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The structure and integration patterns of equine infectious anemia virus (EIAV) proviral DNA and the
patterns of viral transcription were examined in persistent and cytopathic infections of cultured cells. The
results of Southern blot analyses indicated that, in persistently infected cells, about 30% of the EIAV provirus
exists as randomly integrated DNA, while the remaining 70% is equally divided between unintegrated linear
and closed circular forms. The cytopathic infection, in contrast, is characterized by levels of integrated
provirus ranging from 65 to more than 90% of the total proviral DNA, depending on the extent of
cytopathology exhibited by the virus strain employed. In both persistent and cytopathic infections, extensive
Northern (RNA) blot analyses have revealed the presence of two major virus-specific transcripts, an 8.2-
kilobase (kb) full-length genomic mRNA and a 3.5-kb single-spliced mRNA. A low-abundance 1.5-kb mRNA,
presumably formed by a double-splicing event of the full-length RNA, was also detected in the cytopathic EIAV
infection. The two major viral transcripts are present in approximately equal quantities in persistently infected
cells, while the cytopathic infection reveals nearly a 30-fold higher level of viral transcripts in which the 3.5-kb
species constitutes over 75% of the total viral mRNA. The relatively high proportion of proviral DNA
integration and the simple pattern of viral transcription observed during EIAV infections appeared to be
different from the generally observed patterns of predominantly unintegrated proviral DNA and multi-spliced
viral mRNAs in cells infected with other lentiviruses such as visna virus or human immunodeficiency virus type
1. Moreover, the data suggested that the cytopathology of EIAV may be correlated in part with the degree of
proviral DNA integration and levels of viral mRNA in infected cells, particularly that of the spliced 3.5-kb
mRNA.

Persistent retrovirus infections constitute a major chal-
lenge in contemporary infectious disease research in both
human and veterinary medicine. Although oncovirus and
lentivirus infections have been of practical concern to vet-
erinarians for decades, the recent discoveries of retroviruses
associated with human leukemia and acquired immunodefi-
ciency syndrome have generated a greater urgency for the
development of procedures to control these types of viral
infections. A prerequisite to this goal is the elucidation of the
patterns of lentivirus proviral DNA replication and tran-
scription and their correlation to viral persistence and patho-
genesis.
Compared with oncoviruses, relatively little is known

about the structure of lentivirus proviral DNA in infected
cells and how different DNA forms might correlate with viral
gene expression and pathogenesis. Although it is generally
recognized that lentivirus-infected cells contain large quan-
tities of extrachromosomal unintegrated viral DNA, no clear
model has yet emerged as to the exact role of the integrated
and unintegrated DNA forms in the establishment of disease
during lentivirus infections. In the case of visna virus, it has
been shown that infected sheep choroid plexus cell cultures
contain both integrated and unintegrated viral DNA and that
both forms are infectious in transfection experiments (5).
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However, other studies have revealed that in productive
infections of sheep choroid plexus cell cultures with visna
virus, cells lack any detectable integrated viral DNA (15).
Furthermore, ongoing lentivirus studies continue to reveal
increasingly more complex transcriptional patterns em-
ployed by these viruses. There is strong evidence that trans
activation of gene expression, encoded by multispliced low-
molecular-weight virus-specific transcripts, may be a prop-
erty of lentiviruses in general on the basis of studies with
visna virus and human immunodeficiency virus type 1 (HIV-
1) (1, 2, 6, 21).
Among lentiviruses, equine infectious anemia virus

(EIAV) offers a uniquely dynamic disease model for study-
ing the flow of lentiviral genetic information and its relation-
ship to viral persistence and pathogenesis. To date, how-
ever, very little is known about the structure of EIAV
proviral DNA and its integration patterns in infected cells,
and no studies have been reported on the transcriptional
pattern of the virus. As a basis for future studies on the
mechanism of EIAV gene expression during acute, chronic,
and inapparent phases of equine infectious anemia in persis-
tently infected horses, we have analyzed EIAV gene expres-
sion and its relationship to persistence and cytopathology in
tissue culture. Specifically, we have determined the struc-
ture of EIAV proviral DNA and its transcriptional pattern in
infected cells, using two distinct equine cell lines in which
the virus establishes either a persistent or a cytopathic
infection.
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MATERIALS AND METHODS

Cell cultures and virus strains. Primary cultures of fetal
equine kidney (FEK) and fetal donkey dermal (FDD) cells
were prepared and maintained as described previously (24).
A prototype stock of EIAV, obtained by propagation of the
Wyoming cell-adapted strain of EIAV (19) in FEK cells, was
used to carry out infection of confluent monolayers of FEK
or FDD cells at a multiplicity of infection of 1.0. In addition,
an FDD-adapted stock of EIAV, prepared by propagation of
prototype EIAV in FDD cells, was used to infect confluent
monolayers of FDD cells at a multiplicity of infection of 1.0.
Using repeated washes with phosphate-buffered saline con-
taining 4 mM EDTA, infected FEK cells were harvested
from roller bottles at 3 to 4 weeks postinfection, and infected
FDD cells were recovered from flasks at the peak of the
cytopathic effect (10 to 12 days after infection of FDD cells
with FDD-adapted EIAV and 20 to 22 days after infection of
FDD cells with prototype EIAV). For time course studies,
various times after infection were used for recovery of
infected FEK and FDD cells, as described below. Trans-
formed canine fetal thymus cells (Cf2Th) and feline embryo
fibroblasts (FEA) that were persistently infected with the
Wyoming cell-adapted strain of EIAV were obtained from
Larry Arthur (Program Resources, Inc., Fredrick Cancer
Research Facility, Fredrick, Md.).

