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PLANT-TISSUE RELATIONS OF THE SUGAR-BEET
CURLY-TOP VIRUS '
By C. W. BENNETT
Pathologist^ Division of Sugar Plant Investigationsj Bureau of Plant Industry,
United States Department of Agriculture
INTRODUCTION

The distribution of virus in different organs of affected plants
received attention from some of the pioneer investigators inj#ie field
of plant virus diseases. More recently, consideration has heén given
to the tissues that may be concerned in the increase a^Ö distribution of virus in the plant and to the production of primary and secondary pathologic symptoms. Enough evidence has beeujaccumulated
to indicate a wide range of variability among viruses in their relation
to various tissues of affected plants.
The virus of true tobacco mosaic furnishes one of the best examples
of rapid and extensive invasion of tissues. It seems to have a general
systemic distribution in tobacco (Nicotiana tabacum L.) and probably
invades nearly all the living cells of the plant. Certain other viruses
have a more limited distribution and seem able to invade only specific
tissues or parts. For example, it is doubtful whether the curl virus
of raspberry (Rubus trigosus Michx.) occurs in tissue other than
phloem, and the virus of the phony disease of peach {Amygdalus
pérsica L.) is known to be restricted to the root system in the peach,
though distinct pathologic symptoms occur on the tops of affected
plants.
Considerable evidence, largely circumstantial, has been accumulated which indicates an intimate relationship between viruses and
phloem tissue, and which may be summarized as follows: (1) In
virus diseases, such as potato leaf roll and sugar-beet curly top, in
which necrotic areas are characteristic, necrosis is largely restricted
to the phloem where it begins; (2) in certain virus diseases, notably
tobacco mosaic, sugar-beet curly top, and maize streak, the rate of
viru's spread in the plant is best explained by assuming that the phloem
is the main channel of movement; (3) it is believed by some workers
that most insect vectors habitually feed on vascular tissue, and this
has been shown to be true in the case of the vector of sugarcane
mosaic; (4) the virus of raspberry curl and that of two types of raspberry mosaic may be restricted in their movement through the plant
by removing rings of bark. Furthermore, in curly top and certain
other virus diseases the low percentage of infection obtained by artificial methods of inoculation may be due to inability, with the relatively crude technic available, to place the virus in susceptible vascular tissue without causing injury that inhibits development of the
1 Received for publication Oct. 16,1933; issued June, 1934.
Journal of Agricultural Research,
Washington, D.C.
65578-34
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virus. Some of the evidence indicates the possibility of complete
restriction of virus to the phloem tissue in a few diseases, although it
cannot be contended that this may prove to have a general application.
The wide botanical range of plants affected by the curly-top virus
offers possibilities for an extensive study of some of the relations of
this virus to different plant tissues. Taking advantage of tliis fact,
experiments have been performed with a view to securing data on such
problems as that of determining the tissues in which the virus must be
placed to produce infection, the tissues on which the vector of the virus
of curly top feeds, the tissues from which the virus may be recovered,
and the channels and rate of dispersion of the virus in the plant.
ARTIFICIAL INOCULATION

Infection of sugar beets {Beta vulgaris L.) or of other plants susceptible to curly top by other means than the feeding of leaf hoppers,
Eutettix tenellus (Baker), has been obtained with difficulty and in only
a very small percentage of the plants inoculated. Severin {22) ^
induced infection in beets by making repeated punctures with insect
pins into the crown through drops of expressed beet juice. Carsner
and Stahl {8) were successful in obtaining infection in only a few of a
large number of plants inoculated by artificial means. Dana {11) in
one experiment produced infection in 8 of 16 beet plants. In other
trials in which beets, spinach {Spinacia olerácea L.), and tomato
{Lycopersicon esculentum Mill.) were inoculated, a low percentage of
infection was obtained.
An effective method of artificial transmission of curly top would
facilitate materially the study of many of the problems presented by
this disease and its causal agent. The results of artificial methods of
inoculation, whether or not successful in producing infection, should
throw some light on the general question of the plant tissues in which
the virus may multiply and from which it can exert its effects on the
plant as a whole. With these points in mind, a number of methods of
inoculation were tried, most of which are already in general use.
The plants inoculated included sugar beet, Hubbard squash (Cucúrbita maxima Duchesne), Turkish tobacco {Nicotiana tabacum L.), and
Black Valentine bean {Phaseolus vulgaris L.). Affected specimens of
all these plants and also macerated beet leaf hoppers were used as
sources of inoculum. Plants of various ages and conditions of growth
were used with the different methods of inoculation. The experiments
were made at Kiverside, Calif., from 1929 to 1932.
NEGATIVE RESULTS OF INOCULATIONS THROUGH XYLEM

