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Assistant hotanist^ Oalifornia Agricultural Experiment Station
INTRODUCTION

The anatomy of the sugar beet {Beta vulgaris L.) affected with
mosaic has been inpestigated by several workers, but some results
are contradictory. Robbins {Jf6)^ described necrosis of the vascular
tissues and of the adjacent parenchyma in mosaic beets, and Roland
{Jf7) saw gummosis in the phloem tissue of beets affected by "jaunisse," which he regarded as similar to beet mosaic. Boning (7),
Schaffnit and Weber (4^), and Sirotina (i^)? on the other hand, reported no phloem necrosis in mosaic beets. Schaffnit and Weber {4S)
found foreign bodies in the phloem of mosaic sugar beets, but Sirotina
{5Jf,) noted such bodies in healthy plants also. According to the
modern concept, a mosaic virus is not limited to the phloem and produces few or no abnormalities in this tissue (<5, 21) \ it therefore
appeared pertinent to reexamine the phloem of beets affected with
mosaic. Thé first part of the present paper compares the phloem of
healthy and mosaic-diseased sugar beets.
The second part deals with the structure of the mesophyll in mosaic
beet leaves, particularly with plastid abnormalities. According to
many workers {7-15^ 26^ S2^ SI¡,^ Iß^ 53^ 57), the yellow areas in leaves
affected with mosaics are hypoplastic and contain small chloroplasts
reduced in numbers as compared with healthy mesophyll or with the
dark-green areas of mosaic leaves. Some workers strongly emphasize
that underdevelopment is the only abnormality of the yellow areas,
that cell contents are not destroyed, and that the affected cells continue to develop until they become more nearly like those of the green
areas (7, 8^ 10^ 11^ 12^ IS), Although recognizing hypoplasia as the
principal disease symptom in the yellow areas, other workers record
also some injury to \h<à contents, particularly the plastids (^, i^, ^<5,
32^ JfJf). The present study is concerned especially with the question
whether underdevelopment alone explains the peculiarities of the yellow areas in mosaic leaves, or whether destructive changes also occur
in them.
^ Received for puMication March 25, 1943.
2 Italic numbers in parentheses refer to Literature Cited, p. 114.
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MATERIALS AND METHODS

The mosaic-diseased sugar-beet material was obtained from artificially inoculated greenhouse plants grown at Riverside, Calif.,^ and
from naturally inoculated plants in fields of the Sacramento Valley.
Healthy leaves were collected from greenhouse plants and in fields that
showed no mosaic in the years when this disease was not prevalent.
Symptom-free plants in severely affected fields were also sampled.
The material was examined partly in the fresh state in freehand sections mounted in water, partly after treatment by a common paraffin
method. Tap and distilled water were tried for the fresh sections, but
the former was selected as the less injurious medium. Several killing
solutions were employed in the paraffin method, mainly formalinaceto-alcohol mixtures, Randolph's modified Navashin fluid {35^ V-J^)-,
and a bichromate-chromic-osmic acid solution according to Champy
{Jfi^ p,S7). The paraffin sections were cut 7 to 10 microns thick and
were stained with Heidenhain's haematoxylin and saf ranine as used
previously by the writer (^^)^. This staining method gives a good
wall differentiation and also shows cytoplasmic details. The stain
may be variously balanced so as to have either the haematoxylin or the
safranine predominating in the cytoplasmic structures. In detail,
the schedule is as follows :
(1) Place sUdes, with paraffin removed, in distiUed water.
(2) Change distilled water 5 times during 10 minutes.
(3) Mordant in 4-percent aqueous ferric ammonium sulphate for 10 minutes.
(4) Transfer to distilled water, and change the latter 4 or 5 times during 10
to 20 minutes.
(5) Transfer into a weak solution of haematoxylin prepared by putting 10
drops of stock solution (2.5 gya. of haematoxylin crystals in 100 cc. of 9o-percent
ethyl alcohol) into a Coplin staining dish with tap water or with distilled water
made slightly alklaline with sodium bicarbonate. Stain until the walls appear
bluish. The time varies with the kind of material, the age of the organ, and the
fixing solution used. From 10 to 20 minutes was required in the present
investigation.
(6) Rinse in tap water.
(7) Stain 6 to 24 hours in a dilute safranine solution prepared by 'adding
5 to 6 drops of stock solution (1 gm. safranine O in 100 cc. of 50-percent alcohol)
to a Coplin dish with tap water.
(8) Des tain In 50-percent alcohol, and carry through higher alcohols to
xylene. Treat each slide individually.
(9) Mount in balsam.

The larger photographs were taken on Isopan film, the smaller on
Finopan film. Wratten filters B-58 (green) and 44 (minus red) were
used in photography. The drawings were prepared with the aid of
a camera lucida. AU photographs were made from paraffin material,
the drawings mostly from freehand sections.

EXTERNAL SYMPTOMS OF BEET MOSAIC
As several workers have indicated (7, 4<^, ^, 5^, 68), the yellowgreen mottling of the mosaic beet leaves shows various patterns and
different degrees of paleness and distinctness of the yellow areas.
Masking of symptoms also occurs in this disease. Figure 1 shows a
3 This material was supplied by Dr. C. W. Bennett, Division of Sugar Plant Investigations,
XT. S. Department of Agriculture.
,,,^^XT,^^
^TT
* This method of staining was originally recommended by Dr. R. H. Wetmore, of Harvard
University.
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healthy leaf and a mottled mosaic leaf of greenhouse plants from
Riverside, and figure 2 illustrates the common patterns of mottling
found on mosaic beets in a field near Davis. Leaf A in figure 2 has
the diffuse type of mottling characteristic of older leaves. In leaf B
the yellow areas are comparatively large and sharply delimited. This
pattern somewhat resembles that of the mosaic leaf in figure 1. The

Í.—A, Healthy leaf and B, mosaic diseasííd leaf from sugar-beet jjlniUs
grown in a greenhouse at Kivensule, Calif. The diseased plant was artificially
inoculated with the mosaic virus. (Photograpli furnished by Dr. C. W.
Hennetl.) XI.

