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ABSTRACT

Attempts were made to distinguish two common
strains of tobacco mosaic virus, U-1(D) and U-1
(SB), and the U-5 strain by symptomatology,
serology, and light and electron microscopy. In cells
of Turkish tobacco (Nicotiana tabacum), the size,
shape, and fine structure of the intracellular virus
crystals formed by both U-1(D) and U-1(SB) were
identical, but they were distinct from those formed
by U-5. Also, the two common strains were indistin-
guishable from each other and different from U-5

on the basis of symptoms in various plants and in
serological tests. The common strains appeared dis-
tinguishable only in differing tendencies to produce
amorphous inclusions (X-bodies) and in the fre-
quency with which the virus occurred in chloro-
plasts. The U-1(SB) strain was more effective than
U-1(D) or U-5 in causing the formation of X-bodies.
The chloroplasts frequently contained virions of
either U-1(SB) or U-5, but only rarely U-1(D).
Phytopathology 60:419-425,

The sites of synthes’s of plant viruses in host cells
have received considerable study in recent years (1, 5,
16, 18, 20). Earlier ideas that cellular organelles are
involved in virus synthesis have lately received some
support from electron microscope investigations (6, 7,
8, 23). A possible role in tobacco mosaic virus (TMV)
synthesis has also been assigned to intracellular
amorphous inclusions called X-bodies.

Esau & Cronshaw (7) presented some findings in
startling discrepancy with earlier investigations of
TMV by electron microscopy (9, 14, 15, 17, 22, 24).
Despite research by others, theirs were the first con-
vincing micrographs showing particles of common
TMV in chloroplasts and nuclei. They also described
more fully the fine structure of X-bodies, and implied
that both intraorganelle virions and X-bodies were
frequent in thin sections of diseased tissue, contrary
to previous observations.

The discrepancies noted may possibly be explained
as resulting from differences in virus strains and types
of tissue studied. Shalla (23) found that virions of the
U-5 strain were frequently found in chloroplasts, sug-
gesting that Esau & Cronshaw (7) may have been
working with a strain different from the U-1 (common)
TMV. Also, the systemically infected leaves that Esau
& Cronshaw (7) used were still developing when
studied, whereas most previous work had been on
manually inoculated leaves that were already mature.
Differences in cells of developing and mature leaves
could feasibly alter the relation of virus to various
cellular components.

The present study compares the Davis strain of
common TMYV, U-1(D), the strain used by Esau &
Cronshaw, U-1(SB), and the U-5 strain, with respect
to the cytology of directly inoculated and systemically
infected leaves. Particular attention was given to the
comparative symptomatology and serology of the two
common strains.

MATERIALS AND METHODS.—Virus strains—One of
the common TMV strains, here designated U-1(D),
has been maintained in the Department of Plant Pa-
thology at Davis since 1956 and has been used in pre-
vious studies in our laboratory (2, 21, 22, 23, 24). The
other common strain was provided by Katherine Esau
of the University of California, Santa Barbara, who
originally obtained it from W. N. Takahashi. This
strain, here designated U-1(SB), had been used in
investigations of Esau & Cronshaw (6, 7). U-5 TMV,
the Nicotiana glauca strain, was obtained from J. G.
Bald of the Univ. of California, Riverside, and main-
tained in Turkish tobacco. We chose the U-designations
because the three strains had characteristics similar to
those described by Siegel & Wildman (25). The U-1
designation was subdivided for this study to emphasize
that both those two strains had previously been con-
sidered as common TMYV in studies conducted at Davis
(D) and Santa Barbara (SB).

An earlier report (23) characterized the U-1(D)
and U-5 strains by Siegel and Wildman’s criteria (25).
The U-1(D) strain systemically invaded leaves of
Nicotiana sylvestris without producing local lesions,
whereas U-5 produced only local lesions on directly
inoculated leaves of this host. U-1(D) TMV was more
resistant to ultraviolet irradiation than was U-5, and
when U-1(D) was purified in the presence of 0.1 ionic
strength cacodylic acid buffer, pH 6.9, the final high-
speed pellet was brown, whereas that of U-5 was clear.
Light microscopy revealed hexagonal virus crystals in
cells infected with U-1(D), whereas bundles of needle-
shaped crystalline inclusions predominated in cells
invaded with U-5.