In the earlier experiments attempts were made to infect through the
xylem elements of the vascular bundles. Twenty plants having roots
approximately 1 inch in diameter were taken from the soil, the lowei"
third of the main root was cut away, and the cut surface of the remaining root was placed in centrifugalized juice from diseased beets.
The plants were placed for 8 hours in a dry atmosphere, to increase
transpiration, and were then transplanted to 6-inch pots. All remained healthy.
3 Reference is made by number (italic) to Literature Cited ,p. 700.
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In a modification of the above experiment, 10 beets were transplanted to 3-inch pots, a portion of the main root of each beet being
allowed to project through the drainage hole at the bottom of the
pot. The 3-inch pots were set on the surface of soil in 6-inch pots
with the projecting root embedded in the soil of the larger pot.
After the plants had become adjusted to this new condition the smaller
pot, with the projecting root system, was carefully removed from the
6-inch pot, and the exposed roots were washed free from soil and
severely pruned. The 3-inch pots were then placed over containers
so that the exposed part of the beet root was immersed in a liquid
composed of 1 part juice from diseased beets and 3 parts tap water.
The soil in the pots was allowed to become quite dry, and the plants
were placed in a dry atmosphere to increase the amount of inoculum
taken up by the root system. After 48 hours the plants were removed
and transplanted to 6-inch pots. No disease developed in any of
these plants.
In a later experiment, 20 rapidly growing beets having a crown
diameter of about 1 inch were used. A hole was bored through the
crown by means of a small-size cork borer. Glass tubing was inserted
to a distance of about one fourth of an inch in each end of this hole.
The beets were then joined in series by means of rubber tubing and
connected to a liter flask containing centrifugalized juice from diseased
beets. A layer of heavy oil was poured over the surface of the beet
juice in the flask to reduce oxidation. A gravity flow of beet juice
through the system was started, the juice being taken from near the
bottom of the flask. The flow of beet juice was regulated to about 20
drops per minute by means of a pinchcock at the distal end of the
system. This volume of flow was continued for 48 hours, with a
change to fresh beet juice every 12 hours. None of these plants
developed signs of curly top.
In the experiments described above it is reasonable to conclude
that considerable beet juice was taken up by the tracheae of the
inoculated plants and that this juice contained active virus. The
failure to produce disease indicates that the curly-top virus does not
pass from tracheae into cells or tissues that permit it to become
established and to initiate pathologic symptoms.
RESULTS OP VARIOUS METHODS OF INOCULATION

Many plants have been inoculated by other methods. These
methods consisted of puncturing leaves, cotyledons, and crowns of
young plants through drops of inoculum by means of small needles;
rubbing leaves with rolls of cheesecloth saturated with inoculum; and
injecting inoculum into the hollow stems of squash and into the pith
of tobacco by means of a hypodermic needle.
Inoculum was prepared in the following ways: (1) Diseased plants
were ground in a meat chopper, the juice was expressed and centrifugalized, and the relatively clear liquid was decanted and used as
inoculum; (2) viruliferous beet leaf hoppers were macerated in a small
amount of water in a mortar and used as inoculum; (3) the surfaces of
the crowns of diseased beets were cut away with a sharp knife and the
exúdate from the cut surface was collected and used as inoculum.
The results of these inoculations are given in table 1. Centrifugalized juice from diseased plants proved to be a very poor source
of infectious material with the methods of inoculation employed.
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Macerated leaf hoppers likewise were a poor source of infectious
material, although the number of plants inoculated was too small to
justify final conclusions. The best results were obtained from the use
of exúdate from the cut surface of diseased beets. With this material,
14 of the 124 plants inoculated became infected. Although this is a
low percentage of infection, it is so much higher than that obtained
by the use of expressed juice that it is worthy of further trial.

HOW THE BEET LEAF HOPPER FEEDS
With few exceptions, insects that are important vectors of plant
viruses have mouth parts adapted for sucking plant juices. The
feeding habits of a considerable number of species of sucking insects
have been studied by several investigators who have determined the
relation of feeding punctures to specific tissues. These investigations
have dealt predominantly with insects not associated with the spread
of plant viruses, though several of the species cause severe injury to
their host plants as a result of the introduction of toxic substances.
TABLE

1.—-Results of artificial inoculation of sugar heety Turkish tobacco^ Huhhard
squash, and Black Valentine bean with virus from different sources

Inoculum

Juice of beet
Do
Do
Juice of Hubbard squashDo
Juice of Turkish tobacco. _►
Do
_
Do
Juice of Black Valentine bean
Crushed beet leaf hoppers
Phloem exúdate from beet.