FIGURE

contrast between the yellow and green areas is particularly sharp in
leaf C (fig. 2). In leaf D the yellow areas have the shape of ismall
roundi.sh spots.

ANATOMY OF THE PHLOEM OP MOSAIC LEAVES
The present writer {18,19) has already described the development
and structure of the phloem in healthy sugar-be^t leaves. Briefly,
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the functioning phloem as seen in a transverse section of a bundle
(pi. 1, .4) is a small-celled tissue composed of sieve tubes, very small
companion cells, and phloem parenchyma cells. These last are the
largest in the tissue. The older part of the primary phloem which
ceased to function constitutes the bundle cap (pi. 1, A, left). Within

FiciTiBE 2.—Leaves from uiosiiip-cUseased sufîi'i'-l>eet plants from a iialiiriilly
infected cümiiieirial ijlíinting near Davis, Calif.: A. DifEnse type of mottling
r-haracteristic of older l(>aves; ii, yellow areas fomparatlvoly large and sharply
delimited; C, contrast between yellow and green areas particularly sharp;
Z), yellow areas appearing as small roundish spots. X Y^it the remnants of crushed sieve tubes and companion cells seem like
deeply stained wall thickenings. The intact cells of the cap arc the
much-elongated phloem cells, which develop rather thick cellulose
walls after the conducting elements of the phloem ai'e obliterated.
Younger and older leaves from many severely aiïected plants grown
in greenhouse and outdoors were examined for phloem structure. î<o
abnormalities were observed in the \ascnlar tissues, when the leaves

Anatomical and Cytological studies on beet mosaic

PLATE I

Transverse sections of vascular bniulles from healthy {A ) and mosaic-diseased
{B) beet leaves. X 200.
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showed no necrosis externally. A vascular bundle of a young, severely
mottled leaf from a field-grown plant appears in plate 1, B, This
bundle is younger than that in plate 1, J.. It shows normal phloem
and an immature bundle cap in which the different stages in obliteration of the sieve tubes and companion cells are conspicuous. The
phloem of sugar-beet leaves affected with curly top strikingly contrasts with that of the mosaic leaves. Curly top induces hypertrophy
and hyperplasia in the phloem of affected plants. The tissue resulting from these growth abnormalities sharply deviates from the normal phloem {18^ 20). Eventually it collapses, and a gumlike substance accumulates among the dead cells.
Certain mosaic leaves used in the present study showed necrosis
of various tissues. Thus necrosis of phloem, xylem, mesophyll, and
epidermis was observed in the local lesions that sometimes appeared at
the place of inoculation and in yellow areas along the veins through
which the virus passed from the place of inoculation before systemic
infection occurred. The necrosis was a collapse of cells that appeared
to have developed normally, accompanied by an accumulation of deeply
staining material. Judging from these instances of phloem necrosis,
this abnormality may occur under certain conditions in mosaic beet,
but is not a constant or specific symptom and does not indicate a
close relation of the mosaic virus to the phloem. In contrast, phloem
degeneration in curly top diseased plants is a constant primary symptom and is one indication of the close association between the virus
and the phloem of the host. The other pathologic changes in mosaic
and curly top beets point in the same direction. The stunting of
plants and the malformations on leaves in curly top appear to be
secondary symptoms that can be explained as resulting from disturbances in the phloem tissue (i^, 20). The mesophyll abnormalities in mosaic beets, on the other hand, can be well interpreted as primary symptoms induced by the virus in this tissue.
It is difficult to explain the necrosis of entire mesophyll cells and
even of the vascular tissues observed in the mosaic material just described while such necrosis is absent in leaves that develop after the
systemic infection has become established. Conceivably, at the place
of inoculation and along the veins where the virus is first moving out
of the places of inoculation, the virus concentration is particularly
high and produces an initial shock, causing some necrosis. Further
studies on this problem would be of interest.
Robbins (^^), who considered malformations and necrosis of tips
of leaves in mosaic sugar beets to be symptoms of mosaic, sectioned
such leaves and found in them necrosis of phloem and other tissues.
From these observations he concluded that beet mosaic induced phloem
necrosis. The malformations and tip necrosis that he described are
not, however, symptoms of beet mosaic and frequently occur in plants
not affected l3y this disease.^
While the condition of the phloem in mosaic beets was being considered, this tissue and others were examined also for the bodies described by Schaffnit and Weber {^8) and Sirotina {5Ji) in mosaic and
healthy beets. These "elytrosoma" are said to be commonly spindleshaped or very much elongated, often of the same size as the nuclei or
5 Personal communication by Dr. C. W. Bennett and Dr. Eubanks Carsner, Division of
Sugar Plant Investigations, United States Department of Agriculture.
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larger. They either are homogeneous or they contain spheroidal granules. Schaffnit and Weber emphasized that these bodies occurred in
undifferentiated phloem of young leaves. In the present study no
bodies of the sort were observed. Plate 2, J., illustrates a tangential
longitudinal section of procambium and young phloem of a bundle
from a young sugar-beet leaf that showed severe mottling. There
are no foreign bodies in evidence. The somewhat elongated nuclei
are the only conspicuous structures within the procambial cells in the
center of the field. In some cells two nuclei appear to be present, but
only as the result of an optical effect. The procambial cells are radially compressed, and in tangential sections the nuclei of two cells
may occur at very close levels. The procambial walls are not thick
enough to obstruct the light materially. The phloem appears above
and below the procambium in plate 2, A, This tissue has certain
characteristic protoplasmic elements sometimes erroneously related
to diseases (iP, 21), Plate 2, 5, shows slimy accumulations of an immature sieve-tube element; plate 2, C and Z>, the sieve-tube plastids of
mature sieve-tube elements. The "elytrosoma," as described in the
literature (4<^, 6Ji), do not resemble the slime bodies or the sieve-tube
plastids. They may be compared with some nuclei in the elongated
cells of the vascular bundles, such as those in plate 2, E to G^ but are
not supposed to show the same internal structure as the nuclei.

