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FiG. 1. Two-step growth experimenzt for wt OX and

tss6 at 40 C. (a) First cycle. Two cultuires of coli C

(108 cells/nd) growni in KC br-oth at 40 C were inzfected
ait 40 C with wt OX (MO! 4) anid tss6 (30) (MOI
-6); cyanidice synichronzizationi was emiployed. After ani

8-mmt adsorptioni period, antii-OX seruim (finial K- 2

min'ii) wvas added anid inicabationz was conitinzued for 3

mini. The cultuires were dilutted to J0-1, JQ-5, 10-6, and

10Q7, anid were aissaiyed for wt OX anid tss6 by dlirectly
platinig inifective centers fromi the appropriate diluttionts.
The average buirst sizes for wt OX anid tss6 were 24 anid

32, r-espectively [in other comiparable experimnents, the

average, buirst was genierailly higher (150 to 200/cell)

thant observed in this experimenzt]. (b) Seconid cycle.

After lysis (45 miii), 2 mlt of each of the dliluitionis
from the first cycle were added to 2 mnl of E. coli C in

broth ('108 cellslml) at 40 C, anid the suispenisioni was

aerated. The MOI for wt OX anid tss6 wvere 0.012 anzd

0.016, respectively. Saimples were remioved at various

times from the wt cultuire anid diluted in ice-cold borate

for assay; tss6 inifective ceniters were plated from the

aerated undiluted cuilture. Thte average burst sizes for wt

OX anid tss6 were 117 anid nil, respectively. Crosses

iuidicate the titer aifter lysis of residuial cells with lyso-

zyme-ED TA. Symbols: 0, wt 4X inzfective ceniters; 0,

lrkntic to wt

(40)

simi X (Fig. la). In the second

cycle, the titer of tss6 actually decreases, whereas

the average burst size for wt is 117 phage/cell
(Fig. lb). In some experiments, a very small

burst of tss6 was observed in the second cycle.

Lysis of the culture with lysozyme-EDTA (crosses
in Fig. lb) provided essentially identical titers,
indicating that the lack of tss6 formation as

assayed by infective centers is not merely a con-

sequence of a failure to lyse the cells.

Other experiments indicated no marked

difference between tss6 and wt OX in the depend-

ence of average burst size upon input multiplicity.

Hence, the lack of production of tss6 in the second
cycle is not a result of the low multiplicity of
infection (MOI) in this cycle as compared with
the first cycle.

Reversal of the tss6 phenotype: acquisition bv
tss6 (40) of the ability to infect cat 40 C. Since
tss6 produced at 40 C [tss6 (40)] was assayed by
plating at 30 C, the defect which prevents a second
cycle of infection at 40 C must be reversible at
the lower temperature. When tss6 (40) is plated
out at 30 C, plaques appear 0.5 to 1 hr later than
those of wild-type OX or of other representative
ts mutants plated out under the same conditions.

Incubation of freshly produced tss6 (40) in
broth at 30 C also permits the phage to regain the
capacity to infect at 40 C (or 30 C). This process
is relatively rapid since, after 10 min at 30 C,
62'; of the mutant phage which are capable of
forming plaques at 30 C are also able to initiate
a single-step infection at 40 C (Fig. 2). The
reversal under these conditions is not complete,
however, and the ability to infect at 40 C subse-
quently declines slightly upon continued incuba-
tion at 30 C. The reason for this decline is not
known.

It seemed possible that the reversal of pheno-
type at 30 C was either a result of a reattachment
of a necessary component to an incomplete
phage or of a conformational alteration of the
complete, but defective, phage. To distinguish
between these possibilities, freshly produced tss6
(40) was diluted through broth held at 40, 30, and
0 C prior to plating out at 30 C. The same titer
was obtained in each instance. Thus, the restora-
tion of infectivity which occurs at 30 C is probably
a consequence of a conformational alteration in
tss6 (40) and not the reattachment of a necessary
component.