Isolation and purification of nucleic acids. Extrachromo-
somal DNA was prepared from the infected and uninfected
cells by the Hirt procedure (16). After precipitation of
chromosomal DNA, the supernatant and precipitate frac-
tions were treated as follows. The supernatant fraction,
containing the extrachromosomal DNA, was extracted once
with phenol-chloroform, dialzyed against 10 mM Tris hydro-
chloride (pH 8.0)-10 mM EDTA (TE10), precipitated with
ethanol, dissolved in TE10, and banded on a CsCl-ethidium
bromide density gradient, using 0.9 g of CsCl per ml and 600
,ug of ethidium bromide per ml. The chromosomal DNA
precipitate was dissolved in TE10 and treated as the super-
natant fraction, except that the CsCl concentration was 1.0
g/ml. After ultracentrifugation, the ethidium bromide and
CsCl were removed by standard methods (20), and the
chromosomal and extrachromosomal DNAs from the two
fractions were precipitated with ethanol. Total cellular DNA
and RNA were simultaneously isolated from the cells by a
modification of the method of Chirgwin et al. (4; Bethesda
Research Laboratories, Inc., BRL Focus 6:11, 1984). After
ultracentrifugation, the viscous layer ofDNA was recovered
from the cellular homogenate, extracted with phenol-chloro-
form, and precipitated by ethanol. The DNA pellet was
dissolved in 10 mM Tris hydrochloride (pH 8.0)-i mM
EDTA, treated with RNase A followed by proteinase K,
extracted once with phenol-chloroform, and precipitated
with ethanol (20). The pellet of RNA was suspended in 10
mM Tris hydrochloride (pH 7.5)-5 mM EDTA-1% sodium
dodecyl sulfate (SDS), extracted twice with phenol-chloro-
form, and precipitated with ethanol. Poly(A)+ RNA was
purified by two cycles of oligo(dT)-cellulose chromatogra-
phy of total cellular RNA (20) or by direct oligo(dT)-
cellulose chromatography of cell lysates, using the Fast
Track mRNA isolation kit from Invitrogen.

Construction and labeling of probes. Virus-specific DNA
fragments were obtained by restriction digestion of an EIAV
proviral DNA clone, lambda 12 (8, 28, 31). The fragments
were isolated and purified by electrophoresis through low-
melting-point agarose or polyacrylamide gels followed by
chromatography through a NACS-52 resin (Bethesda Re-

search Laboratories, Inc.) column and subcloned into vari-
ous plasmid vectors according to standard recombinant
DNA techniques (20). After amplification in Escherichia
coli, the fragments were then gel purified and labeled with
[a-32P]dCTP to specific activities of greater than 5 x 108
cpm/,ug. A 4.95-kilobase (kb) BamHI fragment (see Fig. 1A),
covering about 60% of the viral genome and the entire
gag-pol coding region, was labeled via nick-translation (20)
and used as the probe for Southern blot analysis of proviral
DNA. For Northern (RNA) blot analysis of viral RNA, the
following restriction fragments, schematically shown in Fig.
4, were labeled by random-primer labeling (10) and used as
probes: probe A, 220-base-pair (bp) MluI-BamHI; probe B,
395-bp PvuII-KpnI; probe C, 513-bp SmaI-SstI; probe D,
105-bp PvuII-SspI; probe E, 120-bp BamHI-TaqI; probe F,
420-bp SphI-XbaI; probe G, 325-bp AvaIl.

Southern and Northern hybridization conditions. Five mi-
crograms of each DNA sample was fractionated by electro-
phoresis through a 0.7% agarose gel in Tris-borate-EDTA
buffer (20) at 40 V overnight. Transfer of DNA to nitrocel-
lulose and prehybridization and hybridization conditions
were as described earlier (25). For Northern hybridizations,
2.5 ,ug of poly(A)+ RNA or 15.0 ,ug of total RNA from
infected or uninfected cells was subjected to electrophoresis
in 1.0 or 1.4% agarose-formaldehyde gels (20 by 20 cm) (20)
in 50 mM MOPS (morpholinepropanesulfonic acid) (pH
7.0)-i mM EDTA buffer. Electrophoresis was carried out at
100 V for 1 h without buffer circulation and at 30 V for 14 h
with buffer circulation. To check for the integrity of RNA
samples, the gels were stained by being soaked in a solution
of 5.0 ,ug of ethidium bromide per ml of water for 5 min in the
dark and destained for 3 to 8 h in water in the dark. For
transfer of RNA, the staining step was omitted, and the gel
was washed immediately after electrophoresis for 1 h in 1OX
SSC (lx is 0.15 M NaCl, 0.015 M sodium citrate) to remove
the formaldehyde and transferred overnight to GeneScreen
or GeneScreen Plus nylon membranes (New England Nucle-
ar-DuPont) in 1Ox SSC. Prehybridization was carried out at
42°C for 2 to 4 h in a buffer containing 50% formamide-5 x
Denhardt (20)-6x SSC-1% SDS-250 ,ug of denatured
salmon sperm DNA per ml-25 mM sodium phosphate (pH
6.5). Hybridization was carried out at 42°C for 18 to 24 h,
using 106 cpm of 32P-labeled probe per ml of hybridization
solution, which contained the same composition as the
prehybridization buffer except that lx Denhardt was used.
After hybridization, the membranes were washed for 30 min
at room temperature in 2x SSC-0.2% SDS and for 30 min at
650C in 0.2x SSC-0.2% SDS. The membranes were then
analyzed by autoradiography at -70°C for 12 to 36 h.