EFFECT OF MOSAIC UPON THE MESOPHYLL
According to Boning (7), the beet mosaic resembles other mosaics
in that it induces mottling by retarding the differentiation of isolated
spots in the mesopKyll. These spots become the yellow areas as the
leaf develops. The yellow areas are thinner, with fewer intercellular
spaces and less chlorophyll, than the green areas. Boning (7), who
attributed all these abnormalities to undervelopment of the mesophyll
and chloroplasts, recorded no destructive changes in mosaic leaves.
The material used in the present study confirms the view that the
mesophyll in the yellow areas is hypoplastic. Plate 3 illustrates a
section from a green area {A) and a yellow area {B) of the same
medium-sized mosaic leaf. In each photograph the palisade region
appears above, the spongy below. The yellow area, as contrasted
with the green, shows certain juvenile characteristics : the mesophyll
is not differentiated into palisade and spongy layers, its cells are more
or less isodiametric, and the intercellular system is rather poorly developed. Its chloroplasts, furthermore, are indistinct—a feature considered in detail elsewhere in this paper. A dark-green area (pi.
3, A) may appear thicker than healthy mesophyll from leaves of comparable age or older (pi. 4, J.) ; that is, the green areas may be hyperplastic. The degree of difference between them and healthy mesophyll varies considerably, however; they may be no thicker than
the healthy leaf. The differences between the yellow and the green
areas also vary. In a very young leaf the difference in the rate of
development of the green and yellow areas will not have had time to
produce variations in leaf thickness. In old leaves, on the other hand,
the two areas may have the same thickness because the effect of the
disease is insufficiently severe. According to Boning (7), the yellow
areas continue to develop so that eventually they become more nearly

PLATE
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M
A, Tangential loufiitntlinal section through procambium of a vasfular bunflle of a
young mosaic-diseased beet leaf. X i!90. B, Sieve-tube slime; G and D, sievetube plastids ; and E. piocanibial nuclei from section as in A. b^ and (í, Nuclei
in xylem parenchyma of mosaic l)eet leaves. H to M. Plastids in different
stages of coalescence and nuclei from various cells in mosaic beet leaves.
n to M, X iWO.

PLATE 3
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Transverse sections of a green (A) iinrt yellow (B) area of a medium-sized beet
leaf severely affected by mosaic. X290.
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PLATE 4

Á, Transverse section of mesophyll of lietilthy medium-sized Ijeet leaf. X20O. B to
H, Mesophyll chloroplasts, and I, epidermal plastids and nucleus from healthy
{B to F) and symptnm-fret! (f? to 7) beet leaves, ß to F, fixed according to
Xavashin ; G to /, according to Chami)y. B to I, XS)0O.

Anatomical and Cytoioglcal studies on beet mosaic

PLATE 5

A, Transverse section of a groen area; and B to E. several cells fioni such areas
of very young mosaic beet leaves. A, X29(): B to 73, X900. F, Transverse
section of a yellow area ; and 0 to J, several cells from such areas of the same
leaves as in A to E. F, X 290 ; G to J, XOOO.
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like the green. Some old leaves with mild mottling used in the present study showed only slight histologie differences between the yellow
and green areas, but these leaves might have been infected while they
were partly differentiated and in consequence might have been little
affected by the virus. Whether a leaf showing as striking a difference
between the light and dark areas as in plate 3 would largely eliminate
this difference during further development still remains to be determined. Often the yellow areas show such profound cytologie disorganization that the possibility of recovery seems doubtful. Developmental studies with repeated samplings of the same leaves are desirable in this connection.
In leaves developing after the systemic infection has occurred the
future yellow areas are characterized by suppression of cell divisions,
whereas the cells of the future green areas continue to divide actively
or perhaps even divide at abnormally high rates if the resulting green
area becomes hyperplastic at maturity. In the early stages of development, consequently, the green area (pi. 5, ^) has smaller but
more numerous cells and appears less differentiated than the yellow
area of the same leaf (pi. 5, F), Later, when the green area assumes
its more or less mature characteristics, the yellow area appears as
an underdeveloped portion of the leaf (pi. 3).

EFFECT OF MOSAIC UPON THE PLASTIDS
PLASTIDS OF HEALTHY ÁKD SYMPTOM-FREE LEAVES

Plastids easily react to various stimuli by changes in their appearance, and the modifications within the range of normal variability
are not clearly separated from those indicating a pathologic state.
Because the problem of changes in the physical state of plastids is so
complex {29^ 62^ 61)^ the plastids of the healthy and symptom-free
beets were studied in detail before diseased material was considered.
When plastids were examined in fresh sections, two criteria were
used in identifying living cells : the occurrence of protoplasmic streaming and the presence of mitochondria. Though the absence of streaming does not necessarily indicate that the cell is dead, its presence is
generally regarded as a sign of life. Mitochondria, on the other hand,
are very fragile; their presence indicates that the cell has not been
materially injured in preparation. These bodies were not identified
by applying specific tests; rather, they were located and interpreted
as mitochondria by comparing published descriptions of mitochondria
with bodies observed in cells of a variety of plants, including the beet.
Furthermore, different fixatives were applied under the microscope.
Some were acetic acid fixatives, known to cause a dissolution of mitochondria; others were bichromate fixatives, said to preserve them.
The mitochondria as identified by these means in the beet commonly
appear as dumbbell-shaped rods with swellings on both ends. Frequently the elongated mitochondria separate into pairs of spherical
bodies. With time this separation becomes more common, so that after
2-3 hours of observation the spherical bodies predominate. The mitochondria are carried by the streaming cytoplasm and often show also
an oscillatory movement. Other common bodies comparable in size
with mitochondria occur in the living cells. These, being much more
highly refractive than the mitochondria, are probably oil globules.
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The appearance of the nucleus may also be used as a criterion of cell
condition. In a living cell, with ordinary illumination, the nucleus
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3.—Plastids and nuclei in freehand sections from mosaic-free beet plants.
A, Chloroplasts of a mesophyll cell. X 1,360. B, Chloroplasts crushed by
pressure on cover glass. X 1,360. C, Leucoplasts and nucleus from pith of
hypocotyl. X 1,400. D, Chloroplasts and nucleus from i)etiole. X 1,400.
E, Chloroplasts and nucleus from pith of seedstalk. X 1,400. F, Same as in
E after treatment with a bichromate fixative. X 1,400