Loss (at 40 C) of the ability of tss6 (30) to infect
at 40 C. Purified wt OX and tss6 (30) were incu-
bated in broth at 40 C; samples were removed at
intervals and assayed for plaque formers (at 30
C) and for capacity to initiate a single cycle of
infection at 40 C (Fig. 3). Unlike wt OX, tss6,
formed at 30 C and incubated at 40 C [tss6 (30

40)], almost completely loses the ability to
initiate infection at 40 C after 90-min incubation
at this temperature; such phage still form plaques
at 30 C with only a slight decrease in titer.
The results in Fig. 3 demonstrate that the

reversal of tss6 (30) phenotype (active -*> inactive)
during incubation at 40 C is slower but more
complete than the reversal of tss6 (40) phenotype
(inactive -* active) during incubation at 30 C
(Fig. 2).

Thermal sensitivity of tss6. During prolonged
incubation in broth at 40 C, purified tss6 loses
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FIG. 2. Recovery of ability of tss6 (40) to infect at
40 C upon inicubation at 30 C. Two E. coli C cultures
(5 X 107 cells/ml) grown in KC broth at 40 C were
infected at 40 C with wt OX and tss6 (30) at an MOI
of - 5. After lysis, cyanide (final coiicentration, 0.005

M) was added to the 103 dilutions of wt OX (7 X 106
PFU/ml) and tss6 (40) (5.7 X 106 PFU/ml); the
lysates were thten placed at 30 C. At zero-time and after
10, 30, and 105 min ofincubation at 30 C, samples (2.0
ml) were added to 1.0 ml ofE. coli at 40 C (- 108 cellsl
ml) previously preincubated for 5 miii with 0.005 m

cyanide; the MOI was approximately 0.1. After an 8-
miiz adsorptionz period, anti-+X serum was added (final
K~i 2 min-'), and incubation was continued at 40 C for
3 miii. The suspension was then diluted at 40 C and
assayedfor growth ofwt OX anid tss6 (40-30) by directly
plating infective centers at various times from the appro-
priate dilutio,i. The ordinate represents infective centers
present 5 miii after dilution at 40 C as a percentage of
the PFU (assayed at 30 C) in a corresponding viruis
sample diluted in 0.05 m sodium borate at room tempera-
ture. [The finial titer in each growth experiment (at
50 miin after dilution) was, in each case, nearly 200
times the infective ceniters present at 5 min; thus, in7fec-
tive centers present at 5 miin are a good measure of the
ability to iinitiate infectioin at 40 C.] The titers of wt
OX and tss6 after incuibation for 105 min at 30 C were

6.5 X 106 aiid 6.4 X 106 PFU/ml, respectively, equiv-
alent to the iniitial titers. Symbols: 0, wt OX; *, tss6.

the ability to form plaques at 30 C (irreversible
inactivation) more rapidly (Table 1) than am3
(or wt which is inactivated at the same rate as

am3). However, purified tss6 and am3 are inacti-
vated at identical rates at 50 C or higher, presum-

ably by a different process. Thus, the degree of
thermal sensitivity of tss6 is specifically
anomalous at the lower temperatures.

This thermal sensitivity (at 40 C) of tss6 as
assayed by plaque-forming ability at 30 C is to be
distinguished from the mrore rapid loss of ability
to initiate infection at 40 C; it may, of course, be
a secondary consequence of the conformational
alteration presumed to be responsible for the
latter effect.

Electron microscopic appearance of tss6. Freshly
produced tss6 (40) was fixed at 40 C and stained
with uranyl acetate at the same temperature (we
thank C. A. Hutchison for assistance in this
experiment). No differences fromn wild-type OX
particles were observed; in particular, the pro-