Relative concentration and copy number of proviral DNA in
infected cells. To determine the relative concentration and
copy number of complete viral genomes in infected FEK and
FDD cells, total cellular DNA was digested with MluI, an

enzyme which cuts the proviral DNA only in the long
terminal repeat (LTR) (8, 28; see Fig. 1A), resulting in a
DNA fragment of about 8.0 kb in size. Five micrograms of
MluI-digested total cellular DNA from infected FEK or FDD
cells was subjected to Southern blot analysis, using the 32p_
labeled 4.95-kb BamHI fragment as probe. To obtain a
standard curve, known concentrations of a plasmid subclone
which contains a 6.8-kb viral-specific Hindlll fragment were
used. The 6.8-kb insert of this plasmid contains about 5.6 kb
of the viral genome attached to about 1.2 kb of cellular DNA
sequences. The concentration of the HindIII-digested plas-
mid DNA was adjusted so that each lane on the gel repre-
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FIG. 1. Structural analysis of EIAV proviral DNA. (A) Diagram of the EIAV proviral genome based on its DNA sequence (28, 31),
showing the location of the Hindlll and SstI restriction sites used for the structural analysis of unintegrated extrachromosomal proviral DNA.
The unique MluI restriction sites, one in each LTR, are also shown. The solid black line represents the 4.95-kb BamHI fragment used as the
probe for Southern hybridization analyses shown in panels B, C, D, and E of this figure and panels A, B, and C of Fig. 3. (B and C) Southern
blot of total undigested cellular DNA from uninfected FEK cells (panel B, lane 1), uninfected FDD cells (panel C, lane 1), prototype
EIAV-infected FEK cells (panel B, lane 2), and prototype EIAV-infected FDD cells (panel C, lane 2). (D) Southern blot of the Hirt precipitate
(lane 1) and Hirt supernatant (lane 2) DNA from prototype EIAV-infected FEK cells. (E) Southern blot of the Hirt supernatant DNA from
prototype EIAV-infected FEK cells digested with HindlIl (lane 1) or SstI (lane 2). The number next to each hybridizing DNA species refers
to its size in kilobases. HMW, High molecular weight.

sented 2.5 x 106, 5.0 x 106, 7.5 x 106, and 10.0 x 106 copy
equivalents of viral genome.
EIAV LTR-CAT plasmid construction. A 478-bp BstNI-

PvuII fragment, containing the EIAV 5' LTR (8), was
excised from the lambda 12 proviral DNA clone of EIAV
and end repaired by treatment with T4 DNA polymerase.
After the addition of HindIII linkers, the 5'-LTR fragment
was subcloned into the unique Hindlll site of pSVOCAT
(13), and recombinants were identified by restriction enzyme
mapping. DNA from the recombinant plasmid, pLTRCAT,
was prepared by standard protocols (20) and subjected to
two cycles of centrifugation through cesium chloride density
gradients before use in transfection experiments.

Cells, transfections, and CAT assays. Uninfected or EIAV-
infected FEA, Cf2Th, FEK, and FDD cells were seeded
onto 60-mm-diameter petri plates at a density of 3 x 105 per
plate and maintained in Eagle minimal essential medium
supplemented with 10% fetal calf serum. Ten micrograms of
pSVOCAT (negative control), pSV2CAT (positive control),
or pLTRCAT plasmid DNA was transfected onto the cells as
a calcium phosphate coprecipitate followed by a 15% glyc-
erol shock, as described previously (12). FEA and Cf2Th
cells were exposed to the plasmid DNA precipitate for 4 h,
whereas the exposure of FEK and FDD cells to the precip-
itate was for 12 h. Transfected cells were incubated in a
humidified 5% CO2 incubator for 48 h, after which they were
harvested and lysed by three cycles of freeze-thawing. Cell
lysates were heat treated for 10 min before the assay for

chloramphenicol acetyltransferase (CAT) activity to ensure
the removal of endogenous cellular acylases. Then 10 ,ul of
lysate from FEA, Cf2Th, and FDD cells and 50 ,ul of lysate
from FEK cells was subjected to a kinetic CAT assay
protocol, as described previously (23).

RESULTS

EIAV establishes a persistent, noncytopathic infection in
FEK cells grown in tissue culture. In FDD cells, however,
the virus causes a cytopathic infection characterized by
rounding and detachment of infected cells. The time required
for the appearance of cytopathologic changes is virus strain
dependent. Prototype EIAV-infected FDD cells require 20
to 22 days to exhibit the complete cytopathic effect, while
the same effect takes only 10 to 12 days to appear in FDD
cells infected with the FDD-adapted strain of EIAV. To gain
a better understanding of the patterns of EIAV gene expres-
sion during persistent and cytopathic infections, we ana-
lyzed the structure of EIAV proviral DNA and the transcrip-
tional pattern of the virus during these infections.

