min followed by 35 cycles of 94°C for 45 s, 56°C 

(recommended by Oligo 6.31 program) for 45s, 72°C for 60 s, and a final 
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extension of 72°C for 10 min. The product was analyzed by electrophoresis in a 

1.5% agarose gel. A fragment of the predicted size (246 bp) was purified with 

QIAquick gel extraction kit (Qiagen, Hilden, Germany) and cloned into pMD20-T 

vector (Takara, Shiga, Japan). The cloned insert was sequenced and shown to have 

significant homology to EIA V following a Blast search in GenBank. The 

recombinant plasmid, named pMD-A246, was used as positive control to optimize 

the amplification conditions of the nested PCR assay. 

2.2.3 Optimization for annealing temperature 

Optimal annealing temperature was determined by gradient PCR with 

temperatures of 50, 52, 54, 56, 58 and 60 °C. Using pMD-A246 (105 copies/~1) as 

template, the amplification for two primer sets was carried out using an initial 

denaturation at 94 oc for 5 min followed by 3 5 cycles of 94 oc for 30 s, 30 s at the 

different gradient annealing temperatures, 72 oc for 40 s, and a final extension of 

72°C for 10 min. Ten 1nicroliter of the PCR products were electrophoresed in 1.5% 

agarose gels and the intensity of GelRed nucleic acid stain (Biotium, Hayward, CA) 

analyzed using software associated with a CS Analyzer Ver 3.0 (ATTO, Tokyo, 

Japan) to determine the optimal annealing temperature. 

2.2.4 Sensitivity 

Plasmid pMD-A246 was serially diluted 10-fold with DNase-free sterile 

distilled water from 106 to 1 o-1 copies/~1 and 5 ~1 of each dilution used as template 

to determine the sensitivity of the individual outer and inner primer set PCR in 

24 



addition to the full nested reaction. Individual first and second stage reactions were 

conducted using Takara Ex Taq (Takara, Shiga, Japan) in a final 50 J.ll volume 

according to the manufacturer's instructions. Cycle amplification was carried out 

using an initial denaturation at 94 oc for 5 min followed by 35 cycles of 94 oc for 

30 s, 30 sat the optimized annealing temperature described in the section of 

optin1ization for annealing ten1perature, 72 oc for 40 s, with a final extension of 

72°C for 10 1nin. For nested PCR, 2.5 J.ll of the first round reaction product was 

used as template with cycle amplification conditions being the same as those used 

for single outer and inner primer set PCRs. Ten microliter of the product from each 

PCR was analyzed by electrophoresis in 1.5% agarose gels. 

2.2.5 Application for field samples 

To evaluate the diagnostic efficacy of the nested PCR assay, a total of 14 

peripheral blood samples were collected from the Misaki feral horse population in 

Toi-cape area, Miyazaki, in southern Japan. DNA was extracted using a DNeasy 

blood and tissue kit (Qiagen, Maryland, MD) according to the manufacturer's 

instructions and EIA V proviral sequences amplified using the optimized version of 

the nested PCR assay as described above. The resultant PCR -generated products 

were purified with QIAquick gel extraction kit (Qiagen, Hilden, Germany) prior to 

cloning into the pMD20-T vector (Takara, Shiga, Japan). The nucleotide sequences 

of the cloned inserts were determined using a Bigdye Terminator v3.1 cycle 

sequencing kit (Applied Biosystems, Foster City, CA) in conjunction with an ABI 

Prism 3130 genetic analyzer (Applied Biosystems, Foster City, CA). Sequencing 
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results were analyzed with the LaserGene sequence analysis package (DNASTAR, 

Inc., Madison, WI) (Thompson et al., 1997) and GENETYX Ver. 7.0.9 (Genetyx 

Corp., Tokyo, Japan). 

2.2.6 Serological diagnostic techniques 

Serum samples from each of the 14 feral horses were tested for the presence 

of antibodies against EIA V using AGID (Nisseiken, Tokyo, Japan) as specified by 

the manufacturer or by Western Blotting as described previously (Cook et al., 

2005). 

2.3 Results 

A nested PCR for the amplification of EIAV proviral sequences has been 

developed using oligonucleotide pnmers (outer prilner pair: 

EIAVltr-1F/EIAVltr-1R and inner prin1er pair: EIAVltr-2F/EIAVltr-2R) designed 

based on highly conserved 5' viral genomic sequences extending from the LTR to 

the tat gene. The predicted DNA fragment product sizes are 246 bp and 198-203 bp 

(dependent on EIAV strain) for the first and second round PCR amplification steps 

respectively. The optimum annealing temperatures for both reaction steps were 

determined by gradient PCR using cloned sequences (pMD-A246) obtained from 

an EIAV infected horse (Miyazaki-A) and amplified with the 

EIAVltr -1 F /EIAVltr -1 R primer pair. Optimal temperatures for the first and second 

stage reactions were shown to be 52 oc and 58°C respectively. Sensitivity of the 

first, second and nested PCR were determined under optimal amplification 
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conditions using 1 0-fold serial dilutions of plasmid pMD-A246 as the template. 

Both the individual first and second stage reactions have detection limits of 100 

genomic copies of the target DNA, while the combined or nested PCR is capable 

of detecting just 10 template molecules (Fig. 2). 

As a result of a testing program some feral horses living in the Toi -Cape area 

of Japan were discovered to have been exposed to EIAV Consequently, serum 

and peripheral blood samples were collected from 14 of these horses. It should be 

noted that none showed disease signs consistent with clinical EIA at the time of 

collection. In the conventional AGID test 10 horses possessed convincing 

serological reactivity against EIAV antigen whereas 2 (7 4, A4) were judged 

negative while the remaining animals (53, 56) produced what can only be 

described as equivocal reactions. However, when sa1nples were re-tested using the 

more sensitive Western blotting technique serum from both 53 and 56 along with 

all horses seropositive in AGID were found to possess antibodies that reacted 

against multiple EIAV structural proteins (Fig. 3 ). All initial attempts to amplify 

EIAV proviral sequences from peripheral blood samples collected from these 

horses using OlE recommended primers, previously published primers (Quinlivan 

et al., 2007; Zheng et al., 2000) or unpublished primer sets under investigation in 

other laboratories were unsuccessful. In contrast, the optimized nested PCR 

described above, produced a single predominant fragment following amplification 

of the peripheral blood cell template DNA from all horses (Fig. 3) with the 

exception of the two seronegative animals (74, A4). Although the length of this 

fragment was consistent with the amplicon predicted for the 
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EIAVltr-2F/EIAVltr-2R primer pair (198-203 bp), the identity of each product was 

confirmed by molecular cloning in a pMD20-T vector (TaKaRa) and nucleotide 

sequencing. All resultant sequences had significant homology to EIAV when 

submitted to BLAST searches in GenBank and shared 83.1 to 88.3 %nucleotide 

identity with the international reference strain Wyoming (AF033820). Taken 

together these results demonstrate the optimized nested assay has an equivalent 

sensitivity and specificity to more conventional serological diagnostic techniques 

in horses that are not experiencing overt clinical signs of EIA. Indeed, while all 

infected horses were successfully detected using the optimized nested PCR assay 

only 83% produced clear evidence of seropositivity in the internationally accepted 

AGID test. In addition, to straightforward diagnosis, analysis of the nucleotide 

sequence data from each PCR product suggested all 12 horses had been infected 

with very closely related EIAV strains in that they possessed between 97.0 and 

100 % identity with the prototype Miyazaki-A virus. Furthermore, molecular 

characterization of the PCR amplicon produced by the EIAVltr-2F/EIAVltr-2R 

primer pair with the Miyazaki-A virus demonstrated this region is extensively 

conserved in different Asian and North American EIAV strains as seen by the 

relatively large blocks of identical sequences interspersed with generally very short 

regions containing nucleotide substitutions, deletions and insertions (Fig. 4). 

2.4 Discussion 

In the absence of effective vaccines control of EIA is limited to identification 

of infected equids that at present is entirely reliant on the indirect serological 
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techniques of AGID and ELISA. Furthermore, in almost every country regulatory 

actions can only be taken once an equid becomes seropositive in the 

immunodiffusion assay. Although, AGID has earned a reputation for high 

specificity it is relatively insensitive and sometimes produces difficult to interpret 

or even false negative results as seen with serum samples from horses 53 and 56. 

On the other hand the higher potential sensitivity of ELISA -based tests can result 

in false positive readings. Although AGID negative/ELISA positive samples can 

often be resolved by Western blotting this assay is not currently available 

commercially. Another obvious disadvantage with serological diagnostic assays is 

that they cannot detect cases of recent exposure. Although PCR -based tests for the 

detection of EIAV genetic material have the necessary sensitivity and specificity to 

overcome many of these disadvantages none of the primer pairs developed to date 

(Cappelli eta!., 2011; Nagarajan & Simard, 2001; OlE, 2008; Quinlivan eta!., 

2007; Zheng et al., 2000) permitted amplification of viral sequences from 

Toi-Cape area feral horses suggesting the existence of sequence mismatches. In 

the case of lentiviruses where there is substantial genetic diversity between 

geographically distinct isolates the possibility of mismatches between primers and 

their target sequences is seen as a major obstacle to the routine implementation of 

PCR-based diagnostic tests. However, it has been demonstrated the LTR's contain 

elements that are highly conserved during persistent infection (Reis et a/., 2003). 