PERIOD OF INCUBATION AT 400C (min)
FIG. 3. Loss ofability oftss6 (30) to inifect E. coli C

at 40 C, upon iiicubation at 40 C. Samples ofpurified
wt qX (5.7 X 108 PFU/ml) alid of tss6 (30) (3.4 X
108 PFU/ml) were incubated separately in broth at 40
Cfor 90 mini (final titers, 6.1 X 108 and 3.4 X 108 PFU/
ml, respectively). At zero-time and after 10, 37, and 90
miii of incubationi at 40 C, samples were assayed for
PFU (on E. coli C at 30 C) and for ability to initiate a

single cycle of infection in E. coli C at 40 C (- 108
cells/ml, with MOI 0.05 to 0.2). (Thze procedure was as

described for Fig. 1.) The ordiniate expresses infective
centers 5 miii after dilution of the infected cultures at
40 C as a percetitage of the PFU (at 30 C) in the cor-

responding phage sample (diluted into 0.05 M sodium
borate at room temperature). Symbols: 0, wt OX; 0,

tss6.
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TABLE 1. Thermal iniactivationz of OX am3 an2d tss6

Ilalf-life4 of
Temp (C)

ant3 tss6

40 19.0 hr 10.5 hr
46 3.8 hr 3.0 hr
50 1.0 hr 1.0 hr
60 2.1 min 2.1 min

In KC broth.

jecting "spikes" seen on wt phage were found in
preparations of tss6 (40).

Polyacrylamide gel electrophoresis of tss6.
Certain amber and ts mutants of OX differ from
wt in electrophoretic mobility (3). By use of the
procedure of Hutchison et al. (3), tss6 (40) was

electrophoresed at 40 C together with am3. No
differences in the mobility of tss6 (40), other tss
mutants, and am3 (am3 has the same mobility
as wt OX) were found.

Nature of the block in the second cycle of infec-
tion. Although the kinetics of eclipse of tss6 (30)
were normal at 40 C, preliminary results indicated
that the abortive second cycle of infection was a

result of a defective eclipse of tss6 (40). Eclipse
of OX, as measured by loss of plaque formers upon
dilution of infected complexes into chloroform
broth, requires attachment of the phage
(reversible) and then a structural alteration of the
phage particle, which leads to irreversible loss of
infectivity (J. E. Newbold, unpublished data).
Eclipse, thus defined, may occur without (the
normal) subsequent injection of deoxyribonucleic
acid (DNA) into the cell. The experiments which
follow are an attempt to define the nature of the
second-cycle defect in terms of these three initial
steps in the infective process.

Attachment of phage. Attachment of tss6 (40)
and wt (40) to E. coli at 40 C was measured. Fresh
lysates of wild-type and of mutant phage (pro-
duced at 40 C) were mixed with E. coli C cultures
at 40 C (MOI - 0.2). After 5 and 10 min, respec-

tively, 87 and 93% of wt OX had attached; the
corresponding figures for ts6 (40) were both 60%.
Attachment of ts6 (40) therefore occurs in the
abortive second cycle, but to a reduced extent.

Irreversible loss of phage infectivity. Eclipse of
freshly made tss6 (40) does occur to a limited but
significant extent in a second cycle at 40 C (Fig.
4a); however, only about 3%c of those phage
which do eclipse give rise to infective progeny.

Eclipse of tss6 (30 40, 2 hr) differs from that

of tss6 (40); tss6 (30 > 40) eclipses more rapidly
at 40 C than do either tss6 (40) or wt (40) (Fig.
4b). However, eclipsed tss6 (30 -* 40) also give

rise to very few infective progeny.

Lu D

LL 50
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FIG. 4. (a) Eclipse of wvt (40) ancd tss6 (40) at 40 C.
Muitaniits wt OX anzd tss6 were growni in separate silgle-
cycle growth experimenits at 40 C (see legelnd to Fig. 1).
Sooni after lysis, anl equial voluime of E. coli C (- 108
cells/ml) was added to an appropriate diluttioni of each
lysate (the final MOI was 0.016 for wt OX and 0.01 for
tss6). Samples were renmoved for assay ofplhage eclipse
at timed intervals. After 8 miii, a sample was removed
from each ciulture, dilutted in2to broth cat 40 C, an2d
assayed for phage developmenlt. A normal second-cycle
growth curve was observed for wt OX; tss6 yielded ani
average buirst ofless tlhant onze phage per eclipsed inlput
phage. (b) Eclipse of wt (30 -* 40) and tss6 (30 -* 40)
at 40 C. Samples of piurifiecd wt (30) anid of tss6 (30)
were inicubated separately in broth at 40 C.for 2 hr, each
at 5 X 108 PFU/ml. Portionis (40 Mliters) ofeach were
removed anid added to separcate tutbes conltainin2g 2 ml of
E. coli C at 40 C (5 X 107 to I X 108 cells/ml, MOI
0.1 to 0.2) in the presenice of 0.005 -i cyanide. Eclipse
was Jbllowed for 30 miii. After 8 miii, a sanple was
removed anzd diluted in1to broth at 40 C; phage develop-
ment was followed. Mutan2t wt OX gave rise to a niormal
infectionz (avercage burst, 130 phage per cell); tss6 (30 -*
40) yielded ani average burst of 3.4 plhage per eclipsed
iniput phage. Symbols: 0, wt OX inifective ceniters;
*, tss6 in2fective ceniters.