Structural analysis of proviral DNA. Using a 4.95-kb
BamHI proviral DNA fragment as probe (Fig. 1A), Southern
blot analysis of undigested total cellular DNA demonstrated
the presence of three species of EIAV-specific DNA in FEK
or FDD cells infected with prototype EIAV (Fig. 1B and C,
respectively, lanes 2). One of these DNA species migrates as
a high-molecular-weight form at a size range greater than 20
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kb, while the other two have electrophoretic mobilities of
about 8.2 and 4.5 kb. These DNA species were not detected
in DNA isolated from uninfected FEK or FDD cells (Fig. 1B
and C, respectively, lanes 1), indicating that the EIAV
provirus is not endogenous to the equine genome. Using the
procedure of Hirt (16), total cellular DNA from persistently
infected FEK cells was fractionated into chromosomal and
extrachromosomal DNA fractions and each fraction was

analyzed by Southern blot hybridizations as above. As
shown in Fig. 1D, both fractions show the presence of
virus-specific sequences. The chromosomal DNA fraction
reveals a high-molecular-weight viral DNA species migrating
at a size range greater than 20 kb (Fig. 1D, lane 1), whereas
the extrachromosomal fraction shows viral DNA migrating
at about 8.2 and 4.5 kb (Fig. 1D, lane 2).
The structure of the extrachromosomal DNA was further

analyzed by restriction enzyme digestions of the Hirt super-

natant DNA from infected FEK cells followed by Southern
hybridization analysis, using the 4.95-kb BamHI fragment as

probe. Digestion of the extrachromosomal DNA with
HindIII, an enzyme which cuts the EIAV genome twice
(Fig. 1A), produced two EIAV-specific hybridizing DNA
fragments which migrate at 7.4 and 5.6 kb (Fig. 1E, lane 1).
Moreover, digestion of the same DNA preparation with SstI,
an enzyme which cleaves the EIAV genome only once (Fig.
1A), resulted in three distinct viral DNA fragments of 8.2,
5.2, and 3.0 kb (Fig. 1E, lane 2). The restriction enzyme

cleavage patterns are consistent with the extrachromosomal
viral DNA species which migrates at 8.2 kb in Southern blots
of undigested cellular DNA (Fig. 1B and C, lanes 2), being
the linear form of the provirus which produces the 5.6-kb
HindIlI fragment and the 5.2- and 3.0-kb SstI fragments. In
contrast, the extrachromosomal DNA species migrating at
4.5 kb in the same blots appears to be a closed circular form
of the provirus which produces the 7.4-kb HindIlI fragment
and the 8.2-kb SstI fragment. The presence of a doublet at
4.5 kb (Fig. 1D, lane 2) may represent two distinct species of
the closed circular provirus with one or two copies of the
LTR (32), with the one-LTR circle being the predominant
species.

Densitometric analysis of the three species of proviral
DNA (integrated, linear, and circular) observed in EIAV
infections revealed that during the persistent infection of
FEK cells about 70% of the EIAV provirus is unintegrated,
whereas nearly 30% of the proviral DNA is in the high-
molecular-weight integrated form (Fig. 1B, lane 2). During
the cytopathic infection ofFDD cells, however, the predom-
inant proviral DNA species is the integrated form, compris-
ing nearly 65% of the total proviral DNA, while the remain-
ing 35% is in the unintegrated form (Fig 1C, lane 2). The
observation of such a relatively large proportion of the EIAV
provirus in the integrated form during persistent infection of
FEK cells and an even larger percentage during cytopathic
infection of FDD cells is significantly different from the less
than 1% integrated proviral DNA observed in productive
infections with other lentiviruses such as visna virus (15).
As a second approach for quantitation of the three forms

of EIAV provirus and a determination of the proviral copy

number in infected cells, total cellular DNA from prototype
EIAV-infected FEK or FDD cells was subjected to restric-
tion enzyme digestion before Southern blot analysis. In so

doing, we wished to eliminate the possibility of differential
transfer efficiencies of the three different proviral DNA
species from the agarose gel to the hybridization membrane.
Total cellular DNA (chromosomal and extrachromosomal)
isolated from FEK or FDD cells infected with prototype
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FIG. 2. Quantitation of the various EIAV proviral DNA forms.
Southern blot analysis of total cellular DNA isolated from prototype
EIAV-infected FEK (A) or FDD (B) cells. Lanes: 1, undigested
DNA; 2, Mlul-digested DNA; 3, EcoRI-digested DNA. The num-

bers next to the two lower hybridizing DNA bands are their sizes in
kilobases. HMW, High molecular weight. The blots represent two
separate experiments utilizing 5.0 ,ug of each DNA sample per lane
and the full-length 8.2-kb EIAV proviral DNA as probe. The probe
was later stripped from the blots, and the membranes were hybrid-
ized to a 32P-labeled actin cDNA as an internal control. Densitomet-
ric analysis of the actin signal indicated that approximately equal
quantities of DNA were present on the respective lanes of both
membranes (data not shown).