Plants and growing conditions—Plants of Nicotiana
tabacum L. ‘Turkish’ were used for all cytological work.
Six-week-old seedlings were transplanted into 4-inch
plastic pots containing sterilized soil and grown 3-6
weeks in a greenhouse kept at 25 C under 16 hr of light
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maintained by white fluorescent tubes. All leaves more
than 8 em long were lightly dusted with 600-mesh
corundum prior to applying inoculum with a cotton
swab. In some experiments, the plants were transferred
to a controlled-temperature chamber (Sherer, Model
Cel 37-14) maintained at the same temperature and
diurnal light regime as the greenhouse. Light, about
1,800 ft-c at plant height, was supplied with white fluo-
rescent tubes and incandescent bulbs. Samples for light
and electron microscopy were taken 1-4 weeks after
inoculation. Newly emergent leaves, 5 cm or shorter,
provided systemically invaded tissue samples. For virus
purification, all leaves longer than 3 cm were removed
from plants 6 to 12 weeks after inoculation.

Mature leaves of Nicotiana tabacum ‘Xanthi n.c.
were used for infectivity assays. Leaves were lightly
dusted, and inoculum was applied randomly to half-
leaves with cotton swabs. Opposite halves were inocu-
lated with purified homologous virus at a concentration
producing 100-500 local lesions in 3 days.

Host-response tests were performed in the greenhouse
with plants to be enumerated later.

Serology.—Antisera in rabbits were produced against
the two U-1 strains after purifying them by the
polyethylene glycol method of Gooding & Hebert (10).
New Zealand white rabbits were immunized by inject-
ing 1.5 mg virus/week for 3 weeks. Half of this injec-
tion was administered intravenously, while the other
0.75 mg was mixed with an equal volume (1ml) of
Freund’s incomplete adjuvant (Difco, Detroit) and
injected intramuscularly. Blood was obtained from
each animal on the 4th week by cardiac puncture.
Antisera were stored at —15 C until needed.

Using tube precipitin tests, both U-1(D) and U-1
(SB) antisera had titers of 1/1,280 against a final con-
centration of 1 mg/ml homologous virus.

Gel double-diffusion was used for most comparative
serological tests (4). Agar gel consisted of 0.759% No.
2 Tonagar (Oxoid, Chicago), 0.859% sodium chloride,
and 0.19, sodium azide, all dissolved in glass-distilled
water. Twelve ml of this solution were poured into
100-mm-diam plastic petri dishes. A die produced eight
4-mm wells around a central well, also of 4 mm. These
wells were filled with materials, and the dishes were
then incubated in a moist chamber for 12 to 18 hr and
observed by indirect light. With antisera in the center
well, precipitin bands formed when homologous virus
preparations were in peripheral wells, but no such
bands developed with either macerated healthy tobacco
leaf or clarified sap from such tissue in outside wells.

Intragel cross-absorption tests as described by van
Regenmortel (28) and reciprocal cross-absorption in
liquid suspension (19) were also performed to further
clarify the serological relationship.

Light microscopy.—Epidermal strips were removed
for light microscope studies from the abaxial surface of
infected leaves. The strips were stained with a 1:4
mixture of calcomine orange-“luxol” brilliant green,
each as a 19, solution in methyl Cellosolve, 959 ethyl
alcohol, and distilled water (2:1:1) as described by
Christie (3). Living hair cells were also studied by
mounting unstained epidermal strips in distilled water.
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Observations were made with a Zeiss Model GFL
microscope. Stained material was viewed with a X100
objective lens, unstained specimens with either the x40
or the X100 phase-contrast Neofluar objective., Micro-
graphs were made on Kodak Pantamic-X film with a
Hasselblad camera attached to the microscope or with
a Zeiss Ultraphot.

Electron microscopy.—Small pieces (about 5 X 15
mm) of infected leaf tissue were fixed for 2 hr under
mild vacuum in cold 0.1 M sodium phosphate-buffered
5% glutaraldehyde (pH 7), and then rinsed in cold
0.1 m pH 7 phosphate buffer for 2 hr and postfixed in
cold 19, buffered osmium tetroxide, pH 7. Dehydration
was carried out in a cold ethanol series, after which the
pieces were embedded in Araldite 6005 epoxy resin.
Sections less than 100 mp thick were cut on a Porter-
Blum MT-2 microtome with a diamond knife, mounted
on copper grids, and stained with uranyl acetate and
lead citrate or with a 19, aqueous solution of potas-
sium permanganate. The sections were examined on an
RCA-EMU-3 electron microscope with a 50-p objective
aperture, operating at 50 kv.

Most observations were at an instrument magnifica-
tion of approximately 6,000 times. Ten to 25 randomly
selected micrographs were made of the groups of cells
sectioned at a given layer in a tissue block. Care was
taken to photograph only cells that were infected as
evidenced by virions in the cytoplasm or vacuole.
Observations were based on over 2,600 micrographs.
The micrographs were graded according to whether
virions were visible in plastids or nuclei, and whether
X-body components were present.