When incubation of nascent tss6 (40) was con-
tinued at 40 C, the extent of subsequent eclipse
upon infection increased, although the virus
preparation did not fully acquire the rapid-
eclipse characteristics of tss6 (30 -* 40). In one
experiment, 52%' of freshly produced tss6 (40)
eclipsed within 10 min on addition of cells; after
a prior 4-hr incubation (with cyanide) at 40 C,
78%o of the phage eclipsed in the same period of
time. However, the proportion of eclipsed phage
which yielded progeny (assuming a normal burst
from a few infected cells) decreased from 3 c to
1, after the 4-hr incubation at 40 C.
To determine whether any reduction in cell

viability occurred after these abortive eclipses, wt
(40) and tss6 (40) were added to cells preincu-
bated with cyanide at 40 C (final MOI - 15 to
20). Samples were removed after 10, 20, and 30
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min, diluted at 40 C, and assayed for bacterial
colony-forming ability. After the 30-min trial, wt
(40) reduced colony-forming ability to 13%C of the
initial level; however, cell killing by tss6 (40)
was below a detectable level over the same period.

"Eclipse" of tss6 (30) held at 30 C for 2 hr
[tss6 (30 -* 30)] and tss6 (30 -+ 40, 2 hr) onto
E. coli cell-wall preparations was compared, at
40 C (MOI - two phage/cell equivalent of cell-
wall preparation). In both cases, the rate of
eclipse was lower than for whole cells but was the
same (33%c "eclipse" in 10 min).

Injection of DNA. To determine the fate of the
viral DNA in these abortive infections, two por-
tions of 32P-labeled tss6 (30) were incubated for
2 hr in broth at 30 and 40 C, respectively. A
portion of each was added to cells preincubated
at 40 C with cyanide (MOI - 7). Eclipse was
measured after 12 min (99% in both cases) and a
sample was diluted at 40 C to assay phage de-
velopment. As compared with tss6 (30 -÷ 30), the
tss6 (30 -+ 40) phage yielded 10% of the initial
infective centers and lO% of the final titer.

After the 12-min eclipse period, the cell sus-
pension was centrifuged and washed several
times with borate to remove attached phage;
the cells were converted to spheroplasts. Total
radioactive counts were assayed in the initial
supernatant fraction, in washings of the cell
pellet, and in the cell membrane fraction isolated
by filtration of the ruptured spheroplasts. The
supernatant fluid contained 45 and 71%C of the
total counts after eclipse of tss6 (30 -* 30) and
tss6 (30 -÷ 40), respectively (Table 2); the cor-
responding figures in the membrane fraction were
34 and 12%, respectively. (In other comparable
experiments, less than 8% of the total counts were
found in acid-soluble fractions.)

Complementation of the defective eclipse func-
tion. The complementation test measures the
ability of progeny from a mixed infection of tss6
and various am mutants in E. coli C (su-) to
initiate a second cycle of infection at 40 C in E.
coli X (su+). Conditions were selected which would
prevent phage of tss6 phenotype from initiating
the second cycle of infection.