Furthermore, structural and functional studies at both the sequence and the 

expressed protein levels suggest the viral tat gene is also likely to be extensively 

conserved (Dom et a/., 1990; Stephens et al., 1990; Sticht et a!., 1993). These 
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predictions were confirmed in the nucleotide sequence aligntnents between 

different EIAV strains conducted as part of these studies and enabled the design of 

nested primer sets within 5' regions of the viral genome for the successful 

amplification of proviral sequences from viral strains that have not been previously 

characterized at the molecular level. Furthermore, the nested PCR was shown to be 

potentially more sensitive than the current internationally accepted gold -standard 

AGID technique (Cullinane et al., 2007). Another factor that could limit the 

widespread adoption of PCR-based assays against EIA is the generally low tissue 

and plasma associated viral burdens that exist between clinical episodes and 

particularly once inapparent carrier status is attained (Harrold et a!., 2000). 

However, results reported by Cappelli et a!. 2011 (Cappelli et a!., 2011) suggest 

that while plasma associated viral RNA burdens may fall below the detection limits 

of most nested reverse transcriptase (RT) PCR-based assays in asymptomatic EIAV 

infected equids, amounts of proviral DNA in peripheral blood mononuclear cells 

remain at significantly higher and in most cases detectable levels. None of the 

horses tested as part of this study had overt clinical signs of EIA at the time the 

samples were collected and therefore it is highly likely that most if not all had 

already entered the inapparent stage. Amplification of DNA fragments with 

significant sequence identity to known EIAV strains from peripheral blood samples 

of all 12 seropositive horses demonstrates the efficacy of the optimized nested 

PCR assay even in cases where clinical signs are absent. In addition, the results 

offer some support for the suggestions of Cappelli et a! 2011 (Cappelli et a I., 2011) 

concerning the relative abundance of proviral DNA. However, 1nore extensive 
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comparative experiments are required before the use of peripheral blood cell 

proviral DNA rather than plasma associated viral RNA is recommended as the 

template of choice for PCR-based methods of EIA diagnosis in inapparent carriers. 

A significant advantage of PCR for EIA diagnosis is that in contrast to 

conventional serological detection techniques it will yield itnportant 

epidemiological information when combined with nucleotide sequencing. The 

finding that viruses isolated from all 12 horses were genetically distinguishable 

from previously published sequences and yet possessed 97-100% nucleotide 

identity with the original Miyazaki -A isolate reflects the known history of the 

Toi -cape region and is consistent with a segregated horse population exposed, 

potentially for long periods of time, to a family of closely related EIAV strains. 

Another specific advantage of the nested PCR protocol described here is that 

because primer binding sequences in the 5' LTR are repeated in 3' LTR it is 

possible to modify the technique and amplify the entire proviral genome for 

subsequent characterization at the nucleotide level. Based on this modified 

protocol, we have successfully obtained a whole proviral genome sequence 

(Miyazaki2011-A) from one of 12 EIA positive horses. Although this will be 

described fully elsewhere the Miyazaki20 11-A isolate differs significantly from all 

previously published EIAV genomic sequences. Analysis of this whole proviral 

genomic data has confirmed suspicions that mismatches within primer binding 

sites are responsible for the failure of previously published PCR assays (Quinlivan 

eta!., 2007; Zheng eta!., 2000) including that recommended by OlE (Nagarajan & 

Simard, 2001) to generate detectable products with any of the Toi -cape area horses. 
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In summary, a nested PCR assay has been developed to detect EIA V proviral 

DNA in peripheral blood cells of naturally infected horses using primer sequences 

located within conserved 5' regions of the viral genome extending from the LTR to 

the tat gene. This assay is rapid, demonstrated equivalent specificity to Western 

blotting and is potentially more sensitive than AGID, the current international 

standard for the detection of EIAV infected equids. Furthermore, in contrast to 

serological diagnostic techniques the nested PCR assay can be used in cases of 

recent exposure and when combined with nucleotide sequencing delivers 

additional valuable molecular epidemiological information. The nested PCR 

therefore provides a powerful new assay that effectively compliments conventional 

serological tests for the diagnosis and control of EIA. 
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2.5 Tables and figures 

LTR tat gag 

... ·· ... 
.... ···· ... 

.... ········· EIAVItr-lF 

······ ··· ··· ····· ·· 

~ EIAVItr-2F 

pol 

··· ·· ············ ·········· 

52 

··· ······· ················ 

EIAVItr-2R 
. ········ ········ ·· ···· ·: ·············· ·· 
. . 
~ EIAVItr-lR ~ . . . . . . 

V26 :':'G':'.AC:'C:GACAG':':GGGC.AC: CAU..::c:GCGG:'C':'GAG:'CCC':'':'CC:GC7GC-GC': A':CCCCGGGACAGCAGAGGAr. '· '· C':':'ACA.GAAG':'C:':C:G~GG:'~!':'CC:'GC-cCAGAACACAG:>AG9 

V70 :':'G:'A::C:'GACAG:':'GI"JGCC-c:'CAGA:':'c:'GCGG : C: GAG:'CCC':':'C: C: GC:GGGC: A!CCCCGGGACAGC.AGAGGAGAAC:':'ACAGAAG:'c:':'C:'GGAGG:'G:':Cc:'GGCCAGAACACAGGAGGJ: 

D'lll1 :':'G:'A7:'C:GAC.~.:r::GGACAC:CAGAT:C:GCGG:'C:GAG:'CCC:'7c:'C7GC":'GG"'....C: A:'CCC:'AC-GACAGCAGAGGAG.AAC:'7ACAGAAG:'C:':'C:GGAGG':'G:':'CC:'GGCCACAACACAGGAAGJ! 

DV35-2 0 - :':'G:'A:':'C:'GA.CA::'!':'GGACAC7CAGAT7CCGCGG:'C:'GAG7 CCC:':'C:'C:'GC:'GGGC: -- k:CCC:AGGACAC..cAGAC--GAGAAC":":'ACAGAAG:C::C:'GGAGG:'G:'':'CC: GGCCACAACACAGGAAGJ: -

EIAVuk :-:'G:'A:':'C:'GACAA:':'GGGCAC:'CAGA!":'C:'GCGG:'C: GAG:'CCC':':'C:C:GC':':..C-GC:' • - A:'CCCCGGGACAGCAGAGGA!.:AAC:':'ACAGAAG:'C::'C:'QGAGG:'G:':'Cc:'GGCCAGAACACAGGAGG;l 
f'DDV-1 0 7:'G:'A :':'C7GACA!':':'C-G1.CAC:'CAGA7:'c:'GCGG:"C':'GAG: CCC':':'C7-c:'GC:'GGGC: A: CCC:AGGACAC-C':'GAGGAG.AAC::'ACAG.AAG:-c:-:'C: GGAGG:'G:':'AC':"GC..CCACAAC.:.CAGGAAQ 
LJ.aon J.ng :'7G::'A:' :'C7GACA7:':'C.-GACAC:CAGA7:'C!GCC~:'C7GAG:'CCC:'7C:C7C-c:GC--GC: A:'CCC:'AGGAO.GCAGA.C..uri.GA:..C':':'ACAGACG:'C::'C7GGAC-G:'G'::'CC7 GGCCACAJ;.CACAGGllGJl 

Vacc.l.ne 77G:'A:':'C7GACA!':':'G~CGC:'CA.GAT!C:C-cGG:'c:'GAG:'CCC::c:c:GC:~c: A:'CCC:'AGGA:::AGCAGAGGAGAAC::':'ACAGAAG:'C"'!:'C:'GGAGG:'G:':'CC:'GGCCACA.i..CACAGGAAG¥ 

Wyo::u.ng 77G:'A:':'C:GACAA:':'GGG-AC:CAGA!':'C:'GCGG:';::'GAG:'CCC'::'C:'C:'GC:'GGGC: A-:'CCCCGGGACAGCAGAGGAGAAC:' :'ACAGAAG:'C::'C:'GGJ;.GG:'G:':'Cc:'GGCCAGAACACAGGAGGJ< 

~"SUS :':'G:'A:':'C:'GACAA:':'WGCAC:'CAGA T:'C:'GCQG:'C!G.kG'i'CCC:':'c:'C:'AA!GGGC: - -- · • • · A:'CCCCGGGACAGO.GAGGAGAAC:! ACAGAAG:'C:':'C:GGAC-G:'G:':'CC:GGCCAGAACACAGQGG.#l • • • 
DLVlS-8 !':'G:'A:':'CTGACA:':'TM:'CGC:'CAGA!':'C!'GCGG!'c:'GAG:'CCC:':'C:C:'GC:'GGGC: · A:'CCC:'AGGACAGCAGAGGAGAAC:'7ACAGAAG:c::C:GGAGG:'G:':'CC!GGCCACAACACAC--G~ 

Fig. 1. Primer designing for nested PCR. Sequence aligmnents were conducted 

with the LaserGene sequence analysis package. Primers were designed by using 

the Oligo 6.31 program. Inte1national sequences are as follows: V26 (AB008197), 

V70 (AB008196), DV117 (HM141912), DV35-20 (HM141911), EIAVuk 

(AF016316), FDDV-10 (GU385360), Liaoning (AF327877), Vaccine Strain 

(AF327878), Wyoming (AF033820), WSU5 (AF247394), DLV18-8 (HM141923). 

