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Pseudorabies virus is a herpesvirus which has a class 2 genome. However, under certain growth conditions
it acquires a genome with class 3-like characteristics. In these variants, the leftmost sequences of the long (L)
component of the viral genome have been duplicated and translocated to the right of the L component next to
the short (S) component, resulting in an L component that is bracketed by inverted repeats. Consequently, the
L component can invert and is found in two orientations relative to the S component. The translocation is
accompanied invariably by a deletion of sequences that are normally present in the wild-type genome at the
right end of the L component. The virion variants with an invertible L component have a growth advantage
over wild-type virus in chicken embryo fibroblasts and chickens; they also have a growth disadvantage in mice
or rabbit kidney cells. The changed growth characteristics of the variants reside entirely in the changed
structure of the junction between the S and L components. Replacement of that region of the DNA with
wild-type sequences restores the wild-type phenotype. To determine whether the modified growth character-
istics of the variants are related to the translocation or to the deletion, mutants that have a deletion or that have
a deletion as well as a translocation similar to those observed in the variants were constructed, and the growth
characteristics of these mutants were determined. We show that the modified growth characteristics of the
mutants with an invertible L component can be attributed to the translocation of the leftmost terminal
sequences of the genome next to the inverted repeat; they are not related to the deletion of the sequences
normally present at the right end of the L component. The translocation of the leftmost 325 bp of the genome
is sufficient to confer upon the virus the modified cell-type-specific growth characteristics. Furthermore, the
modified growth characteristics are contingent upon the presence of 68 bp spanning the internal junction
between the L and S components.

The genomes of the herpesviruses consist of large, linear,
double-stranded, noncircularly permuted molecules. Some
herpesviruses contain genomes that are best described as
being composed of two covalently linked components, the
long (L) and short (S) components. In the genomes of herpes
simplex virus, for example, both the L and S components are
bracketed by inverted repeat sequences (19); both compo-
nents invert themselves relative to each other, giving rise to
four equimolar isomeric forms of the genome (17, 20, 23, 24).
Genomes with this structure have been designated class 3
DNA or class E molecules (7, 18). The genomes of pseu-
dorabies virus (PrV) also consist of an L and S component,
but only the S component is bracketed by perfect inverted
repeats; thus, only the S component is found in two equi-
molar isomeric forms (2, 22). Genomes with this structure
have been designated class 2 or class D DNA molecules (7,
18).
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The functions of the inverted repeats in the genomes of the
herpesviruses and the functional significance of the inver-
sions they promote are not known. Virions containing either
isomeric form of the genome of PrV are functionally equiv-
alent (3). Furthermore, inversions of the S or L component
are not essential for growth in vitro of herpes simplex virus;
virus mutants that are frozen in one isomeric form are able to
grow in cell culture (14).
The pressures that have led to the evolution of herpesvi-

ruses with different class genomes are obscure. The obser-
vation that PrV, which has a class 2 genome, may acquire a
genome with class 3 characteristics (10, 11) under certain
growth conditions was therefore of interest. Furthermore,
the finding that these virion variants have a growth advan-
tage over wild-type virus in cells of avian origin (11) may
provide an initial insight into the biological and evolutionary
significance of the invertible elements present in the ge-
nomes of different herpesviruses.
The nucleotide sequence spanning the junctions of the S

and L components in the genomes of PrV variants that had
acquired an invertible L component has been determined
(12). In these variants the leftmost sequences of the viral
genome have been duplicated and translocated in inverted
form to the right of the L component next to the S compo-
nent, resulting in an L component bracketed by inverted
repeats. In three independently isolated variants with an
invertible L component, which have been analyzed in detail,
the sizes of the translocated fragments were similar-ap-
proximately 1.4 kbp (12). The translocated segment ofDNA

5839

JOURNAL OF VIROLOGY, Nov. 1991, p. 5839-5847
0022-538X/91/115839-09$02.00/0
Copyright C 1991, American Society for Microbiology



5840 REILLY ET AL.

UL US

45' 1 2 9 1115 4 3 6 1488 5 10 7 12 5 8 13 PrV
ii i . .1 ._ ..1 i iI . . Bom nI

J.\J--I-

J

K,,.

N"
N..