Preliminary experiments showed that comple-
mentation of am9 growth by tss6 in E. coli C
was low at 40 C but three times more efficient at
30 C; the initial mixed infection was therefore
performed at 30 C. Since tss6 produced at 30 C
is capable of initiating a second cycle of infection,
progeny from the first cycle were maintained at
40 C (for 16 hr) before initiating the second cycle.
By this time, phage of tss6 phenotype are unable
to infect cells successfully at 40 C (Fig. 3). The
extent of complementation is expressed as the

TABLE 2. Distributioni of total counits in cellular
fractionis after productive and abortive

eclipse of 32P-labeled tss6

Preincubation temp
Fraction

30C 40C

Supernatant fraction ......i. 45.0a 71 .2
Wash I 10.7 11.1
Wash 2 4.4 4.2
Wash 3. .. 2.2 1.8
Wash 4... 3.5 nil
Membrane fraction....... 34.1 11.7

a Percentage of total counts per minute.

proportion of phage present after incubation at
40 C which are capable of initiating a cycle of
infection at the same temperature.

In the first growth cycle (mixed infection in E.
coli C), selective assays of the progeny indicate
that complementation of am9 (cistron III), aml6
(IV),and amlO (V) growth by tss6 occurs (Table
3, first and second columns). Only a slight com-
plementation of am33 (VI) growth by tss6 is
found; this is consistent with previous observa-
tions on cistron VI mutants (7).

After incubation of first-cycle progeny at 40
C, only 4% of the residual tss6 in the unmixed
infection initiated infection at 40 C (Table 3,
last column). The corresponding figure for wt
OX is 37%. Progeny from the mixed infections of
tss6 with aml6, amlO, and am33 all show an
increased proportion capable of initiating a
second cycle of infection in E. coli X at 40 C.
Thus, defective protein of tss6 is not coded by
cistrons IV, V, or VI.
Complementation by aml6 is relatively sym-

metrical; i.e., progeny of both genotypes show an
increase in ability to initiate a second cycle over
that for tss6 alone. Complementation by amlO is
less effective and is asymmetrical in this particular
experiment, although in other experiments sym-
metric complementation by amlO was observed.
As noted above, am33 is produced to only a low
titer in the first cycle and does not initiate the
second cycle to a significant degree; it is note-
worthy, however, that although the parental am33
replicative form does not replicate under the
restrictive conditions (5) sufficient protein is
apparently formed to complement the defective
tss6 function.
Mutant am9 (cistron III) is the only mutant

which wholly fails to complement the defective
tss6 function. These results indicate that the
defective protein is probably coded by cistron III.
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TABLE 3. Two-step complementation test of tss6

First growth cycle" infectixe centersc
MNutant ___--_

Initial Final

wt 3 X 107 1 x101i
tss6 4.5 X 107 1.6 X 10"'

4 X 107

3 X 10-

3 X 107

8 x 109

2.8 X 109

3 X 109

I x 10i 2 X 109

4.5 X 107 2 X 101'

1 X 107 3 X 107

3 X 107 4 X 109

I XI0 8 X 108

Titer after incubation Proportion of first-cycle
of first-cycle lysate Second growth cycle' progeny which can

(10-3 dilution) at 40 c infective centers' (final) initiate secondinfection

2.7 X 105
1.5 X 105

2.1 X 104

9 X 10

2.7 X 104

1.7 X 104

1 X 10'5

1 X 10'

2.2 X 104

8 x 103

1X107 37
6.6X 105 4

4.3 X 104 2

3 X 104

5.4 X 101

3

20

2 X 104 12

1.6 X 10o 16

nil

2 X 105

3 X 104

9

4

The first cycle of growth was in E. coli C (su-) at 30 C (high MOI).
I The second cycle, initiated after incubation of first-cycle progeny at 40 C for 16 hr, was in E. coli X

(su+) at low MOI (0.01 to 0.001). After attachment (7 min) at 40 C, dilution was into broth at 30 C, since
aimI6 and amlO are temperature-sensitive in E. coli X.

c Initial and final titers refer to infective centers 10 and 45 min (first cycle) and 60 min (second cycle)
after dilution.

d The percentage of progeny phage which can initiate infection at 40 C is calculated by dividing column
4 by column 3; a burst of 100 phage per successful second-cycle infection is assumed.