EIAV was digested with MluI, an enzyme which cuts the
EIAV provirus only in the LTR (Fig. 1A), and subjected to
Southern blot analysis using a full-length proviral DNA
probe. Following an MluI digestion, the integrated, closed
circular, and full-length linear proviral DNA molecules all
yielded an 8.0-kb linear DNA species (Fig. 2A and B, lane 2).
Densitometric analysis of this 8.0-kb signal then yielded the
sum of all proviral DNA molecules (integrated and uninte-
grated) in infected cells and revealed the total proviral copy

number to be around nine copies per infected FEK or FDD
cell (Table 1).
The relative percentage of the high-molecular-weight inte-

grated provirus was then determined after digestion of total
cellular DNA with EcoRI, an enzyme which does not cut the
EIAV provirus and only digests the cellular junction se-

quences (28, 31). Southern blot analysis of the EcoRI-
digested total cellular DNA revealed that the high-molecu-
lar-weight integrated proviral DNA, observed in undigested
preparations of total DNA from infected cells (Fig. 2A and
B, lanes 1), was converted by EcoRI into a heterogeneous
population of hybridizing DNA fragments (Fig. 2A and B,

TABLE 1. Ratio of integrated to unintegrated EIAV proviral
DNA in persistent versus cytopathic infections

Proviral Proviral % Integrated/
EIAV- DNA copies %ofclDNcois % untgae
infected in 5.0 Lg of population NA copies Integrated proviral
cell line total cellular infected

c

p provirus' copies per
DNAa infected cell

FEK 9 100 9 30 3/7
FDD 3 30 9 70 7/3

a Calculated from data in Fig. 2. Estimated values based on averages
obtained from three separate experiments.

b Estimated values based on percentage of cells demonstrated to be infected
with EIAV by immunofluorescence studies (C. J. Issel and R. C. Montelaro,
unpublished data).
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FIG. 3. Time course study of EIAV proviral DNA synthesis. The numbers above each lane in panels A, B, and C correspond to the times
at which total DNA was isolated from infected cells (days postinfection). Abbreviations: i, integrated, 1, linear, c, circular. (A) Southern blot
of undigested total cellular DNA isolated from FEK cells persistently infected with prototype EIAV. (B) Southern blot of undigested total
cellular DNA isolated from FDD cells infected with prototype EIAV. (C) Southern blot of undigested total cellular DNA isolated from FDD
cells infected with FDD-adapted EIAV.

lanes 3), indicative of random integration sites of the EIAV
provirus and a multitude of different cellular junction se-
quences. Densitometric analysis of this smear of hybridizing
bands revealed that about 30% of the total proviral DNA
molecules in infected FEK cells are integrated, while the
integrated provirus constitutes around 65% of all viral DNA
in infected FDD cells. Moreover, the percentage of the
unintegrated linear proviral DNA was determined by densi-
tometric analysis of the Southern blots of undigested total
cellular DNA from infected FEK and FDD cells (Fig. 2A and
B, lanes 1), in which the linear proviral DNA would transfer
as efficiently as the other two forms of the provirus that were
linearized by MluI (lane 2) or EcoRI (lane 3) in Fig. 2A and
B. Such an analysis estimated the percentage of the uninte-
grated, full-length linear proviral DNA molecules to be about
40% of the total proviral DNA in infected FEK cells and
around 20% of all proviral DNA in infected FDD cells.
Finally, subtraction of the percentage of integrated and
unintegrated linear proviral DNA from the total proviral
DNA present in infected FEK or FDD cells indicated the
percentage of closed circular unintegrated provirus to be
about 30% in infected FEK cells and 15% in infected FDD
cells. Thus, the ratios of integrated to unintegrated viral
DNA obtained with digested preparations of total cellular
DNA are in close agreement with those obtained by earlier
analyses of undigested DNA.

Kinetics of proviral DNA synthesis. To ascertain whether
the relatively high level of EIAV proviral DNA integration
was a result of long-term infection, we performed a time
course study to monitor the kinetics of proviral DNA syn-
thesis after infection. Total cellular DNA was isolated from
infected FEK cells on 3, 5, 7, and 9 days after infection, and
5.0 ,ug of undigested total DNA from each time point was
analyzed by Southern blot hybridizations as before. The data
in Fig. 3A indicate that the total proviral DNA in infected
FEK cells increases in quantity as the infection proceeds and
that the unintegrated form is the more abundant species from
the onset of infection. However, it is also evident that the
30/70 ratio of integrated to unintegrated proviral DNA is
established early during the persistent infection ofFEK cells
by EIAV. Parallel studies of the proviral DNA species
during cytopathic infection of FDD cells by EIAV were also
performed. A time course analysis of the formation of
proviral DNA forms after the infection of FDD cells by
prototype EIAV is presented in Fig. 3B. In this case, the
integrated and unintegrated forms were detected simulta-

neously from the earliest time point at an approximate ratio
of 70/30 integrated to unintegrated DNA. Taken together,
these results indicate that the characteristic ratios of inte-
grated to unintegrated EIAV DNA are established early in
infection and are not a result of long-term culturing of
infected cells.
The abundance of integrated proviral DNA during the

cytopathic infection of FDD cells raised the possibility that
the relative level of proviral DNA integration may correlate
with EIAV cytopathology. To examine this hypothesis we
studied the cytopathic infection of FDD cells with the
FDD-adapted strain of EIAV, a strain which results in
cytopathologic changes in half the time required by the
prototype strain of the virus. During this rapid cytopatho-
logic process, integrated proviral DNA was detected at an
earlier stage of infection compared with prototype EIAV-
infected FDD cells and its proportion eventually exceeded
more than 90% of total viral DNA (Fig. 3C).
Thus, it appears that the cytopathologic changes observed