Table 1. Primer sets and reaction conditions for nested PCR 

Primer name Oligonucleotide sequences 
Annealing Amp Iicon 

temperature length (bp) 

EIAVltr-lF 5' - GACAGTTGGGCACTCAGATT -3' 
Outer Primers 52 oc 246 

EIAVltr-lR 5 ' - CAGGAACACCTCCAGAAGAC -3' 

EIAV!tr-2F 5 ' - ATTCTGCGGTCTGAGTCCCT -3 ' 
Inner Primers 58 oc 198 to 203 

EIAV!tr-2R 5' - TAAGTTCTCCTCTGCTGTCC -3' 
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p N M 106 105 104 103 102 101 10° 10-1 

A .. ---- - +246 bp 

- -
B .. ---- -==-· +203 bp 

c - -------- +203 bp 

Fig. 2. Sensitivity determination for individual and nested PCR. (A): First stage 

PCR using EIAVltr-1F and EIAVltr-1R primers. (B): Second stage PCR with 

primer pair EIAVltr-2F and EIAVltr-2R. (C): Nested PCR. Positive control 

consisting of plasmid pMD-A246 at 107 copies/)ll (Lane P) with sterilized distilled 

water as a negative control (Lane N); DNA base-pair size marker (Lane M); 

templates comprised 10-fold serial dilutions ranging from 106 to 10-1 DNA copies 

per reaction of plasmid pMD-A246 (Lanes 106-10-1
) . PCR products were 

electrophoresed in 1.5% agarose gels and visualized using 1 xGelRed (BIOTIUM, 

USA). 
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N P M A 5 25 29 35 47 53 56 65 67 69 75 77 A4 

203 bp 

AGIO: + + + + + + i I + + + + 
WB: + + + + + + + + + + + + ND ND 

Fig. 3. Detection ofEIAV proviral DNA in feral horses. Horse peripheral blood cell 

DNA was used as a template in an optimized EIAV-nested PCR assay. Amplified 

products were resolved using 1.5% agarose gels and visualized with 1 xGelRed 

(BIOTIUM, USA). In addition to samples from feral horses (designated 

A,5 ,25 ,29,35,47,53 ,65 ,67,69,75,77,A4) a positive control consisting of plasmid 

pMD-A246 at 105 copies/~1 (Lane P) and a negative control of sterilized distilled 

water (Lane N) are also shown. Lane M is a DNA size 1narker. Serum samples 

from each feral horse were also tested for the presence ofEIAV specific antibodies 

by both AGID and Westen1 blotting (WB) Results of these serological assays are 

designated positive ( + ), negative (-) or inconclusive (i). Not Done (ND). 
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Fig. 4. Aligmnent between Miyazaki-A and published EIAV nucleotide sequences 

within the predicted amplicon produced by the EIAVltr-2F/EIAVltr-2R PCR primer 

pair. Alignment was performed using GENETYX software (Genetyx Corp., Tokyo, 

Japan). GenBank accession numbers for published EIAV sequences are listed m 

Material and methods. Identical residues are boxed with nucleotide deletions 

represented by (-). 
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3. Identification of a novel EIAV field strain 

Complete genomic analysis of a novel EIAV field strain isolated 

from feral horses in Southern Japan 
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3.1 Introduction 

Equine infectious anetnia (EIA) is a persistent lentiviral disease restricted to 

members of the Equidae (horses, zebras, donkeys). Although there is considerable 

variation in clinical responses infection of horses or ponies (Equus caballus) 

frequently results in an initial or acute febrile episode with an associated 

thrombocytopenia, followed by a chronic phase characterized by recurring cycles 

of disease in which the clinical signs include fever, pronounced thrombocytopenia, 

severe anemia, jaundice, tachypnea, petechial hemorrhages of the mucosae and 

cachexia (Clabough et al., 1991; Issei & Coggins, 1979; MacLachlan & Dubovi, 

2011; Sellon eta!., 1994). If the horse survives the frequency of disease episodes 

will gradually diminish and after 12-24 months it will progress to a long-term 

clinically quiescent phase termed the inapparent carrier state. It is in this state that 

most infected equids are discovered (Clabough eta!., 1991; Issei & Coggins, 1979; 

MacLachlan & Dubovi, 2011; Sellon et a!., 1994 ). Although inapparent carrier 

horses appear clinically healthy they retnain infected for life with viral replication 

continuing in macrophage-rich tissues even in the presence of strong virus-specific 

cellular and humoral immune responses (Hammond et al., 2000; Harrold et al., 

2000; MacLachlan & Dubovi, 2011). Therefore inapparent carrier horses remain 

potential reservoirs for transmission to other horses (Cheevers & McGuire, 19 85) 

and may experience recrudescence of disease if subjected to environmental stress 

or immune suppression (Craigo et al., 2002; Kono et al., 1976). As a result all 

infected horses must either be destroyed or remain permanently isolated from all 

other equids not previously exposed to the virus. Since it was first reported in 
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France in 1843, EIA has posed a significant challenge to veterinary medicine 

worldwide and caused significant losses to the equine industry (Issei & Coggins, 

1979; MacLachlan & Dubovi, 2011). 

Equine infectious anemia virus (EIAV), the causative agent of EIA, is a 

lentivirus in the family Retroviridae (subfamily Orthoretrovirinae). The single 

stranded EIAV RNA is approximately 8.2 kb in length and contains the simplest 

known genomic organization of any extant lentivirus. In addition to the structural 

proteins encoded by the retroviral prototypical gag, pol and env genes, EIAV 

possesses just three additional open reading frames (ORFs). These encode the tat 

and rev proteins that are present in alllentiviruses and a protein designated as S2 

(Leroux et al., 2004). Therefore, EIAV is unique among replication competent 

lentiviruses in that it does not encode an equivalent of vif. Although, novel field 

EIAV isolates have been reported based on the nucleotide sequences of gag 

(Cappelli eta!., 2011) and env (Craigo eta!., 2009) genes in USA and Europe, the 

whole proviral genome sequence for these viruses have not been determined. 

Therefore, it is not known if these European and North American isolates are truly 

novel because their actual phylogeny might be obscured by genome mosaicism 

(Lole et al., 1999; Sa Filho eta!., 2005; Sherefa et al., 1998; Su et a!., 2000). 

Although EIA has a worldwide distribution and was described more than 150 years 

ago, complete genomic sequences have only been obtained from two isolates 

EIAVwyoming (AF033820, isolated in North America) (Petropoulos, 1997) and 

EIAVLiaoning (AF327877, isolated in China) (Tu et a!., 2007). All other reported 

complete EIAV proviral sequences are laboratory-generated derivatives of these 
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two strains. 

In 2011, twelve Misaki horses were found to be seropositive for EIA in both 

the agar gel immunodiffusion (AGID or Coggins) (Coggins et al., 1972) and 

imrnunoblot tests (Western blotting) (Cook et al., 2005). The Misaki horses were 

first documented more than 300 years ago and is one of eight breeds considered 

native to Japan. These feral horses are located in the Toi -Cape area, Miyazaki, in 

southern Japan. In the present study, the whole proviral genome (Miyazaki2011-A) 

was amplified, sequenced and subsequently molecularly cloned directly from 

peripheral blood of one naturally infected Misaki horse. Selected regions of the 

EIAV genome were also isolated from the other seropositive Misaki horses. 

Subsequent analysis of the nucleotide sequences demonstrated the 

Miyazaki20 11-A provirus possessed significant differences throughout its entire 

length from both EIAV Wyoming and EIAV Liaoning· Furthermore its gag and env genes 

differed considerably from those recently reported for novel field strains isolated in 

Europe and North America (Cappelli et al., 2011; Craigo et al., 2009). 

Phylogenetic studies suggested that while all viruses infecting all twelve Misaki 

horses were closely related, showing extensive nucleotide sequence identity, they 

comprise a distinct monophyletic group compared to other previously 

characterized EIAV strains. 

3.2 Materials and methods 

3.2.1 Diagnosis and histopathology 

Twelve feral Misaki horses were found to be EIA seropositive using either the 
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agar gel immunodiffusion (AGID) (Coggins et al., 1972) or the immunoblot test 

(Cook eta!., 2005). Following diagnosis all horses were euthanized and submitted 

for post mortem examination. Samples of liver, spleen, lung, heart and kidney were 

collected for detection histopathological lesions by H&E staining. 

3.2.2 Sample collection and DNA extraction 

Peripheral blood was collected from all EIA seropositive horses followed by 

extraction and purification (starting from 200 ~1 peripheral blood) of cellular DNA 

using a DNeasy blood and tissue kit (Qiagen, Maryland, MD) according to the 

manufacturer's instructions. 

3.2.3 EIAV diagnostic PCR 

Serological diagnosis was confirmed in Misaki horses by nested PCR assay 

which was established in our lab (Dong et a!.). Briefly, primer pairs EIA Vltr-1F 

(5' -GACAGTTGGGCACTCAGATT -3 ')/EIA Vltr-1R 

(5'-CAGGAACACCTCCAGAAGAC -3') plus EIAVltr-2F (5'-

ATTCTGCGGTCTGAGTCCCT -3 ')/EIA Vltr-2R 

(5'-TAAGTTCTCCTCTGCTGTCC-3') were used to perform the first and second 

stage reactions respectively. All reactions were conducted using Takara Ex Taq 

(Takara, Shiga, Japan) according to the manufacturer's instructions. Conditions for 

the first round PCR consisted of an initial denaturation step at 94 oc for 5 min 

followed by 35 cycles of 94 oc for 30 s, 52°C for 30 s, 72°C for 40 s, and a final 

extension of 72 oc for 10 min. For the second stage 2.5 ~1 of the first round PCR 
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product was used as a template with cycle conditions consisting of initial 

denaturation at 94°C for 5 min followed by 35 cycles of94°C for 30 s, 58°C for 30 

s, 72 oc for 40 s, a final extension at 72 oc for 10 min. All PCR products were 

sequenced using EIAVltr2F and EIAVltr2R as primers. 

3.2.4 Complete EIAV proviral genome amplification 

The full length EIA V proviral genome was amplified using the primer pair 

EIAVcom1F ( 5 '-CGCAGACCCTACCTGCTGAACCTGGCTGAT-3 ') and 

EIAV com1R ( 5 '-ATTTAGCCCAGCAGAGAAGGGACTCAGACC-3 '). These 

primers were designed on the basis of results produced by sequencing the 91 0 bp 

EIAV genomic fragments described above. Long range PCR amplification was 

performed using a LA Taq kit (Takara, Shiga, Japan) according to protocols 

recommended by the manufacturer. The cycle conditions consisted of an initial 

denaturation at 94°C for 1 min followed by 30 cycles of98°C for 10 s, 68°C for 15 

min, and a final extension of 72 oc for 10 min. After electrophoresis, the expected 

8.2 kbp product was purified using a QIAquick gel extraction kit (Qiagen, Hilden, 

Germany). 