N,-

N~l

Kpn Stu SPh Dr Sph

I I 41 1
N,

-, nT4

Sm| I r SntsmSmSmSm TTSmmSs Bg ssss SSBg

II I I
- 2000 -1600 -1200 -800 -400 400 800 1200

Nucleotide Number
FIG. 1. Restriction map of the region of the junction between the L and S component of mature PrV DNA. Lines 1 and 2, structure and

the BamHI restriction map of the PrV genome. The open rectangles indicate the inverted repeats bracketing the Us; Line 3, restriction map
of the region spanning the junction between the L and S components; BamHI fragment 8' in pI4. Starting with the first nucleotide at the
junction, nucleotides of the S component are numbered 1, etc. Starting with the first nucleotide of the L component, nucleotides of the L
component are numbered -1 etc. Abbreviations: Sm, SmaI; SS, SstII; Kpn, KpnI; Bg, BglII; Stu, StuI; Sph, SphI; Dr, Dral.

had not undergone sequence modifications and was, in all
cases, derived solely from sequences normally present at the
left end of the L component (the left end of the genome). In
all three variants, the translocation was accompanied by a
deletion of sequences that are normally present in the
wild-type genome at the right end of the L component,
adjacent to the internal repeat (or S component). The sizes of
the deleted segments of DNA differed significantly in the
different isolates (between 0.8 and 2.3 kbp). The nucleotide
sequences of the DNA adjacent to the translocated se-
quences remained unchanged (12).
The class 3-like PrV variants thus have two modifications:

(i) a duplication and translocation of the leftmost sequences
of the genome to the internal junction region between the S
and L components, and (ii) a deletion of sequences normally
present at the right end of the L component (adjacent to the
S component). The studies described in this paper are part of
an attempt to clarify the molecular basis for the cell-specific
growth advantage of PrV variants that have acquired an
invertible L component. We show here that the growth
characteristics of the invertible mutants can be attributed to
the translocation of the leftmost terminal sequences of the
genome next to the inverted repeat and are not related to the
deletion of the sequences normally present at the right end of
the L component.

MATERIALS AND METHODS

Virus strains and cell culture. PrV(Ka) is a strain that has
been carried in our laboratory for more than 30 years. The
isolation of PrV variants PrV(Ka)B8 and PrV(USA)A4 has
been described previously; they are two class 3-like variants
that have been selected after extensive passage in avian cells
(11). The construction and characterization of vLD68 is
detailed elsewhere (8). The construction of the other mutants
is described below. The viruses were grown in PK or RK
cells which were cultivated in Eagle's synthetic medium
containing 5% bovine serum. Chicken embryo fibroblasts
(CEF) were made from 10- to 12-day-old embryos.
Enzymes and chemicals. Restriction enzymes, DNA poly-

merase I, and T4 DNA ligase were purchased from Bethesda
Research Laboratories, Inc. T4 polynucleotide kinase was

purchased from U.S. Biochemical Corp. [o-32P]dCTP was
purchased from New England Nuclear Corp.

Purification of virions and of viral DNA. Virions were
purified as described previously (1).

Cloning of restriction fragments. The procedures described
previously (4, 6, 12) were used.

Southern and sequence analyses. Southern analysis, nick
translation of DNA probes, and sequencing were performed
as described previously (4, 12, 16, 21).

Construction of deletion plasmids. (i) pE10. The parent
plasmid 14 (which contains BamHI fragment 8' of the PrV
genome cloned in the BamHI site of pBR325) was digested
with KpnI and StuI (Fig. 1) and religated, thereby deleting
approximately 1.2 kbp from the unique L component (UL;
from nucleotides -1509 to -322).

(ii) pTN155. A BgII subclone of plasmid I4 which spans the
junction between the S and L components (Fig. 1) was
subcloned into the SmaI site of pTM. (pTM was obtained by
digesting pBR322 with BamHI and Sall and blunt-end ligat-
ing and subsequently introducing the multiple cloning cas-
sette of M13 between its EcoRI and HindIII site.) To remove
the SstII and SphI sites in the BgIl insert (around bp 690)
(Fig. 1), the plasmid was cleaved at the BamHI site present
in the M13 sequences at the right side of the insert and
approximately 150 bp was removed by Bal 31 digestion. This
procedure removed the region of the PrV DNA insert up to
approximately bp 600; it also removed most of the M13
sequences that had been present in pTM. The plasmid was
religated. The resulting plasmid (p118) was digested with
SstII, causing the removal of 287 bp (from bp -677 to -390),
and a HaeIII fragment of M13 containing the multiple
cloning cassette was introduced at that position in both
orientations. In one of the resulting plasmids, pTNl55a, the
multiple cloning cassette of the M13 DNA is close to the StuI
site. In the other, pTNl55b, the M13 insert is in the opposite
orientation.
The M13 sequences were introduced for two reasons. (i)

Since PrV and M13 do not cross-hybridize, the mutated
plasmids as well as the viral mutants to be constructed using
these plasmids would be marked by the M13 sequence. (ii)
The multiple cloning site of M13 is helpful in the construc-
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FIG. 2. Construction of p160. Open rectangles denote segments
of viral DNA derived from the inverted repeat of the S component.
Filled rectangles denote an M13 segment of DNA that includes the
multiple cloning site. The straight line denotes segments of DNA
derived from the L component of the genome. Line 1, structure of
pTN155a (see text for detail); line 2, structure of p160 derived by
inserting SmaI fragment 4 derived from J31 (see line 3) into
SmaI-digested pTN155; lines 3 and 4, restriction map of the con-
catemeric junction of PrV DNA which consists of the joined BamHI
fragments 13 and 14'; lines 5 and 6, structure and BamHI restriction
map of the PrV genome.

tion of deletion and translocation mutants near the junction
between the L and S component (see below).