FIGURE

shows no structure; but in a dead cell it has a granular reticulum or is
granular throughout.
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According to recent literature, chloroplasts may appear either granular or homogeneous, both conditions being normal (^, 31^ 60^ 62^ 63),
The chloroplasts of the beet leaves, whether from the mesophyll (fig.
3, ^) or from other chlorophyll-containing parenchyma (fig. 3, />),
often show a distinctly granular structure. The granules are arranged in somewhat orderly fashion (fig. 3, J.) ; they appear dark
at one focus, light at another (fig. 3, Z>) ; and when the plastid is
mechanically crushed by pressure on the cover glass, the mass remains
granular (fig. 3, 5). At other times the chloroplasts are very finely
granular, with few, somewhat large granules showing no orderly
arrangement (fig. 5, A-G), No entirely homogeneous chloroplasts
were observed in this study.
The chloroplasts of the mesophyll may be more or less flattened and
appressed to the walls. Sometimes they are spread out so much as
to crowd each other and assume somewhat angular outlines (fig. 5, 5).
Or they may be rounded oíE and not at all crowded (fig. 3, A; 5, 6),
Different cells in the same section may show different degrees of
flattening of the chloroplasts. Though these differences in shape
might partly account for the apparent variations in plastid size,
actual differences in plastid mass probably occur also. The photomicrographs in plate 4, B to H, illustrate variations in size of chloroplasts upon fixation and dehydration in sections of mature leaves.
The plastids in plate 4, 5 to />, were found in different cells of one
leaf section; those in plate 4, E and F. in cells of another; those in
plate 4, G and H^ in cells of a third. Even within a given cell, plastids
/nay vary in size (fig. 5, ^). Apparently in relation to the time of
collection, the chloroplasts either did or did not contain starch grains.
The chloroplasts in plate 4, B to F^ show starch grains.
The chloroplasts of the parenchyma cells surrounding the vascular
bundles of the medium and large veins are smaller and paler than
the chloroplasts of the mesophyll. They tend to aggregate about the
nucleus (fig. 3, D and E) like the leucoplasts that occur in the colorless
pith parenchyma of the root crown or flowering stalk (figs. 3, (7, and
4, J.). The aggregation of certain plastids around the nucleus has
been recorded in the literature {29^ 5'2). In living cells the leucoplasts
or the pale chloroplasts appear to touch the nucleus (figs. 3, G to E),
When killed, however, the nucleus shrinks, and the distance between it
and the plastids is somewhat increased. Figure 3, F^ shows the same
nucleus and plastids as figue 3, E^ but after treatment with Navashin's
fixing fluid. In the fixed cell of figure 4, J., also, the nucleus is somewhat shrunken.
The leucoplasts characteristically undergo amoeboid changes in
shape. Figure 4, 5, shows the changing shape of one leucoplast during 15 minutes. The amoebid shape of leucoplasts is also evident in
figure 3, G^ taken from a living cell, and in figure 4, A, showing a cell
treated with a mitochondrial bichromate fixative. Though the chloroplasts display less tendency toward amoeboid changes, they may have
colorless processes that alter their shape and size (fig. 3, E).
The living leaf sections are eventually injured by the tap water used
for mounting them. Sooner or later after being mounted, certain
cells exhibit vesiculation of plastids. The plastids (and the mitochondria) swell and are converted into vesicles while the nucleus
shrinks (fig. 4, G), When a chloroplast swells, it sometimes appears
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as though split in two halves still attached to the vesicle (fig. 4, i>) ;
or a green granular mass dispersed over the surface of the vesicle makes
the latter appear in optical section like a ring with green particles
adhering to it all around. Whether these particles are within the

A

f f f f ? T

,V~)
% ) ^

c

t m.
1

D

4.—Nuclei and plastids from mosaic-free beet (A-C) and Chenopodium
murale (D) plants. A, Protoplast of parenchyma from hypocotyl treated with
a bichromate fixative and embedded in paraffin. X 1,200. B, Series of freehand drawings of the same living leucoplast from parenchyma cell, showing
amoeboid changes that occurred during 15 minutes. About X 1,200. C,
Shrunken nucleus and swollen chloroplasts and mitochondria affected by tap
water used for mounting. X 1,200. D, Shrunken nucleus and swollen chloroplasts treated with a bichromate fixing solution after they were affected by
tap water. X 1,200

FIGURE

membrane of the vesicle and form bulges on its surface or whether
they adhere on the outside has not been ascertained. The literature
does not clearly answer this question (36, Jjl, 61), One can fix the
vesicles by treating the section with a fixing fluid under the microscope

Anatomical and Cytologica! studies on beet mosaic

PLATE 6

A ¡iiid /?, ('hloioi»lM.sts fioiii a lioaltliy leaf. C. E to /, and M lo y, Cells from
yellow areas of mosaic boet loaves. D, anil J to L. Cells from sreeu areas of
mosaic beet leaves. A to /, Fixed according to Navasliin ; J to Q, according to
Champy. All X nOO.
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(fig. 4, Z>) ; but they have not been observed in paraffin material. In
fresh sections they eventually burst, leaving a greenish granular mass
behind. When during cutting the chloroplasts are extruded from the
cells, they vesiculate much quicker than the plastids within the cells.
There is also a variation in the time when this phenomenon appears
in different cells of the same section. In some cells, probably injured
in cutting, vesiculation appears at once; in others not for various
lengths of time ; or the protoplast may disintegrate without swelling
of plastids.
PLASTmS OF MOSAIC LEAVES