3.2.5 Direct nucleotide sequencing 

A primer walking strategy was employed to sequence the purified products 

resulting from long-range PCR. Both forward (F) and reverse (R) primers were 

used to generate a complete proviral genomic sequence and primer sequences were 

presented in Table Sl (Additional file 3). The genome was sequenced at least three 

42 



times using a Bigdye Terminator v3.1 cycle sequencing kit (Applied Biosystems, 

Foster City, CA) in conjunction with an ABI Prism 3130 genetic analyzer (Applied 

Biosystems, Foster City, CA). To reconstitute the full-length genomic sequence, 

overlapping sequences were assembled by Seqman DNAStar software (Lasergene; 

DNAStar, Inc., Madison, WI). 

3.2.6 Cloning and sequencing 

To confirm results produced by direct PCR product sequencing, the 

full-length EIAV proviral genome was PCR amplified to generate 6 fragments with 

specific primers presented in Table S 1 (Additional file 3 ). Conditions for PCR 

consisted of an initial denaturation step at 94 oc for 5 min followed by 35 cycles of 

94°C for 50 s, 55°C for 50 s, 72°C for 90s, and a final extension of 72°C for 10 

1nin. PCR products were purified using the QIAquick gel extraction kit (Qiagen, 

Hilden, Germany), cloned into the pMD20-T vector (Takara, Shiga, Japan) and 

sequenced with pMD20-T specific primers (Takara). 

3.2.7 Genomic analysis 

Sequences were assembled and checked for errors using Seqman DNAStar 

software (Lasergene; DNAStar, Inc., Madison, WI). For genome organization 

analysis, putative ORFs and their corresponding amino acids were predicted using 

the ORF finder tool (http://www.ncbi.nlm.nih.gov/gorf/gorf.html), with similarity 

analysis performed using BLAST (http://blast.ncbi.nlm.nih.gov) available via the 

National Center for Biotechnology Information (NCBI). Nucleotide and deduced 
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affilno acid sequences were aligned us1ng the ClustalW multiple sequence 

alignment program of MEGA version 5.05 (Tamura et al., 2011) and Seqman 

DNAStar software. Nucleotide sequence alignment results were analyzed with the 

SimPlot algorithm (SimPlot for Windows Version 3.5.1, Stuart C. Ray) using a 

sliding window of 200 nucleotides moving in 20-nucleotide steps (Lole et a/., 

1999). Phylogenetic analysis and phylogenetic trees were constructed by the 

neighbor-joining method with MEGA version 5.05 (Tamura et al., 2011) with 

bootstrap values determined over 1,000 iterations. The evolutionary distances were 

computed using the Maximum Composite Likelihood method. Potential N-linked 

glycosylation sites were predicted as described previously (Craigo eta/., 2009) and 

analyzed with NetNGlyc 1.0 Server. 

3.2.8 A 910 bp EIAV genomic fragment Amplification 

Phylogenetic analysis of the EIAV strains infecting all Misaki horses was 

conducted using a 910 bp fragment incorporating 90 bp of the LTR, all the 

non-coding region ( 4 7bp ), ex on 1 of tat (96 bp) and the first 677 bp of gag. This 

was generated from the 11 feral horses (designated: 5, 25, 29, 35, 47, 53, 56, 65, 67, 

69 and 75) that were not used in the production of full length EIAV proviral DNA 

by semi-nested PCR. Cellular DNA obtained from peripheral blood as described 

above was used as the template in first and second stage reactions involving primer 

pairs EIAV1tr-1F (5'-GACAGTTGGGCACTCAGATT-3')/ 

EIAV can-1R( 5 '-CCTCTAATAAATCTTGCTGTC-3 ') and EIA Vltr-2F 

(5'-ATTCTGCGGTCTGAGTCCCT-3')/EIAVcan-1R(5'-CCTCTAATAAATCTT 
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GCTGTC-3 ') respectively. All reactions were conducted using Takara Ex Taq 

(Takara, Shiga, Japan) with identical cycle conditions for both stages consisting of 

an initial denaturation step at 94 oc for 5 min followed by 35 cycles of 94 oc for 30 

s, 52°C for 30 sand 72°C for 45 s, with a final extension of 72°C for 10 min. The 

PCR products were purified, cloned, sequenced and analyzed as described above. 

3.2.9 Nucleotide sequence accession numbers 

The whole genome sequence of ElAV Miyazaki20 11-A and partial sequences 

of other 11 strians have been deposited into GenBank. The Nucleotide Accession 

number are from JX003252 to JX003263. 

3.3 Results 

3.3.1 Diagnosis of EIA in feral Misaki horses 

Misaki horses were gathered in order to monitor their overall health. At this 

time serum was collected and checked for antibodies to ElAV using the AGlD test 

(Coggins et al., 1972) as recommended in the OlE Terrestrial Manual 2008 (OlE, 

2008). Ten horses were found to be clearly seropositive in AGlD with two more 

producing equivocal results. Subsequently all twelve horses were shown to be 

infected with this virus in both the irnrnunoblot test (Western blotting) (Cook et al., 

2005) and in a nested PCR assay developed in this laboratory (in Chapter 2). At the 

time the samples were collected none of the horses displayed signs of disease 

consistent with clinical ElA. As a result of the positive ElA diagnosis all 12 horses 

were euthanized followed by a post-mortem examination. No gross macroscopic 
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lesions were observed and there was no obvious histopathology (liver, spleen, lung, 

heart and kidney) in any of the horses with the exception of one designated 

Misaki-A where phagocytic macrophages were observed in the spleen (Fig. 5). 

3.3.2 Full-length EIAV proviral genome 

Peripheral blood was collected from horse Misaki -A for extraction of the 

cellular DNA used as a template in long range PCR with the EIAVcom1F and 

EIAV com 1 R primer pair. The resultant product was purified and sequenced by 

primer walking prior to the assembly of overlapping sequences to recreate the 

full-length EIAV proviral genome designated Miyazaki2011-A. Analysis to 

identify putative ORFs and their predicted amino acid sequences were conducted 

using the ORF finder tool (http://www.ncbi.nlm.nih.gov/gorf/gorf.html), with 

similarity analysis perfonned using BLAST (http://blast.ncbi.nlm.nih.gov). The 

Miyazaki20 11-A proviral genome comprises 8208 bp and possesses a prototypical 

EIAV genomic organization with the gag, pol, env genes bounded at both ends by 

long terminal repeats (LTR). The proviral genome also contains three additional 

ORFs encoding tat, S2 and rev (Fig. 6). The LTR is 306 bp in length and as such 

shorter than both the Wyoming (323 bp) and Liaoning (316 bp) strains. It consists 

of a 186 bp Unique, 3' region (U3 ), an 80 bp Repeat region (R) along with short 40 

bp Unique, 5' region (U5). The putative ORF of the gag gene is 1452 bp in length 

encoding a predicted 484 amino acid (aa) Gag-precursor poly-protein while the pol 

gene ORF is 3408 bp and extends from nucleotide position 1691 to 5098 in the 

proviral genome. A probable 2601 bp env gene ORF occupies genomic nucleotide 
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positions 5285 to 7885 and is predicted to encode a 1356 bp (425 aa) surface unit 

(SU) glycoprotein (gp90) along with a 1245 bp (415 aa) transmembrane (TM) 

glycoprotein (gp45). The predicted ORF of tat (246 bp) consists of two exons, one 

(96 bp) located between the LTR and the start of gag (349-444 ), while the other 

( 150 bp) is located immediately downstream of the pol gene ( 5099-5248). The 

sequences predicted to encode S2 (234 bp) extend over genomic nucleotide 

positions 5259 to 5492 and as such all but the extre1ne 5' 26 nucleotides form an 

alternative open reading frame within the 5' terminal region of env. Two additional 

alternative open reading frames located within env at positions 5426 to 5525 and 

7232 to 7635 are predicated to encode rev (Fig. 6). 

3.3.3 Sequence identity among complete EIAV genomes 

Multiple nucleotide sequence alignments were performed to compare the 

full-length Miyazaki20 11-A provirus against complete genomic sequences for 

EIAVwyoming including strains that were derived from it (V26, V70, WSU5, EIAVUK) 

plus EIAVLiaoning and its derivative strains (The Chinese Vaccine strain, DV35-20, 

DLV18-8, DV117, FDDV-1 0). The results demonstrated that despite in some cases 

very extensive passage both in vitro and in vivo, viral strains derived from 

EIAV Wyoming or EIA V Liaoning retained significant similarities to the progenitor 

isolates with nucleotide sequence identities of 97.5 to 98.9% and 97.1 to 97.9% 

respectively. In contrast, Miyazaki20 11-A shared only 77.2% nucleotide sequence 

identity with EIAVwyoming, and 78.7% with EIAVLiaoning· This is similar to the 80.2% 

nucleotide sequence identity between EIAV wyoming and EIAV Liaoning suggesting all 
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three viruses arose independently after diverging from a common ancestor. 

However, actual relationships can be obscured by natural mosaicism and genomic 

recombination events (Lole et a!., 1999; Sa Filho et a!., 2005; Shere fa et a!., 1998; 

Su eta!., 2000). 

The possibility of recombination and/or mosaicism along with potential 

breakpoints was investigated using the SimPlot algorithm (Lole et a!., 1999). For 

this analysis a sliding window of 200 nucleotides was utilized moving in 

20-nucleotide steps with percent identity calculated for each window and plotted as 

a line chart. In contrast to EIAV wyoming (Fig. 7B) where there was a very high 

degree of similarity across the entire genome with the reference strains that were 

derived from it, the Miyazaki20 11-A proviral genome showed evidence of 

significant variation against all viruses used in this analysis. (Fig. 7 A). 