(iii) pYa. To derive pYa, p118 (see above) was digested
with SmaI, resulting in a deletion of 503 bp, ranging from
positions -487 to + 16 (Fig. 1). The plasmid was religated
with a HaeIII fragment of M13 DNA (bp 5940 to 6040). Thus,
pYa has a 16-bp deletion at the end of the internal inverted
repeat and a deletion of 487 bp at the right terminus of the
UL; it also has an insertion of 100 bp of M13 DNA (see Fig.
3 for a summary of the structure of the deletion mutants).

Construction of deletion-translocation plasmids. (i) p160.
pJ31 contains the BamHI concatemeric junction fragment of
the fused end fragments of PrV (BamHI 14' and BamHI 13
[Fig. 2]). SmaI fragment 4, derived from clone J31 contains
586 bp of BamHI 14' and an additional 16 bp of the inverted
repeat (Fig. 2). To construct p160, pTN155a (in which the
cloning cassette of M13 is proximal to the inverted repeat
sequences [see above]) was digested with SmaI, thereby
deleting approximately 400 nucleotides between the SmaI
site in the MCS of the M13 sequences and the SmaI site
present 16 bp into the internal inverted repeat (IR). The
truncated plasmid was ligated to SmaI fragment 4, obtained
by digestion of pJ31 (Fig. 2). In the correct orientation, this
restores an intact IR (i.e., the 16 first nucleotides of the IR
are replaced) and also inserts adjacent to the IR 586 nucle-
otides derived from the left end of the genome (left end of the
UL)-

(ii) p173/3 and p6DG3. Plasmids p173/3 and p6DG3 were

constructed from p160. KpnI cleaves within the multiple
cloning site to the left of the SmaI fragment 4 insert (Fig. 2).
SmaI fragment 2, also obtained from pJ31 (Fig. 2), was

ligated in both orientations next to the SmaI fragment 4
insert of p160. p173/3 has SmaI fragment 2 in the standard
orientation relative to SmaI fragment 4; in p6DG3 SmaI
fragment 2 is in the inverted orientation relative to SmaI
fragment 4 (see Fig. 4).

(iii) p160/2.5X. Plasmid p160/2.5X is similar to p160 but
contains the terminal 325 nucleotides of SmaI fragment 4
only. p160/2.5X was obtained by digesting p160 with SstII
and EcoRI (Fig. 2) and religating.

Characterization of plasmids. All constructs were analyzed
by restriction endonuclease digestion for the presence or
absence of the appropriate restriction sites. In most cases,
they were also sequenced.

Isolation of viral mutants. To isolate virions with genomes
that harbor the specific deletions and translocations, plas-
mids containing viral inserts with the appropriate mutations
were cotransfected with wild-type PrV DNA into RK cells
by the calcium chloride precipitation method (5). Recombi-
nation between the sequences flanking the mutated regions
in the inserts of the plasmid and the PrV genome will occur,
giving rise to virus mutants with modifications near or at the
junction between the S and L components. Following virus-
induced cell degeneration, virions were plaque assayed.
Individual plaques were picked into 96-well plates in which
RK cells had been grown. A portion of the infected cells was
dot blotted onto nitrocellulose filters and probed with a
nick-translated fragment that distinguishes wild-type PrV
DNA from the mutant viral DNA (in most cases an M13
probe was used; in the case of E10, the KpnI-SphI fragment
that had been deleted from E10 was used). Once mutant
plaques were identified, they were replaque purified twice
and characterized.

Characterization of viral mutants. All putative mutant
DNAs were digested with restriction endonucleases with
sites within the area of interest and hybridized to appropriate
restriction enzyme fragments as probes. The internal junc-
tion fragments (the equivalents of BamHI fragment 8' of the
wild-type genome [Fig. 1]), into which the mutation had been
introduced, were cloned and analyzed for the presence of
restriction sites diagnostic of the desired deletion or deletion
plus translocation. In some cases (vE10, v160, and vYa) the
regions spanning the junction bordering the deletions or the
insertions were sequenced. The data all showed that the
virus mutants had indeed the desired structure. Because
these experiments were performed only to ensure the iden-
tity of the mutants and are not otherwise informative, they
are not presented. Figures 3 and 4 summarize the structures
of the virus mutant genomes at the junctions between the L
and S components.
Marker rescue of natural translocation mutant PrV(Ka)B8.