The chloroplasts of the dark-green areas of mosaic leaves (fig. 5,
E and F, and pi. 6, i>, J to L) generally resemble the chloroplasts of
healthy and symptom-free leaves (fig. 5, A to C; pi. 4, B to H), The
two kinds of plastids show similar variati ons in size, degree of granulation, degree of spreading and ñattening ; both may or may not have
starch. Plastids in sections of the green areas of mosaic leaves tend
to show somewhat more pronounced vesiculation than the healthy
mesophyll.
The chloroplasts of the yellow areas undergo pathologic changes of
different degrees. Generally, if these chloroplasts are present as discrete bodies, they are light-colored. Starch is occasionally present if
the plastids are not much modified. The latter apparently vary in
size as much as the chloroplasts of the dark-green areas or of healthy
leaves ; but no statistical studies of plastid size were made during the
present investigation. Chloroplasts in yellow areas show a much
greater tendency toward vesiculation than those in healthy mesophyll
or in dark-green areas of mosaic leaves. Numerous cells in water
mounts of sections of yellow areas appear as though filled with foam
(fig. 5, G)^ the vesicles sometimes deforming each other. More or less
fragmented chloroplasts are associated with the vesicles. Eventually
the latter burst, and a granular pale-green or yellowish mass remains.
Chloroplasts that do not become vesiculated tend to be spread out
very thin or to coalesce. Sometimes they appear amoeboid in shape
(fig. 5, Z>). The different appearance of the coalescing plastids suggests the following sequence in the process. The plastids are clumped
within a cytoplasmic sheath that appears very tenuous (fig. 6, J.).
Then the chloroplasts lose their sharp outlines (fig. 6, ¿7), and finally
the plastids and the cytoplasm together appear as a greenish mass
closely appressed to the cell wall (fig. 6, 5). At this stage the cells
still respond with plasmolysis to hypertonic sugar solutions. Eventually, in fresh sections, the coalesced material fragments. At the
same time the nucleus becomes granular, and crystals appear in the
cell. Some highly refractive bodies, usually one per cell, may be
present before the cell becomes completely disorganized (fig. 6, J-,
above) ; but there may be similar bodies in symptom-free sections
also. Usually the plastids appear in different stages of coalescence
when the section is mounted, but sometimes fusion occurs during observation. Thus of the two cells in figure 6, 2>, the lower showed
fusion of plastids about 30 minutes after the section was prepared.
The plastids clumped together, became coarsely granular, and then
fused (fig. 6, E). Cytoplastic streaming ceased, and crystals appeared
near the nucleus. The slide was placed in a refrigerator overnight, and
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5.—Mesophyll cells from freehand sections of sugar-beet leaves mounted
in tap water. A to (7, From a plant free of symptoms ; D and G, from yellow
areas, and E and F, from green areas of mosaic leaves. Further explanations
In text. All X 1,450.
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6.—Mesophyll cells from mosaic beet plants mounted in tap water. The
chloroplasts in A to O and E are in different stages of coalescence. The chloroplasts in B are not coalesced, but the lower cell in D appeared as in í7 30 minutes after being mounted. All X 1,450.
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next morning the upper cell was still intact. In the lower cell,
however, the protoplast was completely disintegrated. The two cells
in figure 6, Z>, were originally drawn to illustrate the characteristic
variation in chloroplast size in the mesophyll of mosaic and diseased
beet leaves. The cells in figure 6, Z>, occurred in the border between
a yellow and a green area.
Coalescence of chloroplasts in yellow areas is evident also in parafiin
material. Plate 6, 6^, shows coalesced plastids within the cytoplasmic
sheath Iming the walls of two cells. Plate 6, E to /, ^ives several face
views of partly and entirely fused chloroplasts. The spreading of
plastid material in earlier stages of coalescence is obvious in plate 6, E^
a view which strikingly contrasts with that of the rounded-off plastids
from a dark-green area in plate 6, D, The occurrence of coalesced
plastids in paraffin material and in parts of fresh sections somewhat
removed from cells obviously injured in preparation indicates that
the chloroplasts of yellow areas may be in various stages of coalescence in intact leaves.
Rather thoroughly degenerated cells such as are encountered in
paraffin sctions of yellow areas appear in plate 6, M to Q. For contrast, cells from the dark-green areas of the same leaf are shown in
plate 6, / to Z. In plate 6, i/, the chloroplasts, nucleus, and cytoplasm
form together a protoplasmic sheath closely appressed to the wall.
This sheath is rather thick where the nucleus occurs. The cell in plate
6, iV, contains darkly staining deposits, probably tannic in nature, as
well as the photoplasmic sheath lining the wall. The cell in plate
6, Ö, is similar except that it shows also a vesiclelike structure at the
lower right. Another vesicle appears in the cell above. The origin
of these vesicles has not been determined. They are probably not
degenerated nuclei, because often more than one vesicle occurs in a
cell, whereas the chloroplasts are part of the coalesced mass lining
the wall. In plate 6, P and Ç, the plastids appear like irregular
amorphous masses smeared on the wall. The nuclei were not discernible in cells shown in plate 6, N to Q.
It seems doubtful that cells so disorganized as those in plate 6,
M to Q^ could recover and become more nearly like those of the darkgreen areas (pi. 6, / to Z). The literature indicates, furthermore
(see Discussion), that fusion of plastids, sometimes called agglutination (39)^ is an irreversible process. The degenerative changes observed in the chloroplasts of the yellow areas, especially their
pronounced tendency to swell and burst in water mounts or to fuse
into amorphous masses, indicates a profound alteration in their physical state. The entire protoplast appears to be changed, since the cells
in the yellow area usually show no shrinkage of protoplasts (pi 6,
0^ M to P) such as commonly appears in paraffin sections of healthy
(pi. 6, A and B) and dark-green cells (pi. 6, Z).
Since the partly or completely coalesced chloroplasts of diseased
cells stain lightly, in photography the contrast must be artificially
increased in order to bring out the plastids, as in plate 6, P and Q.
The diffuse condition of the plastids and their light staining explains
the difference in cytological appearance between the dark-green and
the yellow areas. In the former the chloroplasts are discrete, more
or less deeply stained bodies (pi. 3, J.) ; in the latter they are obscure

