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ABSTRACT

MooRE, DOROTHY E. (University of Chicago, Chicago, Ill.), AND JAMES W. MOUL-
DER. Autoradiographic study of deoxyribonucleic acid synthesis in L cells infected
with the agent of meningopneumonitis. J. Bacteriol. 92:1128-1132. 1966.-L cells
infected with the agent of meningopneumonitis were labeled with H3-cytidine at 5-hr
intervals after infection, and cell samples were fixed every 5 hr after labeling. These
preparations were then digested with ribonuclease, stained by the Feulgen pro-
cedure, and examined by autoradiography. Labeled meningopneumonitis inclusions
were first seen 15 hr after infection. Deoxyribonucleic acid (DNA) was synthesized
in both L-cell nuclei and meningopneumonitis agent for as long as 40 hr after
infection. Nuclear DNA synthesis was unaffected until 25 hr after infection, at
which time synthesis of agentDNA reached its peak. After 25 hr, bothmeningopneu-
monitis and L cell DNA synthesis declined.

Members of the psittacosis group of micro-
organisms contain both DNA (deoxyribonucleic
acid) and RNA (ribonucleic acid) (13, 18, 19,
20) and multiply by binary fission in the cyto-
plasm of their host cells (1, 2, 6). Synthesis of
parasite DNA in the cytoplasm has been dis-
tinguished from synthesis of host DNA in the
nucleus by labeling infected cells with P2-ortho-
phosphate or H3-cytidine and preparing auto-
radiographs (4, 17) or separating the infected
cells into nuclear and cytoplasmic portions (13,
14). H3-cytidine was used instead of the more
conventional H3-thymidine label, because thymi-
dine is not incorporated into the DNA of psitta-
cosis agents (4, 13, 16, 20).

Nucleic acid metabolism in L cells infected
with the agent of meningopneumonitis, a typical
member of the psittacosis group, has been studied
in this laboratory by separating isotopically
labeled infected cells into nuclear, cytoplasmic,
and meningopneumonitis fractions (13, 14). The
purpose of this investigation was to see if the
picture of DNA metabolism in meningopneu-
monitis-infected L cells revealed by autoradio-
graphic examination of intact cells was the same
as that obtained by cell fractionation.

1 Present address: Laboratory of Cell Biology,
National Institute of Allergy and Infectious Diseases,
Bethesda, Md.

MATERIALS AND METHODS

Growth of the meningopneumonitis agent in L cells.
The Sb clone of L cells (5, 12) used in other investi-
gations in this laboratory (13, 20) was grown in
monolayer and suspension cultures as previously
described (13). Suspensions of L cells were infected
(13) with L cell-adapted meningopneumonitis agent
(I. I. E. Tribby, M.S. Thesis, Univ. Chicago, Chicago,
Ill.) at a multiplicity of 20 yolk sac LD5o per L cell
and diluted to a concentration of 4 X 106 L cells
per milliliter in medium 199 (10) containing 10%
newborn calf serum (Grand Island Biological Co.,
Grand Island, N.Y.). Examination of Giemsa-stained
preparations made 24 hr after infection showed that
83 to 99% of the L cells contained one or more
meningopneumonitis inclusions.

Labeling with HA-cytidine. For studying DNA me-
tabolism in monolayer cultures, 1-ml volumes of the
infected L cell suspension were added to Leighton
tubes containing flying cover slips and were incubated
at 37 C in an atmosphere of 5% CO2 and 95% air.
Uninfected monolayers were prepared in the same
way from uninfected L cell suspensions. H3-cytidine
(Schwarz Bio Research Inc., Orangeburg, N.Y.) with
a specific activity of I c/mmole was added to the
monolayer cultures immediately after infection or at
5-hr intervals to a final concentration of 1 ju.c/ml.
Samples were fixed at 5-hr intervals after labeling by
washing the cover slips twice in 0.85% NaCl, once
in cold absolute methyl alcohol, holding for 1 min in
cold absolute methyl alcohol, and drying in air.

Suspension cultures were labeled with HW-cytidine
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in a similar fashion. At appropriate intervals, 1-mi
samples were removed to Leighton tubes and, after
allowing 90 min for the L cells to attach to the cover
slips, were treated as described above.

Preparation of cells for autoradiography. The fixed
cover slips were extracted in cold 5% trichloracetic
acid for 1 hr, rinsed well in tap water, and cut in two.
One half was incubated in 0.4 mg/ml of pancreatic
ribonuclease (Worthington Biochemical Corp., Free-
hold, N.J.) dissolved in glass-distilled water and
adjusted to pH 6.5 with 0.07 M Na2HPO4. The other
half was incubated in 0.05 M tris(hydroxymethyl)-
aminomethane buffer (pH 7.05). Both were incubated
for 3 hr at 37 C. The cover-slip halves were then
washed well in running water, dried in air, stained by
the Feulgen method, mounted with Euparal (Flatters
and Garnett, Ltd., Manchester, England) cell side
up on glass slides, and dried overnight at 45 C.
When normal L cells were labeled with H3-cytidine,

treated with ribonuclease, and examined by auto-
radiography, cytoplasmic and nucleolar labeling was
not observed. When HeLa cells were labeled with
H3-cytidine and treated with ribonuclease under the
precise conditions employed here, further digestion
with deoxyribonuclease removed all residual label
(T. T. Crocker, personal communication). These
observations indicate that the nucleic acid remaining
after ribonuclease digestion was largely DNA.