PrV(Ka)B8 viral DNA was cotransfected with pI4 [a plasmid
carrying the BamHI fragment 8' of wild-type PrV(Ka) (Fig.
1)] into RK cells. Progeny plaques were picked and ampli-
fied, and DNA was extracted and analyzed for the presence
or absence of an invertible UL. A high proportion (3 of 12) of
marker-rescued virions had a noninvertible UL. This can be
attributed to the fact that variants with an invertible UL have
a growth disadvantage in RK cells.

Passage of virus in vitro. Primary RK cells or primary CEF
monolayers growing in 90-mm petri plates were infected at
low multiplicity (0.01 PFU per cell) with the virus mixtures.
Following detection of cytopathic effects, 10 RI of the media
obtained from these infected cultures was transferred onto
fresh RK or CEF monolayers. This process was repeated
five times. The viral particles present in the original mixture,
as well as after the fifth passage, were purified, and viral
DNA was isolated. The DNA was digested with the appro-
priate restriction enzyme, electrophoresed, transferred to
nitrocellulose, and hybridized with the appropriate nick-
translated probe, and the ratio of the two types of virions
was determined.
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FIG. 3. Summary of structure of deletion mutants. Line 2, open rectangles denote the inverted repeat of the S component. Restriction sites
of interest are indicated. Lines 3 to 5, heavy lines indicate the segments of DNA that have been deleted.
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old chickens or 12-week- wild-type virions in CEF but not in RK, PK, or MDBK cells
ie wing or in the hind-leg invariably results in the accumulation of virions with ge-
mixtures. The brains of nomes that have a translocation of sequences from the end of
?septically and homoge- the UL next to the internal repeat and in which the UL
iiral DNA was subjected inverts, so that four isomeric forms of the genome exist (11).
ove. The original reason The kinetics of accumulation of these genomes as well as the
the pathogenesis of the relative homogeneity of the structure of the genomes in each
ver, the results obtained independently derived population of virions passaged in
pecific advantage or dis- CEF indicated that the translocation occurs rarely but that it,
cell types (or tissues) of confers upon the virus a selective growth advantage in CEF

(11).s.Severalexposures of Figure 5 shows the results of experiments in which two

ngtheGel Scan function natural translocation variants of PrV (variants that had

meter or

a Joyce Loebl arisen after passage of two different isolates of wild-type PrV
were quantitated.

in CEF [11]) were mixed with wild-type PrV(Ka) and either

passaged in CEF or in RK cells or injected into mice or
chickens. The progeny virions obtained after five passages in
cell culture or isolated from the brains of the infected

ve a growth advantage in animals were purified, and their restriction patterns were

RK cells compared with analyzed.

s of PrV that have been KpnI digests of wild-type PrV contain a single fragment

)) have a genome with a that hybridizes to a probe derived from the leftmost 1,400 bp

is bracketed by perfect of the genome (BamHI 14'); KpnI digests of the transloca-

e to the fixed UL. Thus, tion mutants contain four such fragments, two end frag-

me are found. Passage of ments, and two junction fragments (see Fig. 6 for restriction

maps). The sizes of fragments C and D may vary in different
translocation mutants, depending on the sizes of the frag-s

IR ments that have been deleted from the right terminus of the

UL. Before passage in CEF or RK cells, approximately

one-third of the genomes in the mixture were wild type, as
IR determined by the relative amount of wild-type terminal

fragment (band B) present in the digest (Fig. 5). After
SMA 4 passage in CEF, the prototype end fragment (band B) was

BASE PAIRS not as abundantly represented as it was in the initial mixture,
0-v*DG3 1393 confirming our previous conclusion (11) that wild-type ge-
-. v173/3 1393 nomes have a growth disadvantage in CEF compared with*

.. V160 586 the translocation mutants. Interestingly, after passage in RK
v160/2.5X 325 cells, the virion population consisted mainly of wild-type

4
v160/2.5S 325

virus; the relative amount of invertible genomes was greatlydeletion-translocation mu- decreased
mostly the prototype end (band B) was found.

icleotides -i -677
Thus, the invertible mutants have a distinct growth disad-

from the extreme
of the

vantage compared with that of the wild type in cells.
ave been inserted directly Similar results were obtained when the virus was injected
t1600has an insertion ofthe into mice and chickens. In mice, mostly the wild type,utant6DG3 and 173/3 both replicated while in chickens the growth of the translocation
gment 2 and SmaI fragment mutants was favored over that of wild-type virus. Table 1
the genome, are present in summarizes the results of several experiments. The growth
e other. advantage of the variants in CEF and in chickens was
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FIG. 5. KpnI digests of a mixture of standard PrV and natural
translocation mutants before and after passage in cell culture or in
animals. A mixture of standard PrV and PrV(Ka)B8 virions (original
mixture, lane 1) was injected into the wings of chickens (lanes 2 and
3) or the hind legs of mice (lanes 4 and 5). The brains of moribund
animals were collected, and the virions were purified. A mixture of
standard PrV and PrV(USA7)A4 virions (original mixture, lane 6)
was passaged five times, as described in Materials and Methods,
either in CEF (lane 7) or in RK cells (lane 8), and the virions were
purified. The DNA was extracted, digested with KpnI, electro-
phoresed, transferred to nitrocellulose filters, and hybridized to
nick-translated BamHI fragment 14 (see Fig. 6 and 8 for restriction
maps).