DISCUSSION

These results show that, by means of an appro-
priate selection procedure, temperature-sensitive
mutants of OX may be isolated which undergo
one cycle of growth at the "restrictive" tempera-
ture but fail to initiate a second cycle at the same
temperature. The selection procedure ensures
that ts mutants produced at the "restrictive"
temperature have, or can acquire, the ability to
infect at the permissive temperature. A representa-
tive mutant of this class, tss6, may reproduce in a
single-cycle infection in broth at 40 C [tss6 (40)].
It cannot initiate a second cycle at 40 C, but can,
at 30 C, acquire the ability to form plaques,
probably as the result of a conformational change
in the phage particle during incubation at this
temperature; this alteration in capacity to infect
is not a consequence of the reattachment of a

necessary component to a defective particle at 30
C. During the first 10 min of incubation at 30 C
(in broth), a large proportion of tss6 (40) regain
the capacity to infect at 40 C (in broth) as well.
Phage produced at 30 C [tss6 (30)] almost

completely lose their original capacity to infect
at 40 C upon incubation for 2 hr in broth at 40 C;

this change occurs with no marked decrease in
plaque-forming ability at 30 C. There is also a

slower, but relatively rapid, irreversible inactiva-
tion of tss6 (assayed at 30 C) which occurs during
prolonged incubation at 40 C. This unusual
sensitivity of tss6 to irreversible inactivation at 40
C may be related to the postulated conformational
alteration at this temperature.
The phenotypic expression of the tss6 mutation

(inability to initiate infection) is thus reversible,
and its expression depends on either the tempera-
ture at which the phage is produced or the tem-
perature at which it is incubated prior to infection.
However, the alteration of phenotypic expression
of tss6 (30) which occurs after 2 hr at 40 C appar-
ently does not give rise to phage which are in all
respects identical to those produced at that tem-
perature; thus, although tss6 (40) and tss6 (30
40) both fail to infect successfully at 40 C, the
kinetics of the abortive eclipse differ markedly
(Fig. 4).
The primary defect in the abortive infection of

tss6 appears to be in the injection of the viral
DNA. Attachment and subsequent irreversible
loss of phage infectivity (eclipse) occur in the

tss6
x
am9

tss6
x

amI6

tss6
x

arm33

tss6
x

aillo
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abortive infection, although the kinetics of both
processes differ from those of wt OX. However,
experiments with 32P-labeled tss6 show a decrease
in viral DNA associated with the cell membrane
fraction after eclipse in the abortive infection;
there is a corresponding increase in labeled DNA
in the supernatant fraction. Since parental OX
DNA is known first to associate with the mem-
brane fraction upon entering the cell (R.
Knippers, personal communication), the DNA of
abortively eclipsed tss6 possibly does not pass
through the cell membrane.
The results of complementation studies indicate

that the defective protein is likely coded for by
cistron III. This protein, together with cistron II
protein, appears to constitute the "spike" com-
ponent of the kX virus particle (M. H. Edgell
and C. A. Hutchison, unpublished data); cistron
II protein is believed to be responsible for attach-
ment specificity (host range). Our results indicate
that cistron III protein probably plays a role in
the injection of OX DNA. The alteration of
attachment kinetics observed during abortive
eclipse indicates that a conformational alteration
in the cistron III protein may also include a
change in the configuration or disposition of the
cistron II protein(s) in the "spike" component.
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The temporal sequence of development of lymphocystis disease virus (LDV) was

studied by electron microscopy of thin sections of infected tissue-culture mono-
layers. Neither the typical cytoplasmic inclusion nor virus was detected at 4 days
postinfection (PI). Inclusions, but no viruses, were detected at 8 days PI. Inclusions
and associated virions were detected at 15 days PI, and by 28 days PI the undis-
rupted cells were filled with the typical virions. No release mechanism was detected,
and severe clumping of particles was noted. Negatively stained preparations re-
vealed particles 200 nm in diameter with no capsomere structure and apparent
spikes associated with the particle. The relationship of LDV to the well-defined
deoxyribonucleic acid virus groups is discussed.