Furthermore, as suggested from the percent nucleotide sequence identity this 

analysis also demonstrated the genomes of the North American EIAV wyoming and 

Asian EIAV Liaoning are not closely related. Therefore it is highly unlikely that 

Miyazaki2011-A, EIAVwyoming or EIAVLiaoning-like viruses were derived as a result 

of recombination events between each other and as such they probably constitute 

separate lineages. Finally, the EIAV strains V70 and V26 have been described as 

Japanese virulent and attenuated strains respectively (Zheng et al., 2000). Although 

they showed relatively low levels of nucleotide similarity with Miyazaki2011-A 

(Fig. 7 A), there was significant conservation with the Wyoming and its derived 

strains (Fig. 7B). 
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3.3.4 Phylogenetic analysis using LTR, gag, pol and env genes 

To detennine potential relationships between Miyazaki2011-A and other 

reported EIAV strains, published sequences cotnprising the LTR, gag, pol and env 

genes were aligned for phylogenetic analysis. Although several EIAV gag gene 

sequences have been published for field isolates from Europe [ 11] and the New 

World [26], information for the LTR and pol is restricted to strains that are derived 

from either EIAV Wyoming or EIAV Liaoning· A similar situation also exists for EIAV env 

with the exception of a single sequence from a virus strain isolated from an EIA 

case in Pennsylvania, USA. While the relative paucity of infonnation suggests 

caution must be exercised in the interpretation of results it was observed that in 

each case, including the analysis with gag where the most sequence information is 

available, Miyazaki20 11-A cotnprises a separate monophyletic group (Fig. 8A, 8B, 

8C and 8D). The analysis also demonstrated that Miyazaki2011-A shared 71.6% to 

80.4%, 77.7% to 81.8%, 80.9% to 81.3% and 71.0% to 73.3% nucleotide sequence 

identity with LTR, gag, pol and env sequences respectively. 

3.3.5 Population phylogenetic analysis 

In addition to Miyazaki2011-A, 11 other Misaki horses (numbered: Misaki 

(MY)-5, -25, -29, -35, -47, -53, -56, -65, -67, -69 and -75) were diagnosed as EIA 

positive. A 91 0-bp segment, located at the 5 '-end of the EIAV genome and 

consisting of 3' LTR sequences (90 bp ), the non-coding region ( 4 7 bp ), tat exon 1 

(96 bp ), and the first 677 bp of the gag gene, was amplified from all 11 additional 

horses. Alignment of the Japanese sequences revealed 95.1% to 98.2% nucleotide 
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sequence identity suggesting the Misaki horses were infected with related virus 

strains. In contrast the Misaki horse EIAV isolates possessed only 80.7% to 81.9% 

and 81.2% to 82.5% nucleotide sequence identity to equivalent sequences within 

the Wyoming and Liaoning strains (including their derivative viruses) respectively. 

Phylogenetic analysis based on the 910 bp fragment demonstrated that all viral 

sequences derived from Misaki horses formed a separate cluster compared to 

reference strains related to either EIAVwyoming or EIAVLiaoning (Fig. 9). This provides 

strong supporting evidence that all 12 Misaki horses were infected with EIAV 

strains derived from a common ancestor. 

3.3.6 Characterization ofLTR and structural genes 

The proviral genome of Miyazaki20 11-A contains a 306 bp LTR comprising 

a Unique, 3' region (U3) a Repeat region (R) and Unique, 5' end (U5) each having 

lengths of 186 bp, 80 bp and 40 bp respectively. Transcriptional control elements 

were predicted based on published information for Wyoming-like EIAV strains 

(Carvalho & Derse, 1993a; Derse et al., 1987). In common with EIAVwyoming and 

EIAVLiaoning Miyazaki2011-A possesses a consensus TATA-box, TATATAA 

(nucleotide position 160-166) along with three consecutive G residues that serve as 

the initiation site for RNA synthesis and define the R-U5 border (Fig. 10). All three 

virus strains also contain a consensus poly(A) addition signal (AATAAA), that in 

Miyazaki20 11-A is located between nucleotide position numbers 243 and 248 (Fig. 

10). Additional conserved motifs include a methylated DNA-binding protein site 

(MDBP, also called EF-C or EP), a PEA1/AP-1 site, a PU.1 or ets/PEA3 binding 
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1notifand two additional PU.1 or ets binding sites (Hines et al., 2004) (Fig. 10). 

The putative gag gene of Miyazaki20 11-A is 1452 bp in length, and encodes 

a 484 amino acid predicted Gag-precursor polyprotein that is cleaved by the virally 

encoded protease into four 1najor internal structural proteins of mature virion. 

These comprise the membrane-interacting matrix (MA/p 15) protein, the capsid 

antigen (CA/p26), the RNA-binding nucleocapsid (NC/p 11) protein and p9 

(Hussain et a!., 1988; Stephens et a!., 1986). The predicted amino acid identity 

between Miyazaki2011-A and Wyoming is 84.9% for p26, 84.8% for p11, 80.6% 

for p 15, and 42.9% for p9 confirming as reported previously that conservation of 

amino acid sequences encoded by EIAV gag conforms to a hierarchy in which 

p26 > p 11 > p 15 > p9. Almost all investigations to discover the structural and 

functional properties of EIAV Gag proteins have been conducted using viral strains 

derived from EIAV wyoming· Therefore predicted Miyazaki20 11-A Gag polyprotein 

amino acid sequences were compared to those found in EIAV wyoming-like virus 

strains to determine if previously identified important structural and functional 

motifs are conserved (Fig. 11). The MA or p15 in all EIAVwyoming-like viruses 

contains a potential leucine-rich type nuclear export signal (LKKLEKVTV) 

(Hatanaka et a!., 2002). Although the actual function of this motif is unknown the 

fact that it is likely to be important within the EIAV replication cycle is reinforced 

by the fact that it is also conserved in Miyazaki2011-A (Fig. 11). Similarly, theCA 

contains a motif present in many retroviruses termed the Major Ho1nology Region 

(MHR) that is believed to be essential for virus assembly and budding from the 

host cell plasma membrane. In EIAVwyoming-like viruses this sequence is 
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represented by IRQG(AorV)KEPYPEF(Vori)D (Grund et al., 1994). This sequence 

also appears to be conserved in Miyazaki2011-A where the only changes are the 

substitution of arginine (A)/ valine (V) by proline (P) at position 5 within the motif 

and substitution of glutamic acid (E) by aspartic acid (D) at position 11 (Fig. 11 ). It 

can be seen from the EIAV wyoming-like strains in Figure 11 that some amino acid 

variation at position 5 within the MHD is tolerated. Furthermore substitution of A 

or V by P can be considered conservative in that they are all non-polar amino acids. 

The E to D substitution at MHD position 11 is also conservative as both are acidic 

amino acids suggesting that a negative charge is important at this location. The NC 

proteins of alllentiviruses share a high percentage of basic amino acid residues and 

one or two zinc-binding motifs. All EIAVwyoming-like viruses contain two of these 

zinc binding regions (C-X2-C-X4-H-X4-C where C represents cysteine, H 

represents histidine and X indicates a variable amino acid residue) separated by an 

usually short five basic residue-rich (R-A-P-K-V) linker (Amodeo et al., 2006). 

The importance of this dual motif is again confirmed by the fact it is completely 

conserved in Miyazaki20 11-A (Fig. 11 ). Similarly, the p9 YPDL late domain that 

has been shown to be essential for budding from the host -cell plasma membrane in 

EIAVwyoming-like viruses (Chen et al., 2001; Li et al., 2002; Puffer et al., 1997) is 

also present in Miyazaki2011-A(Fig. 11) despite the fact much of the remainder of 

the protein shows significant variation in predicted amino acid sequence between 

these strains. 

The putative env gene ofMiyazaki2011-A is 2601 bp and encodes both the 

surface unit (SU, gp90) and transmembrane envelope glycoproteins (TM, gp45). It 
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is predicted that gp90 contains 452 amino acids while 415 amino acid residues 

comprise gp45. The deduced amino acid sequence ofMiayzaki2011-A gp90 shares 

60.1 %, 59.1% and 56.2% identity with EIAVwyom.ing, EIAVLiaoning and a recently 

reported Pennsylvania EIAV (EIAVPA, GQ855755) field isolate (Craigo et al., 

2009), respectively. Amino acid sequence variation between Miyazaki2011-A and 

the reference viral strains (Fig. 13) is distributed throughout gp90 and is not 

confined to the eight hypervariable regions (VI to V8) that undergo the most 

genetic substitutions, deletions or insertions during the prolonged course of an 

infection in individual horses or ponies (Leroux et al., 1997; Zheng et al., 1997). A 

total of 16 potential N-linked glycosylation sites were observed in gp90 of 

Miyazaki2011-A (Fig. 13) and this is equivalent to the numbers detected in the 

other strains analyzed although the actual locations within gp90 were not always 

conserved (Fig. 13). It has also been suggested that cysteine residue sites are 

conserved in gp90 between different EIAV strains and that this may contribute via 

the formation of disulfide bridges to maintaining structural or functional integrity 

in this otherwise highly variable envelope glycoprotein (Craigo et al., 2009). 

Support for this hypothesis is provided by the fact that 16 of 18 cysteine residues 

seen in the reference viruses were conserved in Miyazaki2011-A (Fig. 13). In the 

case of the two exceptions both involved C-to-Y substitutions (C242Y and C333Y). 