ResuLrs.—Symptomatology—Host responses for
the three strains were determined by inoculating differ-
ent plant species and varieties. The 11 listed in Table 1
showed symptoms with one or more of the strains
tested. The U-1 strains could be differentiated from
U-5 on the basis of its effect on Nicotiana sylvestris,
N. glauca, and Phaseolus vulgaris. U-1(D) could not
be distinguished from U-1(SB), however, on the basis
of symptomatology or host specificity. Also, the specific

TasLe 1. Host responses to three strains of tobacco

mosaic virus
Strain

Host U-1(D) U-1(SB) U-5
Chenopodium amaranticolor

Coste & Reyn. NLa NL NL
Datura stramonium L. NL NL NL
Nicotiana clevelandii Gray NL NL NL
N. glauca Graham LI LI Ccs
N. glutinosa L. NL NL NL
N. tabacum L. ‘Glurk’ NL NL NL

‘Havana 425’ NL NL NL

‘Turkish’ CM CM RM

‘Xanthi n.c. NL NL NL
N. sylvestris Speg. & Comes CM CM NL
Phaseolus vulgaris L.

‘Sutter Pink’ NL NL NI

2 NL = Necrotic local lesions; CM = systemic chlorotic
mottle; LI = symptomless infection; CS = bright, systemic
chlorotic spotting; RM = rugose leaves and systemic chlo-
rotic mottle; and NI = no infection.
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infectivity of these two strains did not appear to differ
on local-lesion hosts, When inoculum contained equiva-
lent concentrations of purified virus (as estimated by
spectrophotometry), the numbers of local lesions on
hosts such as ‘Xanthi n.c.” were about the same.

Serology—The antisera produced against U-1(D)
and U-1(SB) each had titers of 1/1,280 in tube-
precipitin reactions with homologous or heterologous
antigens,

Double-diffusion tests provided further evidence of
serological identity between U-1(D) and U-1(SB).
Figure 1 illustrates a double-diffusion test in which
purified preparations of the three strains were placed in
the peripheral wells. When the center well was filled
with antisera against either U-1(D) or U-1(SB), con-
tinuous precipitin bands formed in the vicinity of wells
containing U-1(D) and U-1(SB). Partial intersection
of the bands occurred where either of the U-1 strains
was adjacent to the wells containing U-5. This indicates
that U-1(D) is serologically identical to U-1(SB), and
that both are related to U-5 though not identical to it.
Since, however, the lack of spur formation in double-
diffusion tests cannot be taken as unequivocal proof
of serological identity (27), intragel and reciprocal
cross-absorption tests were also performed.

In the intragel tests, when U-1(D) or U-1(SB)
antisera were first absorbed with homologous or
heterologous virus, no precipitin bands formed in the
vicinity of the antigen-containing wells. If either of
these antisera were absorbed with U-5, however, a
second band formed opposite the wells containing
U-1(D) or U-1(SB) virus and no bands formed oppo-
site the U-5 virus well. Similarly, when U-1(D) and
U-1(SB) antisera were cross-absorbed with heterolo-

Fig. 1.
TMV. Outside wells are filled with purified preparations
of the three strains diluted 1:1 with ethanolamine to a
final virus concentration of about 1mg/ml. Center well
contains antiserum against U-1(SB).

Double-diffusion in agar of three strains of
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gous antigen, neither of the absorbed antisera reacted
with homologous antigens in liquid suspension.

On the basis of these tests, we conclude that the
U-1(D) and U-1(SB) strains of TMV are serologically
identical and serologically related to U-5 TMYV, though
neither is identical to it.

Light microscopy.—Multilayered hexagonal crystals,
as in Fig. 2 (above), predominated in living-hair and
epidermal cells of leaves infected with either of the
U-1 strains. Such crystals were found in 909, of the

Fig. 2.
hair and epidermal cells. Marker is 10 u. Phase optics with
the x40 Neofluar objective lens were used. Above, hex-
agonal crystal typical of both common strains. Unstained.
Center, combination of a small monolayer hexagonal crys-
tal arrow and bundles of ncedlelike crystals characteristic
of U-5. Unstained. Below, X-body inclusion found in tissue

Light microscopy of virus inclusions in tobacco

infected with U-1(5B). Stained with
and “luxol” brilliant green.

calcomine orange
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cells of tissue infected with U-1(D), and in 999 of
those with U-1(SB). Only 19 of cells in the U-5-
infected tissue had hexagonal-type crystals, and these
were usually small monolayer plates. On the other hand,
739, of the U-5-infected cells contained needlelike
crystal bundles. Both needlelike crystals and small
hexagonal plates may be in the same cell (Fig. 2, mid-
dle). Needlelike crystals were not observed in U-1-
infected tissue.