relatively small. However, in each case, the amount of
wild-type virus was reduced at least twofold, as ascertained
by scanning appropriately exposed autoradiograms. The
growth disadvantage of the variants in mice or in RK cells
was much more pronounced. In most cases, the presence of
the variants was barely detectable after passage of the virus
mixtures in RK cells or mice.
The modified growth characteristics of the mutants are the

result of the genome modifications at the internal junction
between the L and S components. Marker rescue of the
variant PrV(Ka)B8 with BamHI fragment 8' of wild-type
PrV(Ka) generated a virus that had regained wild-type
growth characteristics, i.e., did not have a growth disadvan-
tage in RK cells or a growth advantage in CEF over the
wild-type virus (Table 1).
As mentioned above, the natural translocation mutants all

have experienced two modifications: (i) a duplication and
translocation of a segment of approximately 1.4 kb of DNA
derived from the left end of the L component to a position
directly adjacent to the internal inverted repeat, and (ii) a

deletion of sequences normally present at the right end of the
L component (12). The experiments described below were

performed to ascertain whether the growth characteristics of
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FIG. 6. KpnI restriction map of the wild-type PrV genome and of
a translocation mutant with an invertible L component. Filled
rectangles, fragments that will hybridize to sequences derived from
the left end of the standard viral genome (BamHI fragment 14 [Fig.
8]).

the natural translocation mutants could be attributed to one
or the other of these modifications.
Growth characteristics of deletion mutants. In principle,

deletions of specific regions of the virus genome can confer
upon the virus a growth advantage under certain growth
conditions. For example, the expression ofPrV glycoprotein
gI is deleterious to the release of the virus from CEF but not
RK cells (13); gI-null mutants have a growth advantage in
CEF over the wild-type virus. It seemed possible, therefore,
that the deletion of sequences at the right end of the UL,
which is observed in all natural translocation mutants, could
be responsible for the modified growth characteristics of
these mutants.
Three viral mutants that harbor deletions adjacent to the

internal repeat encompassing sequences deleted from the
natural translocation mutants were constructed (Fig. 3).
Each of these deletion mutants was mixed with an equal
amount of wild-type PrV, and the growth advantage of one
over the other was determined with the aim of ascertaining
whether any of these mutants behaved like the class 3-like

TABLE 1. Growth advantage summary for translocation mutants
selected by passage in CEF'

Virus mixture RK CEF Mice Chickenscells

PrV(Ka) + PrV(USA7) A4
A4 0 ++ 0 +++
Wild type +++ 0 +++++ 0
Neither 0 0 0 +

PrV(Ka) + PrV(Ka)B8
A4 0 ++ 0 +++++
Wild type +++ 0 +++++ 0
Neither 0 + 0 0

PrV(Ka) + marker-rescued
PrV(Ka)B8 [B8(12)]

B8(12) 0 0
Wild type 0 0
Neither +++ +++

a Each + denotes an individual animal or series of passage in cell culture in
which a minimum of a twofold advantage for the indicated virus variant was
observed.

VOL. 65, 1991



5844 REILLY ET AL.

1 2 3 4 5 6 7 8 9 10

14'

EN

1.7

FIG. 7. Comparison of the ability of vTN155 and PrV to replicate
in chickens and mice. A mixture of wild-type PrV and vTN155 was

injected intramuscularly into either mice (103 PFU) or chickens (105
PFU). The brains of moribund animals were collected, and virus
was isolated. Viral DNA was extracted, digested with BamHI,
electrophoresed, transferred to nitrocellulose filters, and hybridized
to nick-translated BamHI fragment 8'. Because of the presence of
the multiple cloning cassette of M13, digestion of vTN155 with
BamHI will yield two fragments instead ofBamHI fragment 8'. The
2.4-kb fragment includes the sequences in the inverted repeat (1.7
kb), the first 390 bp of the right side of the L component, and
approximately 250 bp of M13. The other band consists of 2.6 kb of
fragment 8', starting at bp -677. Lane 1, wild-type DNA; lane 2,
vTN155 DNA; lane 3, original mixture; lanes 4 to 7, virus DNA
obtained from infected mice; lanes 8 to 10, virus DNA obtained from
infected chickens.

natural translocation mutants, i.e., had a growth advantage
in CEF and a growth disadvantage in RK cells relative to
that of wild-type virus. The mutant-wild-type virus mixtures
were passaged in CEF and RK cells; they were also injected
intramuscularly into both mice and chickens, and the virus
was isolated from the brains of moribund animals.