(pi. 3,5).
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The degree of ehloroplast degeneration in yellow areas varies in
different leaves and also in different parts of the same leaf or even
of the same yellow area. These differences might be caused by a delay
in virus entry into some areas or cells as compared with others, or by
variations in resistance of cells to the virus. A combination of the
two factors might be assumed also. There is evidence, however, that
the mosaic virus affects the chloroplasts in different stages of development. Scarcity of plastids and suppression of cell division clearly
differentiate the yellow (pi. 5, F~J) from the green (pi. 5, A-E)
areas in leaves that show the earliest signs of mottling. Judging
from the youngest sections in plate 5, B and G^ the ehloroplast development might be suppressed or delayed in the yellow areas. At least,
it is difficult to decide whether the appearance of cells as in plate 5,
G, results from inhibition of ehloroplast development or from disorganization of structures already present in the cells. According to
Sheffield {S3)^ plastid primordia usually are destroyed in solanaceous
hosts having aucuba mosaic, whereas mature plastids are not affected
by the virus. No special attempts to distinguish plastid primordia
from plastids proper were made in the present study. Certainly, however, the yellow areas are deficient in plastids at the earliest stages
of their differentiation (pi. 5, G), Slightly later (pi. 5, H to J) some
plastids develop, but they stain lightly and are somewhat diffuse. In
still older leaves the yellow areas may have more or less affected chloroplasts (pi. 6, E^ F^ H), or the latter may be thoroughly disorganized
(pi. 6, G^ /, J/, to Q), Probably the more severely degenerated cells
are those affected by the virus in their earliest stages of development.
The evidence that choloroplasts of partly developed leaves are
affected by the mosaic virus was obtained from leaves that were inoculated or that received the virus from the inoculated leaf in advanced
stages of development.^ Yellow spots sometimes develop at the place
of inoculation. In the present study such spots showed signs of injury,
apparently caused by rubbing the leaves during inoculation; the
epidermal cells on the upper side of the blade and sometimes also the
deeper layers of mesophyll were necrotic, and wound-healing reactions had set in beneath the necrotic cells. As is well known, woundhealing involves hypertrophy and hyperplasia accompanied by loss
of chloroplasts, if the latter are present in the affected tissue. Many
other cells, however, in the yellow areas somewhat removed from the
places of superficial necrosis also showed degeneration of chloroplasts.
The latter appeared very small or diffuse or were fragmented, or the
entire protoplast was replaced by ñocculent material. Darkly staining bodies of cholorplast size, possibly necrotic chloroplasts, also occurred in these sections ; and some entirely necrosed cells were dispersed
among those that were still intact. Similar degenerative changes occurred in the yellow strips of mesophyll that were located along the
larger veins through which the virus moved out from the place of
inoculation; also in the yellow mesophyll associated with a lateral
vein in a leaf that was in an advanced stage of development when the
virus entered the plant through another leaf. All the sections mentioned above were compared with similar sections of mesophyll from
symptom-free parts of the same leaves. These showed no plastid
abnormalities. Plate 7, A^ illustrates a section of yellow mesophyll
Ö This material was prepared by Dr. C. W. Bennett.
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occurring along a lateral vein through which the virus passed when
the leaf was partly grown. The scarcity of chloroplasts strikingly
contrasts this section with the mesophyll in plate 7, 5, taken from a
similar position in the opposite, symptom-free side of the same leaf.
The observations just given indicate that cells in different stages of
differentiation may be affected by the virus.
Though the chloroplasts of the mesophyll show the most striking
effect of the mosaic, the plastids of the parenchyma along the larger
vascular bundles apparently also become disorganized. Such cells
sometimes contain flocculent or reticulate bodies that lie more or less
close to the nuclei (pi. 2, /, /, and if/). These bodies may also occur
in parenchyma cells of the vascular bundles (pi. 2, K) and in epidermal cells (pi. 2, i). The bodies seemingly result from coalescence of
plastids. As already mentioned, plastids of some kinds of parenchyma and of the epidermis frequently aggregate near the nuclei (pis.
2, ¿T, and 4, /). This tendency would explain the proximity of the
bodies to the nuclei. Views like the one in plate 2, /, suggest transitional stages between the aggregation of plastids near the nucleus and
their fusion into a body. The absence of plastids in cells containing
the bodies is still another indication that these bodies are related to
plastids. Morphologically the bodies in mosaic beet parenchyma
resemble the X-bodies described in other mosaic diseases.
DISCUSSION