The above data represent observations from both
directly inoculated and systemically invaded tissues.
With U-1(D) and U-1(SB), such combining results
made little difference, since nearly all cells had hexago-
nal crystals, and needlelike crystals were absent. The
U-5-infected tissue, in contrast, showed some dif-
ferences when the mode of infection was considered.
Small, monolayer, hexagonal plates in cells were more
frequent in inoculated leaves (159 ) than in sys-
temically infected tissue (69 ), although the needlelike
crystals predominated in both cases.

X-bodies (Fig. 2, below) were observed in stained
epidermal strips from diseased plants. Figure 3 repre-
sents data accumulated from 20,000 cells. Cells from
plants infected with U-1(SB) had significantly more
X-bodies (949, of all cells) than did cells of plants
infected with the other two strains. U-1(D)-infected
cells had some X-bodies (17%), whereas U-5 cells
were nearly devoid of such structures (19%). Inocu-
lated tissue did not differ noticeably from systemically
infected tissue in the prevalence of these amorphous
inclusions.

These observations are cons'stent with previous re-
ports for common TMV and the U-5 strain (1). Al-
though U-1(D) and U-1(SB) were indistinguishable by
the form of the intracellular virus crystals, the pattern

100~

80~

60

PERCENT

401~

20

U5 U10)  U-1(SB)

Fig. 3. Frequency of X-body occurrence in epidermal
strips of tobacco infected with three strains of TMV. Fre-
quency is based on per cent of the total number of cells
with evidence of wvirus infection (crystals) that contain
X-bodies,
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of similarities is broken when X-bodies are considered.
More are found in U-1(SB) tissue than in tissues
infected with either of the other two strains.

Electron microscopy.—TFigures 4 and 5 are represen-
tative electron micrographs of virus crystals found in
TMV-infected tissue. The herringbonelike crystal (Fig.
4) is typically found in cells infected with either
U-1(D) or U-1(SB), and represents a cross-sectional
view of the hexagonal crystals seen with the light
microscope (6, 26, 30). The cross-hatch pattern of viral
aggregation (Fig. 5) is similar to those found with the
aucuba strain of TMV (29) and with U-5 (23), and
represents a cross-section through the needlelike crys-
tals observed with the light microscope. In the survey
of U-5-infected cells, a few (17 of 300) micrographs
contained packets of loose parallel-packed virions in
addition to the cross-hatch form.

These results are consistent with the light microscope
data; that is, the U-1(D) and U-1(SB) virus crystals
are essentially indistinguishable and about equally
prevalent. Both strains differ markedly in this respect
from U-5.

The appearance of X-bodies under the electron
microscope is well established (6). Their most con-
spicuous feature is dense filaments about 70 my in
diam (Fig. 6) which, at high magnification, have been
shown to be composed of microtubules each about 24
my in diam (7, 14).

In systemically invaded leaves, the X-body tubules
were observed more frequently in cells infected with
U-1(SB) than in cells infected with U-1(D) (Table 2).
This is consistent with the frequency with which
X-bodies were observed with the light microscope (Fig.
3), although the differences between U-1(D) and
U-1(SB) were less pronounced. Also, in directly inocu-
lated leaves there was no significant difference in the
frequency with which X-bodies were observed with
the electron microscope.

Over 6,000 chloroplasts were observed with the
electron microscope in cells of diseased tissue. Figure
7 is a portion of a chloroplast containing virus particles.
Virions were observed in chloroplasts much more fre-
quently with U-5 inoculation than with either U-1(D)
or U-1(SB) (Table 3). Furthermore, virions of U-1
(SB) were found in plastids more frequently than
were virions of U-1(D). In systemically invaded
tissue, however, there were no significant differences
among the three strains. Virions of all three were found
in about 15% of the respective plastids.