Lymphocystis disease virus (LDV) is the
inciting agent of a benign tumor in numerous
species of fish (12). These tumors are composed of
masses of cells (lymphocystis cells) that are
greatly enlarged, unable to divide, contain massive
Feulgen-positive cytoplasmic inclusions, and have
a cell membrane modified into a thickened capsu-
lar structure (4). Recent cultivation of the virus in
cell culture (15) allows study of the virus in
infected cells in vitro, and of negatively stained
particulate preparations. Virus particles in tumor
sections have been reported as being 200 nm in
diameter with a hexagonal profile and, occasion-
ally, in crystalline array (9-11).

MATERIALS AND METHODS

Virus was grown in a fibroblastic cell line (BF-2)
derived from the common bluegill (Lepomis macro-
chirus). The line was initiated at the Eastern Fish
Disease Laboratory (15). Infected cells were harvested
at appropriate intervals by use of Viokase-ethylenedi-
aminetetraacetate. Suspended cells were sedimented
in a clinical centrifuge at 1,200 X g for 30 min and
washed with Hanks' balanced salt solution (BSS)
before fixation. Fixation was accomplished with 5%
glutaraldehyde in 0.1 M phosphate buffer at pH 7.0
for 2 hr at 4 C. After four washes, for 30 min each,
with phosphate buffer, the cells were stained in 2.5%
osmium tetroxide under vacuum. Cells were dehy-

1 Results presented comprise a portion of a disserta-
tion submitted by F. H. Midlige, Jr., to Lehigh Uni-
versity in partial fulfillment of the requirements for the
Ph.D. degree.

2 Present address: Department of Biology, Fairleigh
Dickinson University, Madison, N.J. 07940.

drated in acetone and embedded in Epon 812 for
sectioning.

Particulate preparations were obtained from 28-
day harvests of infected cells and overlying medium
containing approximately 106 iDoo per ml. Cells and
medium were centrifuged at 1,200 X g for 30 min
and the pellet was suspended in 0.1 volume of Hanks'
BSS. The supernatant fluid was discharged. Most of
the infectivity is known to be associated with the cells
(15). The cell suspension, while immersed in an ice
bath, was sonically treated for 2 min at 40 w out-
put (macrotip) with a model W-185-C Sonifier (Bran-
son Instruments, Inc., Stamford, Conn.). The sonically
treated suspension was centrifuged for 30 min at
1,500 X g and the pellet was again suspended in 0.1
volume of distilled water (100-fold concentration in
terms of the original harvest). This stock virus prepara-
tion was mixed with an equal volume of 2%
phosphotungstic acid and applied, by the surface-
spreading technique (8), to grids coated with Formvar-
carbon.

RESULTS

Thin sections of infected cells were prepared at
0, 4, 8,15, and 28 days PI. Unadsorbed clumps of
virus were detectable in the interstices between
packed cells in all sections prepared through 15
days (Fig. 1). The number and size of the aggre-
gates decreased during this period. Walker also
noted clumps of virus on disruption of infected
cells (4). The clumping phenomenon probably
accounts for the relatively low titer (106 ID50 per
ml) obtained at 28 days even after sonic treatment
of more than 106 cells, each of which must con-
tain approximately 105 mature virus particles.
A count of the virions present in a section of a
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28-day cell (30 u in diameter), the major portion
of which is shown in Fig. 5, revealed more than
103 particles. Mature 28-day lymphocystis cells
vary from 30 A to slightly more than 100 , in
diameter. The average diameter of 100 infected
cells at one week PI was 30 ,u when measured as
spheres in a hemocytometer. Therefore, 30 ,u is a
conservative estimate of the diameter of a mature
lymphocystis cell. We assume the thickness of the
section to be 0.2 I,u i.e., the diameter of a virus
particle, although the sections averaged 0.15 A
as determined by interference coloration. Further
assuming that the section in Fig. 5 is a cylinder
through the equator of the cell, and that virions
are uniformly distributed, as found in all sections
of 28 day cells, it can be calculated that a mini-
mum of 105 virions are present. Larger cells would
contain larger numbers of particles.
At 8 days PI, no virus particles were seen in