Meanwhile, comparison of the predicted gp45 amino acid sequence demonstrated 

that Miyazaki2011-A shared just 62.7%, 68.2% and 65.5% amino acid identities 

with the EIAV Wyoming, EIAV Liaoning, EIAV PA strains respectively. However, total 

numbers of extracellular potential N -linked glycosylation sites are maintained 
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although the actual locations differ (Fig. 14 ). Although the predicted 

transmetnbrane spanning domain of Miyazaki2011-A showed significant 

differences from EIAV wyoming all substitutions with the exception of an I to T 

transition involved the exchange of one hydrophobic amino acid for another and 

therefore can probably be regarded as conservative (Fig. 14). 

EIAV contains three additional ORFs encoding the small accessary proteins 

Tat, S2 and Rev. The Tat or trans-activator protein regulates transcription of EIAV 

proviral DNA. It consists of the amino terminus, core region, basic region and 

carboxy terminus, but lacks a cysteine-rich region found in other lentiviruses 

(Carroll et al., 1991). The S2 gene is located in the pol-env intergenic region 

following the second ex on of tat and overlaps with the 5 '- tenninal of the env gene 

while Rev is encoded by two exons comprising alternate reading frames within the 

env gene (Fig. 15). Comparison of the predicted amino acid sequences between 

Miyazaki2011-A and the Wyoming strain detnonstrate that Tat is the most 

conserved accessary protein, particularly within the core domain, with 81.7% 

sequence identity while S2 and Rev show relatively high degrees of divergence 

with just 43.9%, and 55.2% identity respectively (Fig. 15B and 15C). 

3.4 Discussion 

The Misaki Horse (although technically a pony based on s1ze and 

confonnation) is one of eight breeds considered native to Japan and since the end 

of World War II has been designated as a National Natural Treasure. In March 2011, 

12 horses were found to be seropositive for EIA although none displayed obvious 
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clinical signs and there were no gross lesions at the time of necropsy. The fact that 

an infiltration of phagocytic 1nacrophages was only observed in the spleen of one 

horse is consistent with these ani1nals being either between disease episodes or 

having entered the inapparent carrier state. Misaki horses are restricted to the 

Toi -cape area of Southern Japan and since the introduction of a single horse in 

1913 have not been exposed to any other equids. Therefore, it is likely that EIAV 

has been circulating within this rare breed population for a 1ninimum of almost 100 

years. 

A new PCR-based method has been developed to amplify complete EIAV 

proviral genomes directly from infected equids without the need to passage the 

virus either in vivo or in vitro which is an advantage since passage in vitro can 

result genetic changes that produce attenuation in vivo (Carpenter & Chesebro, 

1989). This enabled amplification of proviral DNA from one EIAV infected Misaki 

horse Miyazaki20 11-A. Although pathogenicity or even infectivity cannot be 

inferred or assumed based on sequence information alone this proviral genome 

contained no obvious defects such as frame-shift mutations that would disrupt any 

of the recognized open reading frames. Until this time only two complete EIA V 

proviral sequences (EIAVwyoming [North America] and EIAVLiaoning [China]) have 

been described. Comparison of nucleotide sequence alignments demonstrated that 

Miyazaki20 11-A was not closely related to EIA V wyoming, EIAV Liaoning or EIAV field 

isolates from Europe and North America that had been identified based on gag or 

env (Cappelli et a!., 2011; Craigo et al., 2009). Furthermore, similarity plot 

analysis showed that differences were maintained throughout the entire genome 
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and that it is highly unlikely that Miyazaki2011-A could have arisen recently by 

recotnbination with either EIAVwyoming-like or EIAVLiaoning-like isolates. In fact 

phylogenetic analysis conducted on sequences from the L TR and each of the major 

structural genes demonstrated that Miyazaki20 11-A comprises a separate 

monophyletic group and can therefore be designated as a novel EIA V strain. These 

results, itnply that at least two EIA V subtypes or clades are or were at some time 

circulating in Asia. Furthennore, phylogenetic analysis performed with the 910 bp 

EIAV geno1nic fragments showed that all Misaki horses had been infected with 

closely related strains that almost certainly shared a common ancestor, an 

observation entirely consistent with the fact these horses have had no recent 

contacts with other equids. Additional studies are required to determine the 

distribution of Miyazaki2011-A-like viruses and the evolutionary relationships 

between these and other Japanese strains such as EIAVGoshun (Kono eta!., 1971), 

EIAVTokyo (Tabuchi eta!., 1967) and EIAVTsukiboshi (Tabuchi eta!., 1965) that were 

originally isolated in the 1940s (EIAV Goshun) and 1960s (EIA V Tokyo and 

EIAV Tsukiboshi), respectively. 

This study also clarified the situation regarding EIAV strains V70 and V26. 

These have been described as of Japanese origin with either a virulent (V70) or 

attenuated (V26) phenotype (Zheng et a!., 2000). However, previous studies 

published in Japanese scientific journals indicate they were derived from a horse 

that had been inoculated with passaged variants of the Wyoming strain (Kobayashi 

& Kono, 1967; Kono eta! . ., 1970). The results of the complete genome analysis 

demonstrated V70 and V26 possessed 98.0% and 97.5 %respectively, nucleotide 
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sequence identity with EIAV wyoming strongly suggesting these virus isolates have a 

North American rather than Japanese ancestry. 

The comparative nucleotide sequencing studies provide considerable 

amounts of new information about the extent of variation between different 

geographically distinct EIAV strains. These studies confirmed that as reported 

previously [ 11] variation in gag is not uniformly distributed across the entire gene 

but is lowest in sequences encoding p26 (sequence identity 84.8%) and highest in 

those for p9 (sequence identity 42.9%). The high degree of conservation in p26 

between different isolates is important since this antigen is used in all common EIA 

serological diagnostic techniques such as AGID [19] and commercial ELISA tests 

[32, 33]. Almost all studies to detennine the structure and function of EIAV 

proteins has been conducted in virus strains derived from EIAV wyoming· Although 

there is significant divergence in overall genomic sequence between these North 

American isolates and Miyazaki2011-A there appears to be general conservation of 

structural and functional 1notifs identified as important in the EIAV wyoming-like 

viruses. This is certainly true in the case of the LTR where all the nuclear 

transcription-factor binding 1notifs discovered in the highly pathogenic EIAVwyoming 

isolate are found in both the horse virulent EIAV Liaoning strain and in 

Miyazaki2011-A. These motifs include three PU.1 or ets binding sites, a 

transcription factor expressed in equine macrophages. In the case of the 

EIAV wyoming LTR all three sites are capable of binding recombinant horse PU.1 

although the 5' site can be deleted without significant transcriptional effects in 

vitro, However, the middle site is essential for maintenance of basal transcription 
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rates 1n horse macrophage cells while deletion of the 3' site reduces 

Tat-transactivated expression by 40-fold (Hines et al., 2004). Therefore, it appears 

that at least within the U3 enhancer region of the LTR, Miyazaki20 11-A closely 

resembles EIAV strains that are highly pathogenic in horses. Similarly, in the case 

of deduced amino acid sequences for Miyazaki2011-A encoded proteins many of 

the structural or functional motifs previously identified in EIAV wyoming are 

completely conserved whereas others such as the MHD in p26 or the 

transmembrane spanning domain in gp45, the predicted amino acid substitutions 

are highly conservative. For example exa1nination of the sequences of the two 

virus strains demonstrates that positively or negatively charged amino acids are 

usually replaced by similarly charged residues. This is seen in the nuclear 

localization signal in Rev that has also been shown to be essential in RNA binding 

(Lee et a!., 2006) where arginine in EIAVwyoming is replaced by histidine in 

Miyazaki2011-A. However, in some cases non-conservative substitutions are 

observed. An example occurs in the critical core domain of Tat that serves as a 

scaffold for the flexible NH2- and COOH terminal domains (Will bold et al., 1994) 

where polar uncharged glutamine in EIAVwyoming is predicted to be replaced by 

positively charged histidine in Miyazaki20 11-A. Additional examples of 

non-conservative amino acid substitutions are seen in the COOH terminus of Tat. 

Furthermore, in so1ne cases such as S2 and Rev there are substantial differences in 

overall predicted amino acid sequences between EIAVwyoming and Miyazaki2011-A. 

Although regions of the EIA V genome encoding Rev have been shown to change 

rapidly over ti1ne in individual infected horses (Baccam et al., 2003; Belshan et al., 
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2001; Sparks et al., 2008), it is reported that S2 is highly conserved during 

infection especially the putative nucleoporin (GLFG), SH3 dotnain binding (PXXP) 

and nuclear localization sequence (RRKQETKK) motifs (Li et a!., 2000; Li et a!., 

1998). Interestingly, none of these motifs are completely conserved in 

Miyazaki2011-A or with the exception of the putative nucleoporin motif, in the 

Liaoning and EIAVPA strains (Fig. 15B). However the substitutions that occur 

appear to be conservative in that within the putative nucleoporin and SH3 domain 

binding motifs non-polar amino acids are replaced with ones having similar 

properties (Fig. 15B). Furthermore, while there is extensive variation within the 

putative nuclear localization domain, in all cases the carboxyl terminus of S2 

comprises a number of basic amino acids suggesting that positive charges in the 

region are essential to the function of this viral protein (Fig. 15B). While S2 is 

important for replication in vivo its mode of action has not been conclusively 

determined. However, it is suggested based on the protein encoded by a derivative 

of the EIA V wyoming strain, that it may act as an adapter molecule interacting with 

cellular proteins (OS-9, PSMC3) to stimulate the production of inflammatory 

cytokines in macrophages (Covaleda eta!.; Covaleda eta!., 201 0). This hypothesis 

would be supported if these interactions were maintained with the S2 from 

Miyazaki20 11-A as this protein is both larger and possesses less than 50% 

nucleotide sequence identity with the equivalent molecule from EIA V wyoming 

derived strains. 