In general, the results of the present study of the mosaic sugar beet
agree with other workers' conclusions that the yellow areas in the
mottled leaves of plants affected by mosaic viruses are deficient in
chlorophyll and tend to be more or less thin as compared with the
dark-green areas (7, S, 9, U, 15, '25, S2, Jß, 55, 65, 66). The mosaic
beet, furthermore, in common with many other mosaic plants (9, H,
Iß, 65, ^^), shows certain juvenile characteristics in the yellow mesophyll : the latter is not differentiated into palisade and spongy parenchyma and its cells are cuboidal in shape and rather closely packed.
In other words, these areas are underdeveloped, or hypoplastic, as
compared with the green areas of the diseased leaves and with the
mesophyll of the healthy leaves. Usually the yellow areas are described also as thinner than healthy mesophyll. An exception appears to be mosaic DaMira stranbonium, in which, according to Smith
{55), the yellow areas are approximately as thick as the healthy
mesophyll. In the mosaic beet the yellow areas, though tending to be
comparatively thin, varied in thickness and were sometimes as thick
as the green areas of the same leaf or as the mesophyll of healthy
leaves.
The dark-green areas of mosaic leaves are often described as thicker
than healthy leaves (i^, 15, Jß, 55). Unusually long, narrow palisade
cells are mentioned as occurring in these areas. Goldstein {25),
on the other hand, regards the dark-green areas as hypoplastic, though
less so than the yellow areas. According to Clinch {9), the green
spots of potato leaves affected with crinkle are thicker than healthy
leaves, but in potatoes affected with certain other mosaics they are
of the same thickness as the healthy meteophyll. In the present
study the green areas of some mosaic beet leaves were markedly
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thicker than healthy mesophyll of similar age, whereas in other leaves
the green mesophyll resembled the healthy.
According to the review just given with regard to thickness of
mesophyll, the degree of difference between the yellow and the green
areas on the one hand and between the healthy and diseased leaves on
the other may vary considerably. Workers have also presented conflicting data on the severity of cytologie effects of mosaic viruses, such
as abnormal starch accumulations (7, P, 16^ SJf,^ Jß^ 5S^ 57^ 65^ 66)^ or
the inhibition of plastid development, or the occurrence of chloroplast
destruction {7-16, 25, S%, SJf., Jß, U, 53, 67). Such variations may be
expected. Viruses naturally differ in virulence, and the severity of
symptoms is affected by the age of the leaf at the time of infection.
Thus Stone {67) found little effect of the mild mosaic virus upon the
leaf thickness in potato, whereas Hoggon {32), using other mosaic
viruses, observed the usual reduction in thickness of the yellow areas
in solanaceous hosts. As Goldstein's {26) study, on the other hand,
clearly shows, leaves infected when still very young exhibit more
marked external symptoms and internal abnormalities than those that
were partly differentiated when the virus entered them. Various environmental conditions also affect the expression of symptoms, as is
evidenced by the masking of symptoms that occurs under certain conditions of light and temperature in many mosaics. The divergent
reports on starch accumulation must be judged in the light of the observations that viruses delay both accumulation and removal of chloroplast starch. The susceptibility of symptom expression to various internal and external factors might well explain the conflicting data on
the anatomic and cytologie abnormalities in mosaic diseases.
As was observed in the introduction to this paper, some workers
attribute the abnormalities of the yellow areas of mosaic leaves to
underdevelopment only; others describe destructive changes in the
affected protoplasts as well. The present study supports the view that
the cell contents are disorganized in mosaic leaves. Clinch's {9) conclusion that definite physiological disturbances act in conjunction with
an initial underdevelopment seems to picture correctly the abnormalities in the light areas of mottled leaves.
Hypoplasia in yellow areas merits further attention from students
of pathological anatomy. In partly or fully developed leaves the yellow mesophyll usually appears more juvenile than the green. Judging
from certain developmental studies on mosaic plants {12, H, SJt), cell
division in early stages of differentiation of mosaic leaves is suppressed
in the yellow areas. Similar observations were made in the present
study. " Iwanowski {3Ji), furthermore, pointed out that the yellow
areas precociously develop intercellular spaces, so that in J^oung leaves
these parts seem to consist of a tissue older than the still-dividing,
compact green mesophyll. Grainger and Heafford {27) found that
certain groups of mesophyll cells in leaf primordia of mosaic tobacco
underwent earlier vacuolation than other adjacent ones ; they suggested
that these cells would become the yellow areas in the mature leaf. This
suggestion, if correct, would indicate that the cells in the yellow
areas complete differentiation before those of the green. The early
appearance of intercellular spaces and the suppression of cell divisions
in these areas point in the same direction. Apparently, then, in the
early stages of differentiation, the yellow areas are hyperplastic, since
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certain phenomena of tissue maturation appear in them earlier than
elsewhere in the mesophyll. Later they appear hypoplastic because
they do not complete the typical differentiation of the mesophyll tissue.
Certain workers interpret the mottling of mosaic leaves as the result
of an uneven spread of virus in the affected leaves (i^, 25^ 53). Light
areas arise in those parts of the leaf that are still very young when
invaded by the virus, whereas green areas develop if the virus is late
in reaching the cells. Despite good evidence that yellow areas contain a higher virus concentration than the green leaf parts (^6\ S3),
other phenomena besides the uneven spread of the virus might cause
the mottling in mosaic leaves. Cells within the same tissue, even
those occurring side by side, may react differently to the same stimuli
or to injurious agents. Alexandrov (1) found that the tendency of
sunflower chloroplasts to swell under certain climatic conditions varies
within the same part of the leaf. According to Beauverie (^), fusion
and degeneration of epidermal chromoplasts in Ranunculus petals
treated with saponin may occur in one cell and not in another adjacent
to it. Finding that certain zones die off in leaves of Bryunv capillare
treated with a-rays, while others remain alive, and that there are no
transitions between the two zones, Biebl (ß) assumed that the dead
parts were less resistant. Gratzy-Wardengg (28) observed that starvation caused the plastids to disintegrate in most cells of fern prothallia, but that certain "green islands" of cells retained their chloroplasts. These cells showed particularly high osmotic values and were
able to undergo regenerative changes. According to Schwarz {51),
Selaginella grown at temperatures of 10° C. and below develops variegated leaves, the plastids degenerating in the white areas. Islands
of green cells may remain, however, within the white tissue, indicating
that individual cells vary in their responses to low temperatures.
Sometimes one of two guard cells of the same stoma may remain green
while the other turns white. At the present stage of our knowledge
of the virus-host relations, we cannot ignore the possibility that cells
of the same age and location in the plant body vary in susceptibility
to the virus.
With regard to the plastid abnormalities observed in the mosaic
beet leaves, both vesiculation and fusion of plastids have been described
by many workers. These abnormalities may be induced by various
factors. In general, living plastids respond easily with vesiculation
to changes in the osmotic equilibrium (^, 4, 29, SS, Jß, 61), The
swollen vesiculated chloroplasts may endure for many days, reacting
to hypertonic and hypotonie solutions with changes in volume {36,39).
As a rule, the vesiculated plastids eventually burst, leaving behind a
greenish granular mass. Knudson {37), however, reported having
obtained a stable form of vacuolated plastids in Polypodiuan aureum
gametophytes that occurred in progenies from X-rayed spores.
Several workers have recorded vesiculation of chloroplasts in fresh
sections of mosaic-diseased leaves. Iwanowski {3Jt), who found that
vesiculation in mosaic tobacco occurred most rapidly in the yellow
areas, took this fact to indicate a lower resistance of these plastids.
Similarly, Hoggan {32) saw plastids of the yellow leaf parts in mosaic
potatoes swelling into colorless vesicles. She suggested that this phenomenon might bear on the formation of spheres in tomato mosaic
reported by Sorokin {56). The liquefaction of the chloroplasts de-
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scribed by Eckerson {17) in tomato mosaic also somewhat resembles
vesiculation. According to Beauverie (^, 4)5 vesiculation of chloroplasts in potatoes affected with leaf roll becomes more pronounced
with increase in severity of the symptoms. Cook {12) and Sheffield
(5^), observing vesiculation of chloroplasts in healthy and virusdiseased leaves, concluded that it had no bearing on the diseases. The
results of the present study—observations on the rapid vesiculation
and disintegration of chloroplasts in the diseased leaves and on the
relatively greater stability of the chloroplasts in the symptom-free
leaves—support the concept that resistance of the plastids to changes
in the osmotic conditions of the environment is reduced by the presence of the virus.
The spreading of plastids, their loss of characteristic shape, the
clumping and fusions observed in the mosaic-diseased beet leaves, all
indicate a physiological disturbance. Similar plastid abnormalities
have been frequently described in the literature. Although constituting pathologic phenomena, they are not sharply separated from
normal variations in shape and consistency of plastids. A spreading
and flattening of chloroplasts, so that they crowd each other and become angular in outline, is apparently a normal state of the chloroplasts in the mesophyll, which, however, alternates with a rounding
off in relation to changes in light, temperature, moisture, and other
conditions (^, 52^ 6J¡). Amoeboid changes in shape with the production of pseudopodialike processes are known to occur in chloroplasts
and particularly in leucoplasts under apparently normal conditions
{2S^ 29^ Sl^ 38^ 39,1^9, 52, 61), Plastids may produce pseudopodia in
light and round off in darkness (^5). Pseudopodia may be formed
by plastids when the cells are exposed to X-rays or are treated with
plasmolyzing agents (6>, 2Jp, 37, 39).
Spreading and change in the shape of plastids, however, may be the
beginning of pathologic changes that result in their coalescence and
final breakdown {3,6, 28, 39, il). The fusion of plastids into an apparently viscous mass, sometimes called agglutination {39, 4^), has
been induced by treatment with hypotonie and hypertonic solutions,
alcohols of low percentages, other organic substances, a-rays, and
neutral red {3, 6,39, Jfl, 69, 61), Though agglutination is usually described as an irreversible pathologic change, Knudson {37) reported
agglomerated and fused plastids as stable forms in gametophyte progenies from spores of Polypodiwn aureum treated with X-rays.
Clumping and fusion of plastids have rarely been recorded by students of mosaic diseases. Dickson {U) spoke of agglomerations of
chloroplasts and coalescence into irregular green masses in severe
mosaic infections. Nelson {U)^ describing bean mosaic, mentions
flattening of the stroma of chloroplasts and their eventual collapse
into a coherent mass of viscous, pale-yellow or colorless material with
a highly refractive surface. Loss of contours, clumping and fusion
of plastids, were also observed in noninfectious chlorosis and variegations {30,50,51),
Judging from the data on plastid abnormalities, these structures
can react similarly to many different injurious agents and environmental effects. The vesiculation and coalescence of chloroplasts in
mosaic leaves cannot, therefore, be regarded as responses to a specific
action of the mosaic virus. They are symptoms of physiologic dis.