Figure 7 is an example of a representative experiment in
which a mixture of PrV and vTN155 was passaged in
chickens and mice. The first lane shows the restriction
pattern of BamHI-digested wild-type PrV probed with
BamHI fragment 8'. Two bands, corresponding to fragment
8' (5.0 kb) and fragment 13 (1.7 kb), hybridize (see Fig. 8 for
restriction map). Lane 2 shows the pattern of the vTN155
mutant similarly analyzed. The introduction of the M13
multiple cloning cassette into BamHI fragment 8' results in
the presence of an additional BamHI restriction site, causing
fragment 8' of vTN155 to be digested into two smaller
fragments of approximately 2.6 and 2.4 kb in size. Lane 3
represents the pattern of the DNA obtained from the original
virus mixture of PrV and vTN155 prior to passaging. Lanes
4 through 7 show the pattern of the DNA in the viral
populations isolated from the brains of four infected mice,
and lanes 8 through 10 are those isolated from the brains of
three infected chickens.
The ratio of PrV-specific bands to vTN155-specific bands

is similar in the original virus mixture and after it has been
passaged in either chickens or mice. Thus, vTN155 repli-
cates as well as wild-type virus in both species. The same

results were obtained when the vTN155-wild type mixture
was passaged in cell culture (Table 2).

Similar experiments also were performed with deletion
mutant vElO (Table 2). In this case also, the ability of the
mutant to grow in chickens or mice could not be distin-
guished from that of wild-type virus. Thus, both deletion
mutants vElO and vTN155 behave like wild-type virus with
respect to their growth characteristics.

Wild type
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FIG. 8. BamHI restriction maps of the wild-type PrV genome
and of a translocation mutant with an invertible L component. Filled
rectangles, fragments that will hybridize to the sequences derived
from the left end of the standard genome (BamHI fragment 14').
Hatched rectangles, fragments that will hybridize to the sequences
from the junction fragment of the wild-type genome, BamHI frag-
ment 8'.

Deletion mutant vYa had a growth disadvantage compared
with the wild type when analyzed in a similar manner. The
growth disadvantage was observed upon passage in both
chickens and mice, as well as in CEF and RK cells (Table 2).
Thus, while vYa did not grow as well as wild-type virus, it
did not have the cell-specific growth characteristics ob-
served with the naturally occurring class 3-like mutants. The
reason for the growth disadvantage of vYa will be dealt with
elsewhere.
The results obtained with the deletion mutants showed

that none had acquired the growth characteristics of the
natural variants with class 3-like genomes that harbor dele-
tions in the same regions of the genome.
Growth characteristics of deletion-translocation mutants.

We next determined whether the duplication and transloca-
tion (in inverted form) of sequences derived from the left end
of the genome to a position adjacent to the internal repeat
could confer upon the virus the modified growth character-

TABLE 2. Growth advantage summary for deletion mutantsa

Virus mixture cells Mice Chickens

PrV(Ka) + vElO
Wild type + +
vElO 0 +
Neither ++++++++++ ++

PrV(Ka) + vTN155
Wild type 0 0 0
vTN155 0 0 0
Neither +++ ++++ +++++++

PrV(Ka) + vYa-1
Wild type +++ +++++ ++++++
vYa-1 0 0 0
Neither 0 + 0
a Each + denotes an individual animal or series of passages in cell culture

in which a minimum of a twofold advantage for the indicated virus was
observed.
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FIG. 9. Translocation mutant v6DG3 has a growth advantage in
CEF and a growth disadvantage in RK cells compared with wild-
type PrV: infectious virus assay. A mixture of wild-type PrV and of
translocation mutant v6DG3 was passaged five times either in RK or
in CEF monolayers, as described in Materials and Methods. The
virions in the original virus mixture and after passage in RK cells or
CEF were plaque assayed. Individual plaques were picked and
inoculated in 96-well plates in which RK cells had been grown. Parts
of the infected-cell supernatants were blotted onto nitrocellulose
filters and hybridized to nick-translated M13 DNA (the M13 probe
will hybridize to v6DG3 but not with wild-type PrV DNA). To
ensure that viral DNA was present in all the wells, the filters were
subsequently hybridized to nick-translated PrV DNA; all wells were
positive. (A) Original mixture-45% wild type, 55% v6DG3; (B)
After passage in RK cells-100% wild type, 0% v6DG3; (C) After
passage in CEF-20% wild type, 80% v6DG3.

istics of the natural translocation variants. Four viral mu-
tants in which various size segments of DNA derived from
the extreme left end of the genome were translocated adja-
cent to the internal repeat sequences were constructed (Fig.
4).
Each of the mutants was mixed with wild-type PrV and

grown either in RK or CEF monolayers or injected into mice
or chickens. Figure 9 shows an example of the results of an
experiment in which a mixture of mutant v6DG3 and wild-
type PrV was passaged in cell culture in RK and in CEF.
Following completion of the passaging regimen, the virions
were plaque assayed and randomly chosen plaques were