after EIAV infection of FDD cells cannot be correlated with
absolute levels of proviral DNA in infected cells, as there are
approximately equal copies of the provirus during persistent
or cytopathic infections of FEK or FDD cells, respectively
(Table 1). However, the cytopathologic process may corre-
late with the ratio of integrated to unintegrated viral DNA in
infected cells.
Northern blot analysis of viral RNA. In this set of experi-

ments, we sought to define the patterns of viral transcription
during cytopathic and persistent infections by EIAV. Viral
transcripts were initially identified in FDD cells infected with
the FDD-adapted strain of EIAV. Northern blots of
poly(A)+ RNA isolated from uninfected FDD cells or FDD
cells infected with prototype EIAV at the peak of the
cytopathic effect were hybridized to a 5'-specific probe
representing sequences from the 5' LTR of the EIAV
genome. No virus-specific RNA species were detected in
RNA from uninfected cells (Fig. 4, panel H), whereas three
species of viral RNA were identified in RNA from infected
FDD cells, an 8.2-kb genome-length RNA, a 3.5-kb RNA,
and a low-abundance 1.5-kb RNA (Fig. 4, panels Al and
A2). Panel Al is a Northern blot of a 1.4% agarose-formal-
dehyde gel, with the higher percentage gel resulting in a
sharpened 1.5-kb hybridizing RNA band, while panel A2 is a
blot of a 1.0% agarose-formaldehyde gel.
To further characterize the transcriptional pattern of

EIAV, Northern blots of poly(A)+ RNA from infected FDD

J. VIROL.
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FIG. 4. Northern hybridization analysis of EIAV-specific transcripts in FDD cells infected with FDD-adapted EIAV. A diagram of the

EIAV proviral DNA genome and the location of the six ORFs is represented at the top of the figure. Based on DNA sequence data (28, 31),

closed triangles represent the location of consensus splice donor sites and open triangles represent the location of consensus splice acceptor

sites. The stippled bars, labeled A through G, show the locations and sizes of the subgenomic probes relative to the EIAV genome. The

bottom portion of the figure shows the results of hybridization of 2.5 p.g of poly(A)' RNA from infected FDD cells, isolated at the peak of

the cytopathic effect, to each of subgenomic probes A through G. (H) RNA from uninfected FDD cells. The positions of the 8.2-, 3.5-, and

1.5-kb viral mRNAs are indicated. Panel Al represents a Northern blot of a 1.5% agarose-formaldehyde gel, while the remaining panels,

including A2, are blots of a 1.0% gel. The molecular size marker used for this experiment was the 0.24- to 9.5-kb RNA ladder (Bethesda

Research Laboratories, Inc.) which was run on a parallel lane, transferred, and hybridized to 32P-labeled lambda DNA.

cells, run on a 1.0% agarose-formaldehyde gel, were hybrid-
ized to a panel of probes spanning the EIAV genome (probes

B through G). As shown in Fig. 4, the gag- and the

pci-specific probes (probes B and C) hybridized only to the

full-length 8.2-kb viral RNA, indicating that this transcript

represents both the gag-pci mRNA as well as the genomic

RNA. The env-specific probe (probe F) hybridized to the

full-length viral RNA in addition to the 3.5-kb RNA, sug-

gesting that the 3.5-kb transcript may be the single-spliced

mRNA encoding the EIAV env gene. Furthermore, each of

the subgenomic probes representing sequences from the

three short open reading frames (ORFs) SI, S2, and 53 (9,

28) (probes D, E, and G) hybridized to all three virus-specific

transcripts, suggesting that the 1.5-kb RNA is presumably a

double-spliced message containing sequences from the 5'

end of the genome and each of ORFs SI, S2, and S3.
However, in this cytopathic EIAV infection, the presence of

only three detectable virus-specific RNAs and the abun-

dance of the 3.5-kb transcript relative to the 8.2- or the

1.5-kb viral RNAs were significantly different from the

complex transcriptional patterns of other lentiviruses such

as HIV-1 or visna virus, in which a family of double-spliced
viral transcripts are detected in levels equivalent to those of

the full-length genomic and the single-spliced env mRNA

species (2, 7, 22, 26, 33).

The differential steady-state levels of the viral RNAs

detected late in this cytopathic EIAV infection could be

attributed to a temporally regulated, differential splicing of

the genome-length RNA, resulting in relatively different

concentrations of the various viral RNA species late during

the infection. To examine this possibility, a time course

study was performed during which total cellular RNA iso-

lated from FEK cells at 3, 5, 7, and 9 days after infection

with prototype EIAV and from FDD cells at 2, 4, 6, 8, 10,

and 12 days after infection with FDD-adapted EIAV was

subjected to Northern blot analysis by using a mixture of

probes A and G. As shown in Fig. 5A, no viral transcripts
were detected in infected FEK cells until 9 days after