Although, it is possible to make reasonable predictions concerning the 

biological and/or molecular consequences of potential amino acid substitutions 
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between Miyazaki2011-A and strains such as those derived from EIAVwyoming, 

detennining the actual effects of these changes will require considerable additional 

experimental effort. Future studies could include the use of full-length molecular 

clones to study infectivity and pathogenicity. In cases such as p 15 and Tat where 

the secondary and tertiary structures are known for EIA V wyoming derived viruses 

(Hatanaka et a!., 2002; Will bold et a!., 1994) the experimental studies could be 

duplicated following expression of the equivalent proteins from Miyazaki20 11-A, 

to ascertain the precise relationships between amino acid substitutions and 

conformation. However, obtaining complete sequence information for a novel 

EIA V field isolate represents a significant step forward in increasing understanding 

of the molecular epidemiology of this equine lentivirus. 

In conclusion, a full-length EIAV proviral genome (Miyazaki2011-A), has 

been successfully amplified from peripheral blood of a naturally infected Misaki 

horse. The PCR -based strategy developed to achieve this goal avoids passage in 

vivo or in vitro and results in the amplification of complete proviral sequences. 

Therefore, it eliminates the selection pressure that can occur when viruses are 

subjected to a replicative phase and prevents problems such as the assembly of 

artifact hybrid molecules that inevitably occur when different regions of the viral 

genome are amplified separately. Consequently, Miyazaki20 11-A is predicted to 

represent an actual provirus and while it is not known if infectious progeny viruses 

can be derived from it, no obvious fatal defects were detectable by nucleotide 

sequencing. . Based on sequence alignments and similarity plots analysis, 

Miyazaki20 11-A is not closely related to EIA V Wyoming, EIA V Liaoning or any other 
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strain reported to date. Moreover, phylogenetic analysis of LTR, gag, pol and env 

revealed Miyazaki2011-A forms a separate monophyletic group and as such can be 

classified as a novel EIAV isolate. 
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3.5 Tables and figures 

Table 2. Oligos for whole genome sequencing and cloning 

Forward primer, 5' ~3' Reverse primer, 5' -+3' 

Amplification and sequencing of whole genome 

EIAVcom1F: TACCTGCTGAACCTGGCTGAT EIAVcom1R: GCAGAGAAGGGACTCAGACC 

EIAVcom2F: GAACATGGTGGGCGATCTCT EIAVcom2R: ACAACATGGAATAGTAAGAG 

EIAVcom3F: ACAAGGACCTATCCCTATGA EIAVcom3R: ATGTCTCCTTCAGGTAACGA 

EIAVcom4F: ACAAGAAAACTTTCCCTGTG EIAVcom4R: TTAAGGCAATATAGGACATC 

EIAVcom5F: GGCACTGAAATATCTAGGGG EIAVcom5R: CTAAGACCCCAAGAAACACC 

EIAVcom6F: ACAAGGAATATTATGGGCAGG EIAVcom6R: CTTCTGGGGGTATTTGCTTCC 

Whole genome cloning 

EIAVclone1 F: ATATGTATTTGTATAAAACTGC EIAVclone1 R: GTATCTTCTGGTCTTAGATGTC 

EIAVclone2F: CCTAAAGAACCTTATCCAGA EIAVclone2R: TTCCTAGATTCATTGCTGCC 

EIAVclone3F: CTTTCAGAGATAGGCATCCA EIAVclone3R: ACCCATGTTCTCCTCTTTCA 

EIAVclone4F: GTCACTGGCAAGTCATCAAT EIAVclone4R: GCCTACATCCAGGAAATGAA 

EIAVclone5F: GGATTCCTTTGGTGGTATGA EIAVclone5R: CCTCGTGCTCTAGCCCATTC 

EIAVclone6F: AATGACAGTACACAATGGGA EIAVclone6R: TGTTGGGTTGCTGTAAGC 

Amplification for the 910 bp genomic fragment 

EIAVItr-1 F: GACAGTTGGGCACTCAGATT EIAVcan-1 R: CCTCTAATAAATCTTGCTGTC 

EIAVItr-2F: ATTCTGCGGTCTGAGTCCCT EIAVcan-1 R: CCTCTAATAAATCTTGCTGTC 
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Fig. 5. H&E staining of spleen from horse Misaki-A. Arrows indicate 

phagocytic macrophages in spleen tissue ( 400 x). 

LTR tat gag rev env rev LTR 

52 

5' -LTR: 306 bp(l-306) S2: 234 bp (5259-5492) 
tat : 246 bp (349-444, 5099-5248) env: 260lbp (5285-7885) 
gag: 1452 bp (450-1 901 ) rev: 504 bp (5426-5525 , 7232-7635) 
pol : 3408bp ( l 69 1-5098) 3 '-LTR : 305 bp (7903-8208) 

Fig. 6. Schematic representation showing the proviral genmne organization of 

EIAV Miyazaki2011-A. ORFs were predicted using the ORF finder tool 

(NCBI), while the identity of potential viral genes was determined by BLAST 

(NCBI) searches against previously published EIAV sequences. The length and 

location of each ORF are represented as nucleotide position numbers within the 

Miyazaki20 11-A genome. 
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Fig. 7. Complete EIAV genomic plots of nucleotide similarity (generated by 

SimPlot). (A) Similarity plots of reference EIAV sequences against 

Miyazaki2011-A .while (B) shows a similar analysis with EIAVwyoming as the 

query genome. Each curve is a comparison between the genome analyzed and a 

reference genome. Each point represents the percent identity within a sliding 

window of 200 bp moving in increments of 20 bp. Horizontal bars indicate the 

position of the LTRs and each of the major open reading frames. Each strain is 

designated by a different color. 
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Fig. 8. Phylogenetic relationships between Miyazaki20 11-A and available EIA V sequences 
within the LTR, gag , pol and env genes. (A) LTR. (B) gag gene. (C) pol gene. (D) env gene. 
Trees were constructed based on LTR, gag, pol and env genes from Miyazaki2011-A, Wyoming, 
Liaoning (including derivative strains) along with available EIA V sequences from North 
American and European isolates (gag and env). Sequences were aligned using the ClustalW 
multiple sequence alignment program of MEGA version 5.05 (Tamura et al., 2011). This 
software was also used for phylogenetic analysis with phylogenetic trees constructed by the 
Neighbor-Joining method in conjunction with the Maximum Composite Likelihood algorithm 
for computation of evolutionary distance. Bootstrap values were determined over 1,000 iterations. 
EIA V strain infom1ation including name, GenBank accession number and country of origin is 
included in the figure. 
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Fig. 9. Phylogenetic analysis involving sequences from all EIA V infected Misaki horses. 

The analysis was performed based on the nucleotide sequence of a 910 bp of 5 '-end 

genomic fragment amplified from all 12 Misaki horses. The phylogenetic tree was 

constructed with MEGA version 5.05 (Tamura et al., 2011) software employing the 

Neighbor-Joining method in conjunction with the Maximum Composite Likelihood 

algorithm to compute evolutionary distance. Bootstrap values were determined over 

1,000 iterations using MEGA version 5.05 (Tamura et al., 2011). EIAV sequences from 

Misaki horses are designated MY-A (Miyazaki2011-A), -5 , -25, -29, -35, -47, -53 , -56, 

-65, -67, -69 and -75 . Comparison sequences included: Wyoming (AF033820); EIA Vuk 

(AF016316); V26 (AB008197); V70 (AB008196); WSU5 (AF247394); Liaoning 

(AF327877); Vaccine (AF327878); DLV18-8 (HM141923); DV35-20 (HM141911); 

DV117 (HM141912) . 
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Fig. 10. Comparison of LTR nucleotide sequences. Structural and putative 

transcriptional control elements were predicted based on previous characterizations 

of the Wyoming strain LTR (Carvalho & Derse, 1993a; Derse et al., 1987). The U3 , 

R and U5 structural domains are indicated by arrows. Consensus transcriptional 

control elements are designated using black boxes whereas the initiation site of 

transcription (GGG) is highlighted in red. Dashes indicate deletions. Miyazaki, 

Miyazaki2011-A strain (JX003263); Wyoming, Wyoming strain (AF028232); 

Liaoning, Liaoning strain (AF327877). 
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Fig. 11. Comparison of predicted ammo acid sequences compnsmg the Gag 

polyprotein. Locations of the membrane-interacting matrix (MA) or p15, the 

capsid (CA) antigen p26, the RNA-binding nucleocapsid (NC) protein p11 and p9 

are indicated by arrows. Previously identified functional motifs are indicated 

within boxes. Dots indicate amino acids identical to that of Miyzaki2011-A strain. 

Dashes indicate deletions. Miyazaki: Miyazaki2011-A strain. Sequence 

information of other strains are as follows: V26 (AB008197), Japan; V70 

(AB008196), Japan; Wyoming (AF033820), USA. 
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Fig. 12. Comparison of deduced amino acid sequences m EIAV Pol. The deduced 

ammo acid sequences of Miyazaki2011-A along with reference strains were 

aligned by using the MEGA version 5.05 (Tamura et al., 2011) ClustalW multiple 

sequence alignment program. Residues that differ from Miyazaki2011-A are 

indicated by their single letter amino acid code designations. Regions of amino 

acid identity are indicated by dots. Miyazaki, Miyazaki2011-A (JX003263); 

Wyoming (AF033 820); V70 (AB008196); WSU5 (AF247394); Liaoning 

(AF327877); DV117 (HM141912); Vaccine, Chinese vaccine strain (AF327878). 
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Fig. 13. Comparison of deduced amino acid sequences in EIAV gp90. The deduced 

amino acid sequences of Miyazaki2011-A along with reference strains were 

aligned relative to the Wyoming strain using MEGA version 5.05 (Tamura et al. , 

2011) ClustalW multiple sequence alignment program. Only the residues that 

differ from Wyoming are indicated by their single letter amino acid code 

designations. Reported variable regions V1 to V8 for the gp90 sequence are 

outlined using boxes. Regions of amino acid identity are indicated by dots. 