either nucleus or cytoplasm although the typical
inclusion bodies formed during infection are
visible (Fig. 2). The inclusion appears to be an
amorphous substance and is not bounded by a
membrane.
By 15 days PI, virus particles are visible either

immediately adjacent to the inclusion body or
contained within the fenestrations of the inclusion
(Fig. 3, 4). From serial sections, it is apparent
that the fenestrations are not wholly contained
within the inclusion but, at some point, are con-
tiguous with the cytoplasm. We interpret Walkers'
electron micrograph (13) as a section through a
fenestration, and he has referred to folded in "new
surface" (10). The fenestrations evidently pro-
vide a larger inclusion surface area at or near
which assembly of the virus particles takes place.
By 28 days after infection, almost the entire

cytoplasm not occupied by cellular organelles is
packed with virus particles (Fig. 5-7). We have
not observed regular crystal arrays. The inclusions
have moved from the juxtanuclear position to the
periphery of the cell as described by Dunbar and
Wolf (4). No particles are found in the nucleus
and no accessory membrane is present either in
sections of cells or in particulate preparations.
There is no evidence of liberation of mature par-
ticles; the cell remains essentially intact.
Measurement of 25 particles, chosen at random

from three photographic plates, gave a mean
particle size at the greatest diameter of 196 nm
and a range of 192 to 215 nm. These measurements
are in excellent agreement with those of Walker,
who found a mean of 200 nm and a range of 180
to 220 nm in tumors from Stizostedion vitreum
(9), and a mean of 200 nm in tumors from
Lepomis macrochirus (9-11).

In negatively stained preparations, undistorted

particles are uniformly hexagonal in outline.
There is no evidence of an acessory membrane
and there are no distinct capsomeres. Occa-
sionally, there are indications of surface projec-
tions (Fig. 10, 11). The mean size of 25 negatively
stained particles was 200 nm.

DISCUSSION

Our results in vitro confirm those of Walker
on the tumor cell in vivo. The virus is hexagonal in
outline, and may well be an icosahedron with an
average particle size near 200 nm and no accessory
membrane or visible capsomeres. Walker also
noted the initial appearance of mature virus
particles in or immediately around the area of the
inclusion (10, 13). The results of an autoradio-
graphic study (R. G. Malsberger, unpublished
data) confirm that the inclusion body is the site of
deoxyribonucleic acid (DNA) synthesis. The
electron micrographs are consistent with the
interpretation that the viral capsid is added to the
DNA on, or near, the inclusion body. The
sequence of appearance of mature particles
correlates reasonably well with the in vivo multi-
plication curves presented by Wolf et al. (4, 14),
who detected an increase over the residual level
at 9 days PI.
Our micrographs indicate a large increase in the

number of virions present during the late stages of
infection, i.e., 15 to 28 days. This rise is incon-
sistent with the plateau of infectivity detected by
these authors. We agree that the plateau may be
accounted for by the clumping effect mentioned
by Dunbar and Wolf (4) and confirmed by our
results. The failure of Wolf et al. (4, 14) to detect
the increase can be attributed to the clarification
procedures employed, which may have removed
the aggregates and thus depressed the virus titer.

Although it has been suggested that LDV is a
member of the pox virus group (13) on the basis
of the formation of Feulgen-positive cytoplasmic
inclusions, the morphology of the particle is
clearly unlike the "mulberry" forms of the pox
group, and is not round or oval in cross section.
Multiplication in the cytoplasm and lack of an
accessory membrane exclude it from the herpes-
virus group. The particle size is too large for
inclusion in the other DNA animal-virus cate-
gories.
The hexagonal profile of the LDV particle,

which lacks apparent capsomeres, closely
resembles the profile of several amphibian viruses
both in thin sections (3, 6) and in negatively
stained preparations (7). This profile is evident
also in insect iridescent viruses such as Tipula
and Sericesthis (1, 2, 5). All of these viruses
develop in the cytoplasm in association with
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