FIG. 10. Translocation mutant v6DG3 has a growth advantage in
chickens and a growth disadvantage in mice compared with wild-
type PrV: Southern blot analysis of virus DNA. A mixture of v6DG3
and wild-type PrV was injected into the wings of chickens (105 PFU
per animal) or the hind legs of mice (103 PFU per animal). The brains
of mdribund animals were collected, the virus was isolated, and the
DNA was digested with BamHI, electrophoresed, transferred to
nitrocellulose filters, and hybridized to BamHI fragment 8'. Lane 1,
v6DG3 DNA; lane 2, wild-type DNA; lane 3, DNA isolated from the
original virus mixture used for inoculation of the animals; lanes 4 to
7, virus DNA isolated from brains of chickens; lanes 8 to 11, virus
DNA isolated from brains of mice.

picked into 96-well plates containing RK cells. After cell
degeneration, the relative number of mutant and wild-type
plaques was determined by dot blot assay with M13 as a
probe (M13 will hybridize with v6DG3 but not with wild-type
virus DNA). The results showed that v6DG3 had a signifi-
cant growth advantage in CEF over the wild type but that the
wild type had a distinct growth advantage over v6DG3 in RK
cells (Fig. 9).

Southern hybridization of virus DNA obtained from the
brains of chickens and mice that had been inoculated with
the a mixture of v6DG3 and wild-type virus are illustrated in
Fig. 10. Lane 1 represents the DNA of v6DG3 translocation
mutant. The presence of four bands in the BamHI digest
hybridizing to fragment 8' reflects the ability of the L
component, now bracketed by inverted repeats, to invert
(Fig. 8). Lane 2 represents wild-type PrV DNA, and lane 3
represents the DNA of the original virus mixture used to
inoculate the animals. Viral DNA isolated from chicken
brains is shown in lanes 4 through 7, and that from mice
brains is shown in lanes 8 through 10. The results parallel
those seen in the plaque dot blot assay; v6DG3 had a
significant growth advantage over wild-type PrV upon pas-
sage in chickens and a distinct growth disadvantage in mice.

Identical results (data not shown) were also obtained with
mutant v160 as well as with mutant v173/3 (see Fig. 4 for
structures of mutants). Thus, neither the presence nor the
orientation of SmaI fragment 2 sequences appeared to affect
the outcome. This was further confirmed by a complete
growth neutrality of the mutants v160, v173/3, v6DG3, and
PrV(Ka)B8, one relative to the other. The results of several
such experiments are summarized in Table 3.
Mutant v160/2.5X, in which only the terminal 325 nucleo-

tides of the genome have been translocated next to the IR,
also behaved as did the other deletion-translocation mutants.
It was neutral relative to v160 after passage in CEF or RK
cells or after passage in chickens and mice. It did have a
growth advantage in CEF and chickens and a growth disad-
vantage in RK cells and in mice compared with wild-type
virus (Table 3). Thus, it can be concluded that the translo-
cation of the terminal 325 nucleotides of the genome adjacent
to the internal inverted repeat is sufficient to duplicate the
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TABLE 3. Growth advantage summary for translocation
mutantsa

Virus mixture RK CEF Mice Chickenscells

PrV(Ka) + v160
v160 0 +++ 0 ++++
PrV(Ka) +++ 0 +++++ 0
Neither 0 0 0 +

v173/3 + v160
v173/3 0 0 0 0
v160 0 0 0 0
Neither +++ +++ +++++ +++++

PrV(Ka) + v160/2.5X
v160/2.5X 0 ++ 0 +++
PrV(Ka) +++ 0 +++++ 0
Neither 0 + 0 0

v160 + v160/2.5X
v160 0 0 0 0
v160/2.5X 0 0 0 0
Neither ++ ++ +++ +++

PrV(Ka)B8 + v160
B8 0 0
v160 0 0
Neither +++ +++

a Each + denotes an individual animal or series of passage in cell culture in
which a minimum of a twofold advantage for the indicated virus variant was
observed.

growth advantage characteristics of the natural translocation
mutants.
The sequences spanning the junction between the S and L

components affect the cell-specific growth characteristics of the
deletion-translocation mutants. Mutant vLD68 is a transloca-
tion mutant which is similar to v173/3 or variant PrV(Ka)B8
but in which 68 bp of the internal junction (64 bp from the
teminus of the L component and 4 bp from the terminus of
the S component) have been deleted. A detailed description
of the construction and characterization of this mutant is
presented elsewhere (8). Pertinent to the problem discussed
here is the fact that vLD68 has growth characteristics similar
to those of wild-type virus; it is neutral relative to the
wild-type when grown both in RK cells or CEF and has a
distinct growth advantage in RK cells and a disadvantage in
CEF relative to v160 (Fig. 11). Thus, the 68 bp spanning the
internal junction between the L and S components in trans-
location mutants are essential for the expression of the
host-cell-specific growth characteristics of the deletion-
translocation mutants.