infection and the earliest detectable RNA species, present at

almost equal concentrations, were the full-length 8.2-kb and

the spliced 3.5-kb transcripts. In infected FDD cells, how-

ever, viral transcripts were detectable as early as 2 days after

infection and the increase in their concentrations reached a

plateau at day 6 of infection (Fig. SB). Furthermore, during

this kinetic study of viral RNA synthesis in infected FDD

cells, the concentration of the 3.5-kb RNA appeared to be

about three times greater than that of the full-length tran-

script, even at the earliest time point, suggesting the pres-

ence of enhanced levels of 8.2-kb genome-length viral RNA

splicing during this cytopathic EIAV infection. The low-

VT,
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FIG. 5. Time course study on the synthesis of EIAV-specific transcripts. The numbers above each lane in panels A and B correspond to
the times at which total RNA was isolated from infected cells (days postinfection). (A) Northern blot of total RNA isolated from FEK cells
infected with prototype EIAV. (B) Northern blot of total RNA isolated from FDD cells infected with FDD-adapted EIAV. (C) Comparative
Northern blot of total RNA from prototype EIAV-infected FEK or FDD-adapted EIAV-infected FDD cells. In panels A and B, 15.0 ,ug of
total RNA, isolated at each time point, was loaded on the appropriate lane of the gel. The positions of the 8.2- and the 3.5-kb viral RNAs and
of the 28S and 18S rRNAs are indicated. In panel C, 15.0 ,ug of total RNA, isolated from infected FEK cells at 14 days postinfection and from
infected FDD cells at 12 days postinfection, was loaded on each appropriate lane. All three blots were hybridized to a mixture of 32P-labeled
probes A and G. The probes were then stripped from the blot shown in panel C, and the membrane was hybridized to a 32P-labeled actin cDNA
probe as an internal control for loading and transfer of the two RNA samples (lower insert).

abundance 1.5-kb RNA, detected at an even lower quantity
in Northern blots of poly(A)+ RNA isolated from infected
FEK cells (data not shown), was not clearly observed in
blots of total RNA from either infected cell line used in this
time course analysis. This is probably due to the presence of
large quantities of 18S rRNA in samples of total cellular
RNA. However, it is evident that overproduction of the
3.5-kb spliced RNA occurs early in the cytopathic infection
ofFDD cells and does not appear to be temporally regulated.
The relative quantities of viral RNAs in infected FEK and
FDD cells were estimated from a comparative Northern blot
(Fig. 5C). Densitometric analysis of this blot revealed that
there was almost a 10-fold higher level of viral RNAs in
infected FDD cells at the peak of the cytopathic effect
relative to that in persistently infected FEK cells and that the
3.5-kb RNA constituted more than 75% of all viral RNA in
infected FDD cells. Coupled with the asynchronous nature
of viral infection in FDD cells (Table 1), we estimate the
levels of EIAV-specific RNAs to be 30-fold higher during the
cytopathic infection of FDD cells relative to the persistent
infection ofFEK cells. As an internal control for loading and
transfer of equal quantities of the two RNA samples, the blot
in Fig. 5C was stripped and rehybridized with an actin probe
(Fig. 5C, lower panel).

trans-Activational regulation of the EIAV LTR in infected
cells. The association of multispliced, low-molecular-weight
viral transcripts to trans-activational regulation of lentivirus
gene expression (1, 2, 6, 21) and the low abundance of such
RNAs in EIAV-infected cells raises questions as to whether
viral trans-activating factor(s) are indeed expressed in these
infected cell lines. trans-Activational regulation of EIAV
gene expression has been previously reported to occur in
Cf2Th and FEA cells persistently infected with EIAV (8, 9,
29). To ascertain whether the EIAV LTR is also activated in
trans in the infected FEK and FDD cell lines used for the

transcriptional studies presented so far, standard trans-
activation assays utilizing the EIAV LTR-driven bacterial
CAT gene were performed on these two fibroblastic cell lines
of equine origin, using the infected Cf2Th and FEA cells as
controls. As shown in Fig. 6, the levels of EIAV LTR-
regulated CAT expression were significantly enhanced in all
four cell lines infected with EIAV compared with those in
uninfected cells, confirming that trans activation of viral
gene expression also occurs in infected FEK and FDD cells.
Thus, it appears that although EIAV gene expression is
under trans-activational regulation, subgenomic multispliced
small viral mRNAs in the size range of 1.2 to 2.0 kb are
detected at low abundance in persistent or cytopathic EIAV
infections, in contrast to other lentivirus infections in which
such mRNAs are produced in concentrations equivalent to
those of the full-length and single-spliced mRNA species (2,
7, 21, 26, 33).

DISCUSSION

The present study was conducted to analyze and compare
EIAV DNA and RNA synthesis during persistent and cyto-
pathic infections. We have observed that during the persis-
tent infection of FEK cells, 70% of the total EIAV proviral
DNA is in unintegrated forms that are equally divided
between a linear and a circular species; the remaining 30% of
viral DNA is present as randomly integrated provirus. The
two major detectable species of viral RNA, an 8.2-kb full-
length genomic and a 3.5-kb subgenomic RNA, are present
in approximately equal quantities in these persistently in-
fected cells. During the cytopathic infection of FDD cells,
however, 65 to more than 90% of the provirus is integrated,
depending on the virus strain employed, with the remaining
proviral DNA divided equally between unintegrated linear
and circular forms. In addition to the two major viral
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FIG. 6. Analysis of EIAV LTR-driven CAT activity in transfected FEA (A), Cf2Th (B), FDD (C), and FEK (D) cells. CAT assays were

performed as described in Materials and Methods. Symbols: *, pSVOCAT in EIAV-infected cells; O, pSVOCAT in uninfected cells; 0,

pSV2CAT in EIAV-infected cells; 0, pSV2CAT in uninfected cells; A, pLTRCAT in EIAV-infected cells; A, pLTRCAT in uninfected cells.

transcripts observed in persistently infected FEK cells, a

low-abundance 1.5-kb RNA is also detected in the cyto-
pathic infection of FDD cells. Viral transcription appears to
be much more efficient during the cytopathic infection, as

the quantity of total viral RNA is nearly 30-fold higher than
that detected in persistently infected cells. Moreover, during
cytopathic infection, the spliced 3.5-kb RNA is the major
viral transcript and constitutes over 75% of all viral RNA.