Autoradiography. The general procedure described
by Prescott (11) was followed. Mounted slides were
placed back to back in staining jars immersed in a
45 C water bath in the darkroom. Melted photo-
graphic emulsion (Kodak Nuclear Track Beta-3,
Eastman Kodak Co., Rochester, N.Y.) was poured
into a Coplin jar in the water bath, and two slides
were dipped simultaneously, separated, and allowed
to dry. The coated slides were stored for 48 hr at
room temperature in a light-tight box containing
Drierite, and were then developed for 2 min with
Dektol (Kodak), rinsed in distilled water, fixed with
Kodak acid fixer for 2 min, and washed in running
tap water for 20 min. After final mounting with
Euparal and drying at 45 C, the slides were examined
under oil immersion.

Grain counting. In each slide examined, the silver
grains on each of 100 L cells were counted and
categorized as being deposited on either the host cell
nucleus or the meningopneumonitis inclusion. To
test the reproducibility of grain counting, five differ-
ent groups of 100 cells on a single slide were counted
by the usual procedure. The percentage of labeled
nuclei was counted to a standard error of less than
5%, whereas the percentage of nuclei more heavily
labeled than their inclusions (and vice versa) was es-
timated to a standard error of less than 10%.

RESULTS

Because previous studies (13, 14) in this
laboratory on the nucleic acid metabolism of
meningopneumonitis-infected L cells had been
done with suspension cultures, autoradiographs
were made of cells labeled in suspension as well
as in monolayer, the type of cell preparation

usually used in autoradiography. Both types of
cultures gave essentially the same results, but the
grain counts from cells labeled in monolayer
were more reproducible, probably because the
cells labeled in suspension did not uniformly
attach to the cover slips in the short time allowed.
Therefore, only the results obtained with mono-
layers will be presented in detail.

Feulgen-positive cytoplasmic inclusions usually
appeared in L cells 15 hr after infection, and in L
cells labeled at zero hour (time of infection,
measured from the end of the 1-hr absorption
period) labeled meningopneumonitis inclusions
also appeared at 15 hr (Fig. 1). In thin sections of
infected cells examined with the electron micro-
scope, active cell division of psittacosis group
agents was first seen at 7 to 12 hr (2, 6, 8, 9). It
thus appears that the meningopneumonitis
inclusions became visibly labeled after only a
few cell divisions had occurred. By 25 hr, the
cytoplasm of infected cells was distended with
large inclusions, and both nuclei and inclusions
were heavily labeled (Fig. 2).
Monolayers of infected and uninfected L cells

labeled continuously from 0 to 30 hr showed
nearly identical rates of nuclear labeling. Some
nuclei became labeled as early as 5 hr after
addition of H3-cytidine, and, by 20 hr, 70 to 80%
of the cells had labeled nuclei (Fig. 3).
When the infected monolayers were labeled at

successive 5-hr intervals after infection, their
nuclei became labeled at the same rate as un-
infected cells when H3-cytidine was added at 5,
10, 15, or 20 hr (Fig. 3). However, beginning
with the addition of label at 25 hr, a much smaller

FIG. 1. Autoradiograph of L cells infected with the
meningopneumonitis agent, labeled in suspension with
H3-cytidine at zero hour, and fixed 15 hr later. One
heavily labeled nucleus and a small labeled inclusion
(arrow) may be seen. X 1,500.
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FIG. 2. Autoradiograph of L cells infected with the
meningopneumonitis agent, labeled in monolayer with
H3-cytidine at zero hour, and fixed at 25 hr. Nuclei
and inclusions are heavily labeled. X 1,500.

90

60 10 1 0 o53 5 4

hi 70

60-

4040

30

IL

20 0

I10

5 t0 IS 20 25 30 35 40

HOURS AFTER INFECTION

FIG. 3. Percentage of labeled nuclei in an unin-
fected L cell monolayer labeled with H3-cytidine at
zero hour and in meningopneumonitis-infected mono-
layers labeled at 0, 5, 10, 15, 20, 25, 30, and 35 hr
after infection. The number in the circle denotes the
time of labeling of infected cultures. The circles cor-
responding to the uninfected culture are blank. The
30-hr uninfected value was abnormally low.