DISCUSSION

The experiments described in this paper were designed to
clarify the basis for the evolution of wild-type PrV with a
class 2 genome into variants with class 3-like genomes after
passage in CEFs (11). The naturally arising class 3-like PrV
variants have altered host cell growth characteristics. They
have a distinct growth disadvantage in RK cells (or in mice)
but have a significant growth advantage in CEF (or in
chickens) compared with wild-type virus. The changed
growth characteristics of the natural translocation mutants
reside entirely in the changed structure of the junction
between the S and L component. Replacement of that
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FIG. 11. The cell-type-specific growth characteristics of the
translocation mutants are dependent on the presence of 68 bp
spanning the junction between the L and S component. A mixture of
mutant vLD68 and v160 (A) or vLD68 and wild-type virus (B) was
passaged five times in either CEF or RK cells. The virions were
isolated, and the DNA was digested with BamHI, electrophoresed,
and probed with BamHI fragment 8'. (A) Lane 1, vLD68; lane 2,
v160; lane 3, original mixture; lanes 4 to 6, after passage of original
mixture in RK cells (the results of three independent serial passages
are presented); lanes 7 and 8, after passages of original mixture in
CEF (the results of two independent serial passages are presented).
Closed circles represent vLD68 DNA; open circles represent v160
DNA. (B) Lane 1: wild type; lane 2, LD68; lane 3, original mixture;
lane 4, after passage in RK cells; lane 5, after passage in CEF. Open
circles represent a band diagnostic of wild-type DNA; closed circles
represent a band diagnostic of vLD68 DNA.

segment of DNA with wild-type sequences restores the
wild-type phenotype. These class 3-like virus genomes pos-
sess two modifications: (i) an inverted translocation of
sequences derived from the left terminus of the genome to a
position adjacent to the right terminus of the UL, and (ii) a
deletion of sequences from the right terminus of the UL (11,
12).
To analyze the factors that contribute to the emergence of

the variants as well as to elucidate the molecular basis for the
modified growth characteristics of the variants, mutants that
harbor only one (the deletion) or both (the deletion and
translocation) of the modifications that had been observed in
the natural class 3-like variants were constructed. (For
technical reasons, we were unable to obtain variants that
harbor only the translocation.) The following results were
obtained: (i) no viral mutant harboring only a deletion of the
sequences at the right end of the UL component of the
genome had a cell-type-specific growth advantage over wild-
type virus, and (ii) viral variants harboring a deletion next to
the internal junction between the L and S component, as
well as a translocation of the leftmost terminal sequences of
the genome, had acquired the altered cell-specific growth
characteristics of the variants. The translocation of the 325
terminal nucleotides of the genome in inverted form adjacent
to the internal repeat was sufficient to duplicate the CEF-
specific growth advantage and the RK-specific growth dis-
advantage seen in the naturally occurring variants. Since the
deletion alone did not result in a cell-type-specific change in
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the virus growth characteristics but the translocation in
addition to the deletion did, the conclusion that it is the
translocation that affords the virus with the altered growth
characteristics appears warranted.
Although the size of the translocations seen in the natu-

rally arising class 3-like mutants is in all cases approximately
1.4 kbp, the translocation of most of these sequences to
confer the modified growth characteristics upon the virus is
unnecessary. The translocation of the terminal leftmost 325
nucleotides of the genome appears to be sufficient. How-
ever, the deletion of 68 bp spanning the junction of the L and
S components ablates the host-cell-specific growth charac-
teristics of these mutants, as indicated by the results ob-
tained with the deletion-translocation mutant vLD68.
The fact that most natural translocation mutants that

emerge upon passage in CEF have a translocation approxi-
mately 1,400 bp in size while 325 bp are sufficient to confer
upon the virus a growth advantage in CEF may be a
reflection of the mode of genesis of these mutants. We have
postulated previously that these mutants are generated by a
double recombinational event between two concatemeric
molecules in different orientations (12). It is possible that the
second recombinational event occurs preferentially at a
certain distance (approximately 1,400 bp rather than 325 bp)
from the end of the inverted repeat (in which the first
recombinational event has occurred).
The 325 terminal bp, the translocation of which is suffi-

cient to confer the host-cell-specific growth characteristics,
can function as an origin of replication (9, 25). They also
contain a portion of the sequence necessary for cleavage of
concatemeric viral DNA into unit-length genomes (25). The
juxtaposition of the translocated segment of DNA and the
internal inverted repeat that has occurred in the class 3-like
mutants generates an internal alternative cleavage signal.
Our results show that it is the creation of this alternative
cleavage site that may be responsible, at least in part, for the
altered growth characteristics of the deletion-translocation
mutants (15).
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