114

Journal of Agricultural Research

voi. 69, No. 3

turbances within the diseased cells—disturbances that might be
brought about by various agencies, as well as viruses, and which reduce the stability of the plastids.
SUMMARY
Sugar-beet leaves with systemic symptoms of mosaic used in the
present study showed no abnormalities in the phloem ; this tissue was
not degenerated, nor did it contain any foreign or abnormal bodies.
Apparently the mosaic virus is less intimately related to the phloem
than is the curly top virus, which constantly and primarily induces
phloem degeneration in the affected plants.
The mottled mesophyll of the mosaic-diseased plants shows the usual
characteristics of mesophyll of mosaic leaves. The yellow areas tend
to be thinner than the green areas and show certain juvenile characteristics : their cells are nearly isodiametric and rather closely packed,
with no typical differentiation into palisade and spongy layers.
Early in development the yellow areas show scanty cell divisions, so
that at first they have larger cells and appear more mature than the
small-celled green areas in which divisions are still continuing. The
green areas resemble healthy mesophyll or appear hyperplastic. The
degree of difference between the yellow and the green areas, on the one
hand, and between the diseased and healthy leaves, on the other,
varies considerably.
The chloroplasts of the yellow areas undergo pronounced pathologic
changes. In young cells they are deficient in number, possibly because of delayed development or destruction of plastid primordia.
In older cells the chloroplasts are pale and fragile; they readily respond with swelling and disintegration to the contact with tap water.
Or the chloroplasts are diffuse and irregularly shaped, and stain
lightly. In the most severely diseased cells the chloroplasts fuse into
amorphous masses. Nuclei may be absent from such cells. According to the literature, similar degenerative phenomena occur m plastids
exposed to many different injurious agents. Apparently they are
symptoms of physiologic disturbances which are caused withm the
diseased cells by the presence of virus, but which are not necessarily
responses to any specific action of the virus.
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