proportion of infected L-cell nuclei became
labeled, indicating that synthesis of DNA in
host-cell nuclei was depressed in the later stages
of the meningopneumonitis developmental cycle.
Multiplication of the meningopneumonitis agent

in L cells reaches a maximum at approximately
25 hr (7, 14).
A useful way of comparing the rate of DNA

synthesis in nuclei and cytoplasmic inclusions is
illustrated in Fig. 4. On the basis of quantitative
grain counts, each infected cell was classified into
one of three categories: (i) nucleus more heavily
labeled than inclusion, (ii) nucleus and inclusion
more or less equally labeled, and (iii) inclusion
more heavily labeled than nucleus (predominant
agent label). In monolayers labeled with H3-
cytidine at successive 5-hr intervals after infection
and fixed every 5 hr after labeling, the proportion
of infected L cells with predominant agent label
increased linearly in the 0 to 20-hr labeling
periods; that is, the longer the addition of H8-
cytidine was delayed, the greater was the rate of
its incorporation into meningopneumonitis DNA
as compared to L cell DNA. The meningopneu-
monitis agent most effectively incorporated the
label added at 20 hr; 10 hr later, over 95% of
infected cells had predominant agent label.
When the H3-cytidine was added at 25 hr and
later, there was a sharp decline in the proportion
of host cells with predominant agent label.
Since this is the period in which a decline in
number of labeled host-cell nuclei also occurred
(Fig. 3 and 4), it appears that the rate of DNA
synthesis in both host and parasite was depressed
late in the meningopneumonitis developmental
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FIG. 4. Percentage of cells with predominant agent
label in meningopneumonitis-infected L cell mono-
layers labeled with H3-cytidine S to 35 hr after infec-
tion. The number in the circle indicates the hour of
labeling.
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cycle. However, both L cells and meningopneu-
monitis agent continued to incorporate H3-
cytidine into their DNA for as long as 40 hr after
infection.

Meningopneumonitis-infected L cells from the
same set of samples used to obtain the data shown
in Fig. 3 and 4 were examined to see if the propor-
tion of labeled inclusions in host cells with
labeled nuclei was higher than in host cells with
unlabeled nuclei. The proportion of labeled
inclusions in the two groups was the same,
indicating that synthesis of DNA in the host
nuclei was not essential for synthesis of DNA in
the meningopneumonitis inclusions. Similar con-
clusions have been reached in other types of
experiments (3, 15). At 15 hr, only about 40(%
of the Feulgen-positive cytoplasmic inclusions
had silver grains deposited over them; by 25
hr, more than 95% were labeled. This difference
is probably at least in part related to the difficulty
of detecting significant grain deposition over
structures as small as the early meningopneu-
monitis inclusions.

DIscUSSION

After infection of L cells with the meningo-
pneumonitis agent, there was a period of 10 to
15 hr during which the organism was not acces-
sible to autoradiographic observation. At 15 hr,
synthesis of DNA by the meningopneumonitis
agent in cytoplasmic inclusions became apparent,
increased in rate until about 25 hr, and continued
until 40 hr after infection, but at a lessened rate.
Synthesis of DNA in L-cell nuclei occurred
throughout the infection, but it also decreased
after 25 hr. The general picture emerging from
these observations is that the L cell infected with
the meningopneumonitis agent contains two
independent sites of DNA synthesis, the normal
nuclear site, and the abnormal cytoplasmic one.
As long as the cytoplasmic center of DNA
production is relatively small, nuclear synthesis
is undisturbed, but when the cytoplasmic site
begins to approach the nuclear site in rate of
DNA synthesis, DNA production in both loca-
tions slackens off. It is likely that some inter-
mediate common to both centers of DNA
synthesis becomes limiting.

These results are in agreement with the auto-
radiographic studies of Crocker et al. (4) on the
growth of an ornithosis agent in HeLa cells. They
observed the synthesis of ornithosis DNA
throughout its developmental cycle and noted no
inhibition of nuclear DNA synthesis for 15 to 20
hr after infection, but found a noticeable decline
in the number of labeled nuclei thereafter. They
explained the decrease in terms of competition

between the ornithosis agent and the HeLa cell
nucleus for DNA precursors. Tamura (17) also
observed a drop in labeled L-cell nuclei 25 hr
after infection with the meningopneumonitis
agent.

This autoradiographic investigation of DNA
synthesis in L cells infected with the meningo-
pneumonitis agent has yielded results that are in
harmony with those obtained by breaking up
infected cells after brief exposure to H3-cytidine
at various times in the developmental cycle and
obtaining nuclear, cytoplasmic, and agent frac-
tions. By this procedure, Schechter (13) found
that DNA synthesis in the meningopneumonitis
agent was first detectable at 15 hr, reached a
maximum at 25 hr, and continued at a lessened
rate for the remainder of the developmental cycle.
Incorporation of H3-cytidine into L-cell nuclei
was unaffected until 20 hr. After this time, it
proceeded at only half the uninfected rate. The
general agreement between the two methods
suggests that both yield reliable descriptions of
the course of DNA synthesis in meningopneu-
monitis-infected L cells.
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