Potential N- linked glycosylation sites are underlined in blue while cysteine 

residues are indicated by red arrows. WYO, Wyoming(AF033820); V26 

(AB008197); V70 (AB008196); LN, Liaoning (AF327877); CHVax, Chinese 

vaccine strain (AF327878); PA, EIAVrA (GQ855755); MY2011, Miyazaki2011-A 

(JX003263). 
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Fig. 14. Comparison of predicted a1111no acid sequences in EIAV gp45_ The 

deduced mmno acid sequences of Miyazaki2011-A along with reference strains 

were aligned relative to the Wyoming strain using MEGA version 5.05 (Tamura et 

al., 2011) ClustalW multiple sequence aligmnent program. Residues that differ 

from Wyoming are indicated by their single letter amino acid code designations. 

Regions of amino acid identity are indicated by dots. Potential N- linked 

glycosylation sites are underlined in blue while amino acids comprising the 

transmembrane spanning domain are boxed. WYO, Wyoming(AF033820); V26 

(AB008197); V70 (AB008196); LN, Liaoning (AF327877); CHVax, Chinese 

vaccine strain (AF327878); PA, EIAVrA (GQ855755); MY2011 , Miyazaki2011-A 

(JX003263). 

72 



(A) 
Amino terminus Core region Basic region Carboxy terminus 

-~- -~- -~-l~yoming ..,L LADRRIPGT!>.EE. ..,QKSSGGVPG NTGGQVLL ElLll.NYHC LCFLRS ... GIDYLDASLR.~ KQRLKA! GR P YL• 

V70 .. ........ .• ... • ... ... .. .. .... . . . ............ . .......•. • .. • ... • . . •. . .....•..• .... • . 

I~ SUS 

Hiyazak.:. ...... C ... R ............... H . .. .... F. DF-. D ... H .. .... ....... :! .. K ...... A. E .. R . ... R ... . 

(B) 
Nucleoporin motif SH3 domain binding motif Nuclear localization domain 

PV 11)2LFC{-<GVTi~SASHSHGGS GES@g]NSQ!<NLS --VRRTQCFN ... IVI_!1TVRTAlvQ$K~QETK.':{r----------

i~yoming .. V .... ... .. . . ... E ................. --· ... ..... . .. .. ... .. ........... ·----------
Liao. ing .. . .. ....... L . ... V .... Y ... S . . K. ~QQTHK.'<GI.ioiY- . P ... WAEQK .. R ET. D ... K• ---------

PA ...... ........ ... E ...... L ..... -. R.- E·l. I.1 . Y .. P . . . LTVIKJ.!~Q. .. KEET.D. Q.IKT• -------

Hi yazaki ... .., .. Q .... VLP ... A .. E. YL. .. \QL R IQTRGVLi>/ . .. P ... l1ll.AEEG .. K:-<GSKYPQ .. EKSCSKE!<N• 

(C) 
Nuclear export signal RNA-binding (RRE, Rev-responsive element) 

ivyorning l1AESKE---ll-~DQE!-!N..,KEESKEEKRRNDio/NKKqP -PLESDQNCRVLR SLPEEKI$piCill-~RHLGPGPTQHT PSRRDRIYIRGQI -QTEVLQERLEio/ 
_Lyazaki ... EG:<QI PPEER. LFQG . LKKE .. . ... . IV .. A .. DN .... K . ..... . . GD ...... !1 . • . A .. .. . V . .... K .. .. L . . R.QHA . Q .. . Q .•. 

RNA-binding (RRE) Nuclear localization signal 
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Fig. 15. Comparison of predicted amino acid sequences of EIAV Tat, S2 and Rev. 

The deduced Tat (a), S2 (b) and Rev (c) amino acid sequences ofMiyazaki2011-A 

along with reference strains were aligned relative to the Wyoming strain using 

MEGA version 5.05 (Tamura et al., 2011) ClustalW multiple sequence alignment. 

Residues that differ from Wyoming are indicated by their single letter amino acid 

code designations while regions of amino acid identity are represented by dots_ 

Putative functional or structural motifs and domains identified in EIAV strains 

derived from EIAVWyoming are labeled. WYO, Wyoming(AF033820); V26 

(AB008197); V70 (AB008196); LN, Liaoning (AF327877); CHVax, Chinese 

vaccine strain (AF327878); PA, EIAVPA (GQ855755); Miyazaki, Miyazaki2011-A 

(JX003263). 
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Fig. 16. Nucleotide sequences alignment involving sequences from all EIA V infected Misaki horses. The 

alignment was performed based on the nucleotide sequence of a 910 bp 5' genomic fragment amplified 

from all 12 Misaki horses with Clusta1W method by using MEGA version 5.05 (Tamura et a!. , 2011). 

EIA V sequences from Misaki horses are designated MY-A (Miyazaki2011-A), -5, -25 , -29, -35 , -47, -53 , 

-56, -65, -67, -69 and -75 (JX003252 to JX003263). 
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4. Conclusion 

Equine infectious anemia (EIA) is a persistent retroviral-based disease with 

a worldwide distribution. Since it was first described in France in 1843, EIA has 

posed a major challenge and caused significant losses to the equine industry 

worldwide. Equine infectious anemia virus (EIAV), the causative agent of EIA, is a 

lentivirus in the family Retroviridae (subfamily Orthoretrovirinae). The single 

stranded EIAV RNA is approximately 8.2 kb in length and contains the simplest 

known genomic organization of any extant lentivirus. Although EIA was described 

more than 150 years ago, complete genomic sequences have only been obtained 

from two strains of EIAV strain, EIAV Wyoming (North America) and EIAV Liaoning 

(China), with a passage history restricted to horses in order to retain the virulent 

phenotype of the original field isolate. All other reported complete EIAV proviral 

sequences are laboratory-generated derivatives of these two strains. Although 

novel field EIAV isolates have been reported based on the nucleotide sequences of 

gag and env genes in USA and Europe, the whole proviral genome sequence for 

these viruses have not been determined. Therefore, it is not known if these 

European and North American isolates are truly novel because their actual 

phylogeny might be obscured by genome mosaicism. 

In 2011, twelve Misaki horses were found to be seropositive for EIA in 

both the agar gel immunodiffusion (AGID or Coggins) and immunoblot tests 

(Western blotting). The Misaki horses were first documented more than 300 years 

ago and is one of eight breeds considered native to Japan. These feral horses are 

located in the Toi-Cape area, Miyazaki, in southern Japan. Despite clear evidence 
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of positive serological reactions (both AGID and Western blotting), proviral DNA 

was not demonstrable in peripheral blood of any of the infected horses using PCR 

primers recommended by OlE (OlE Terrestrial Manual 2008), previously 

published primer sets or unpublished primer pairs currently being evaluated in 

other laboratories. In the present study, a nested PCR assay for detection of EIAV 

proviral DNA in peripheral blood cells of naturally infected horses was developed. 

Primer sets were designed based on conserved 5' regions of the viral genome 

extending from the long terminal repeat (LTR) to the trans-activator (tat) gene. 

Preliminary studies demonstrated the method has a detection limit of 10 genomic 

copies and when applied to a naturally EIAV infected feral horse population 

possessed a 100% correlation with conventional serological diagnostic techniques. 

The PCR-based strategy developed to achieve this goal avoids passage in vivo or in 

vitro and results in the amplification of complete proviral sequences. Therefore, it 

eliminates the selection pressure that can occur when viruses are subjected to a 

replicative phase and prevents problems such as the assembly of artifact hybrid 

molecules that inevitably occur when different regions of the viral genome are 

amplified separately. It provides a powerful new tool in the control ofEIAV. 

EIA was first reported in Japan in 1883. During the first decade of 19th 

century, Japan was subjected to the first EIA epidemics and more than 3 00 horses a 

year died from this disease. Since then, EIA has continually threaten the horse 

breeding and caused a huge economic loss in Japan. However, although 130 years 

passed after EIA was first reported, so far there have been no genetic information 

described for Japanese EIAV strain. Therefore, it is still unclear for the relationship 
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not only between Japanese ancient and current strains, but also between Japanese 

strain and other reported strains. This epidemiology information is very important 

to disease prevention and control. In the present study, base on the nucleotide 

sequence result from the nested PCR assay, complete proviral sequences 

comprising a novel field strain (Miyazakai2011-A) were amplified directly from 

peripheral blood of one of these EIAV infected horses and characterized by 

nucleotide sequencing. The complete provirus of Miyazaki2011-A strain is 8208 

bp in length with an overall genomic organization typical of EIAV. However, this 

field isolate possesses just 77.2% and 78.7% nucleotide sequence identity with the 

EIAVwyoming and EIAVLiaoning strains respectively while similarity plot analysis 

suggested all three strains arose independently. Moreover, phylogenetic analysis of 

LTR, gag, pol and env revealed Miyazaki20 11-A forms a separate monophyletic 

group and as such can be classified as a novel EIAV isolate. Furthermore, 

phylogenetic studies using sequences obtained from all EIAV infected Misaki 

horses against known viral strains strongly suggests these Japanese isolates 

comprise a separate monophyletic group. Additionally, despite considerable 

nucleotide divergence almost all functional elements or motifs identified in 

EIAVwyoming or its derivatives are retained in Miyazaki2011-A. In conclusion, the 

complete proviral sequence of a phylogenetically distinct EIAV field strain 

(Miyazaki20 11-A) has been successfully obtained from an ancient breed of horses 

(Misaki) in southern Japan. Here, we first report genetic information of Japanese 

EIAV local strain which is important for EIA V epidemiology research and disease 

control. 
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