Several studies on the correlation of lentivirus DNA forms
and pathogenesis have been described (3, 15, 22, 27). In
general, these studies suggest that persistent, noncytopathic
infections are associated with a predominance of integrated
proviral DNA, while cytopathic infections display a predom-
inance of unintegrated proviral DNA. For instance, previous
studies have reported that the EIAV provirus is mainly
integrated in cells isolated from infected horses and have
proposed that the persistent, nonlytic infection of equine
fibroblasts by EIAV could be due to this integration (3, 27).
More recently, a similar mechanism has also been suggested
for the chronic infection of the H9 human T-cell line by
HIV-1 (22). Furthermore, it has been suggested that during
the infection of sheep choroid plexus cells by visna virus,
cell damage is due to an accumulation of unintegrated viral
DNA (15), and during acute infection of human peripheral
lymphocyte cultures by HIV-1, more than 400 copies per cell
of linear unintegrated viral DNA have been reported to be
present (22). The results obtained in the EIAV studies
described here, however, appear to suggest that the ratio of
integrated to unintegrated viral DNA increases when com-

paring the cytopathic infection of FDD cells with the per-
sistent infection of FEK cells, and this ratio increases even
further when the infectious agent is the FDD-adapted strain
of EIAV which causes a more rapid cytopathic effect in
infected FDD cells. These observations indicate that any

generalized correlation of lentiviral DNA forms with repli-
cation and cytopathologic levels may not be justified at this
time. Further studies of other lentiviruses, using various
other cell lines, particularly those serving as target cells in
vivo, are required to clarify this fundamental aspect of
lentivirus molecular biology.
The splicing patterns of the lentivirus full-length RNA are

generally believed to be more complex than those of other
retroviruses, and studies on HIV-1 and visna virus point to
the presence of a family of double-spliced viral mRNAs
which, in general, encode a variety of trans-acting viral
regulatory proteins (1, 2, 6, 7, 21, 22, 26, 33). The results of
the studies on patterns of EIAV transcription presented
here, however, appear to suggest a simpler transcriptional
pattern which may correlate with the simpler genetic orga-
nization of EIAV relative to visna virus or HIV-1. The
observed pattern of EIAV transcription points to an abun-
dance of the 3.5-kb viral RNA and low levels of the presum-
ably double-spliced 1.5-kb RNA during the cytopathic infec-
tion of FDD cells, along with equal ratios of the 8.2- and
3.5-kb RNAs and almost undetectable levels of the 1.5-kb
RNA in persistently infected FEK cells. This differential
transcriptional pattern of EIAV in the two cell lines exam-

ined suggests the involvement of a cell type-specific regula-
tory mechanism of viral transcription. It remains to be
determined whether the more efficient splicing of the full-
length EIAV genomic RNA to the 3.5-kb env transcript in
infected FDD cells is a cell-specific phenomenon resulting
from potential interactions between certain cellular factor(s)
and viral regulatory protein(s). This in turn may affect the
stability of the full-length viral RNA or its efficiency of
transport from the nucleus to the cytoplasm relative to that
of the 3.5-kb RNA. In the case of HIV-1, the trans-acting rev

protein has already been proposed to have a role in trans-
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porting the full-length and single-spliced viral RNAs to the
cytoplasm and away from the splicing machinery in the
nucleus (11, 14, 18). Furthermore, the enhanced levels of env
mRNA in EIAV-infected FDD cells may result in higher
levels of viral glycoprotein production in these cells, thus
contributing to the cytopathic effects of the infection. In this
regard, high-level expression of the HIV-1 envelope gene
has been shown to have a direct role in syncytium formation
and cytopathicity (30).
The functional role of the three short ORFs in the EIAV

genome are not clearly understood at this time, although
preliminary deletion studies have identifiedS2 as an absolute
requirement for trans activation of the EIAV LTR (9).
Recent cDNA cloning and sequencing experiments from this
laboratory have revealed the presence of a spliced viral
mRNA in EIAV-infected FDD cells which is generated by
splicing the first of three putative splice-donor sites located
in the 5' end of the EIAV gag gene to the putative splice
acceptor site located upstream of the env gene, near the 5'
terminus of the SI reading frame (Fig. 4, genomic map; S.
Rasty, unpublished data). The presence of AUG codons in
both S2 and env suggests that this mRNA could potentially
code for S2 in addition to allowing the translation of env,
since the two genes are in different reading frames and their
AUG codons are separated by 23 nucleotides. This mode of
translation is in agreement with the translational model of
Kozak (17) and could produce both the S2 gene product and
the viral glycoproteins from the same mRNA. We are
currently testing this model by expression of this cDNA to
identify its protein products and to ascertain any regulatory
functions.
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