Tasre 2. Frequency with which X-bodies were observed
in thin sections of Turkish tobacco cells infected with
three strains of tobacco mosaic virus

Strain
Mode of No.of ———
infection micrographs U-1(D) U-1(SB) U5
Directly
ineculated 1,430 1.1a 05 0
Systemically
invaded

1,153 30 10.0 0

4 Per cent electron micrographs containing sectioned X-
bodies.
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Fig. 4-8. FElectron microscopy of sectioned tobacco cells infected with TMV. Marker in each fig is 300 mu.
Multilavered herringbonelike crystal typical of those found in U-1(D) and U-1(5B) infected cells. 5) atched
toplasm of a tobacco cell infected with U-5. 6) X-body components sm of U-1(SB)-infected ti
7) Portion of a chloroplast from a tobacco leaf inoculated with U-3. Virions can be seen both longitudinally and in crose
section, 8) Portion of a nucleus from a tobacco leaf inoculated with U-1(D). Packet of virions is in the nucleoplasm at
center between the nucleolus (n) and nuclear envelope (e).
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TasrLe 3. Frequency with which tobacco mosaic virus
(TMV) virions were observed in chloroplasts of plants
infected with three strains of TMV

Tissue sampled

Virus Directly Systemically
strain inoculated invaded
U-1(D) 12 ( 616)0 12 (1,429)
U-1(SB) 7 (1,058) 17 (1,322)
U-5 92 (1,040) 14 ( 608)

& Per cent of chloroplasts containing virus particles.

b Total no. plastids observed in infected cells (as evi-
denced by the presence of virions in the cytoplasm or
vacuole).

Sections of almost 800 nuclei were observed in
micrographs of infected cells, and only 9 of these con-
tained virus particles (Fig. 8). In inoculated leaf tis-
sue, none of the 10 nuclei of U-1(D)-infected cells
contained observable virus;: 6 of 12 nuclei of U-1(SB)-
infected cells contained virus, and 2 of 13 nuclei of
U-5-infected cells contained virus. Many more nuclei
were seen in the smaller cells of the systemically in-
vaded tissue, but only one of the 305 nuclei in U-1
(SB)-infected tissue had virus that was detected. In
material systemically infected with U-1(D) and U-5,
the 335 and 113 nuclei, respectively, observed contained
no virus.

Since few nuclei were observed, the apparent greater
nuclear invasiveness of U-1(SB) is open to question.
Some intranuclear virus may not have been detected
because the organelles were not completely sectioned.
In some instances serial sections were examined, but
complete serial sections were not obtained of all nuclei.

Discusston.—It is now clear that various investiga-
tors gave different locations for TMV within the host
cells because they studied different strains. Closely
related virus strains can differ in intracellular behavior.
The two common TMV strains, U-1(D) and U-1(SB),
were identical in serology and symptomatology, but
were effectively separated by quantitative cytological
differences. The U-1(SB) strain was characterized by
more intraplastidial virions and more frequent X-bodies.

Esau & Cronshaw (7) observed clusters of TMV
particles in nuclei of infected cells, and similar obser-
vations were made in the present study using their
isolate. Failures in this laboratory to find intranuclear
virions in tissue infected with the U-1(D) strain sug-
gest that the U-1(D) and U-1(SB) strains may also
differ with respect to the frequency with which virions
may be found in nuclei.

The literature gives other examples of serologically
identical virus strains with detectable differences.
Knight (12, 13) showed that the M-TMYV strain has
the same coat-protein and is serologically identical
to the common strain, but produces masked or only
very mild symptoms in tobacco plants. This phenome-
non might be explained by a hypothesis involving the
virus cistrons. Even though the cistron which controls
coat-protein synthesis may be the same for the two
strains, one or more other cistrons that are somehow
involved in symptom expression could vary (11).
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Similarly, specific cytologic responses may also be
controlled by viral cistrons other than that which pre-
sumably directs coat-protein synthesis.

Some differences were noted when directly inoculated
leaves were compared with those invaded systemically.
Although intraplastidial virions were more prevalent in
leaves inoculated directly with U-1(SB) than in those
inoculated with U-1(D), no difference was detected in
systemically invaded leaves. Also, at the electron micro-
scope level, X-bodies were encountered more frequently
in leaves systemically invaded by U-1(SB) than
U-1(D), but no significant difference was detected in
directly inoculated leaves. Using the light microscope,
however, U-1(SB) was found to induce many more
X-bodies than U-1(D) in both types of infection. It
may be that, for quantitative measurements to be mean-
ingful at the electron microscope level, still more sec-
tions need to be examined.

Esau (6) has published micrographs suggesting that
virions in the cytoplasm may become incorporated
into newly formed nuclei during mitosis. In the present
study, TMV clusters were seen in nuclei in leaves
mature at the time of inoculation, One would expect
little, if any, cell division in leaves at this stage of
development. It seems clear that TMV wvirions can
arrive within the nucleus by some mechanism other
than entrapment during mitosis.
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