Plant inoculated

- -_

Beet
_
Hubbard squash
do
Beet
do
_ Turkish tobacco
..
do
Beet
Black Valentine bean.._
Beet
do-

Number of plants
Method of
inoculation «
Inoculated Infected
1
1,2
4
2
1
2
1
1
3
1
1

80
80
20
80
80
80
20
80
80
80
124

0
0
0
0
0
0
1
0
0
0
14

a Numbers in this column refer to the following methods of inoculation: 1, Needle punctures into crown
through drops of inoculum; 2, needle punctures into crown through diseased leaves; 3, gentle rubbing of
leaves with a roll of cheesecloth saturated with inoculum; 4, inoculum injected into the hollow stem of
squash or into the pith of tobacco by means of a hypodermic needle.

Büsgen (6), Davidson (12), Horsfall (16), Kenneth M. Smith (26),
and others have shown that aphids, which constitute by far the most
important group of vectors of plant viruses, feed on the phloem
tissues of the plants on which they live. Other sucking insects feed
on parenchyma or vascular tissue or both, depending on the species.
Leaf hoppers as a group, obtain food material from a number of
tissues. Smith and Poos (24) found that of 6 species studied 5 fed
primarily on the mesophyll of the leaf and 1 on the phloem.
In only a few instances have careful studies been made of the feeding
habits of insects in relation to transmission of plant viruses. Brandes
(5) has shown that Aphis maidis Fitch, a vector of sugarcane mosaic,
makes the phloem its primary objective. The stylets of this insect
penetrate the epidermis directly, pass through cells and intercellular
spaces of the underlying tissues, and terminate in the phloem of a
vascular bundle. Kenneth M. Smith (26) states that the species of
aphids that transmit potato leaf roll, as well as species that do not
transmit this disease, feed on the phloem.
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No information has been published regarding the tissues from which
the beet leaf hopper obtains its food supply. Observations on leaf
hoppers caged on beets indicate that they prefer the veins. This
preference is especially noticeable if the leaf hoppers are feeding on
petioles. In the sugar-beet petiole there are normally five or more
large veins and several smaller ones arranged in an arc beneath the
convex surface. The larger veins are deep-seated. The smaller
veins vary in this respect, but those in the acute angles of the petioles
are always very close to the surface. In feeding, leaf hoppers arrange
themselves in greatest numbers along these angles as if seeking the
smaller and more superficial veins.
To supplement these observations on the feeding of the beet leaf
hopper, more detailed investigations have been undertaken. This
work has included a microscopic study of mouth parts inserted in the
tissue, and similar studies of the feeding punctures in the beet petiole
by means of freehand sections of fresh petioles and by means of
embedded and stained material.
In obtaining mouth parts fixed in feeding position, leaf hoppers
after being starved overnight were placed on beet petioles and allowed
to feed until quiet. They were then subjected to a temperature of
about 28"^ F. for several minutes or until they became inactive. A
capillary pipette filled with ether was applied to the posterior end of
the abdomen of each insect that remained undisturbed on the petiole.
The etherized insects were covered with melted agar to fix them firmly
in place. Portions of petiole with the agar-embedded leaf hoppers
were killed and fixed in Schaffner's clu-omo-acetic solution, and
sectioned in the usual way. A very slight movement of the leaf
hoppers before or during the killing and fixing processes resulted in
partial or complete withdrawal of the stylets. Many leaf hoppers
were found with stylets exserted from the labium but not inserted in the
tissue, or only partly so. However, several leaf hoppers were satisfactorily fixed with the mouth parts apparently in normal relation to
the plant tissue.
In further studies leaf hoppers were allowed to feed from 12 to 24
hours on petioles and were then removed. Some of the petioles were
sectioned immediately; others were killed, embedded, sectioned, and
stained. The line of puncture is quite evident in fresh material as
well as in stained sections. In penetrating the tissues the leaf hoppers
form a sheath which completely encases the stylets. After the stylets
are withdrawn this sheath remains and a definite line through the
center marks the position of the stylets. In live petioles the sheath
when first laid down is almost colorless but soon takes on a yellowish
coloration which clearly differentiates it from the plant tissue. In
prepared sections it takes a deep safranine stain with the safranineDelafield's haematoxylin combination (fig. 1).
A study of leaf-hopper mouth parts in feeding position in conjunction with a study of numerous punctures in fresh and prepared material
furnishes a complete picture of the relation of mouth parts to the
various tissues of the plant during feeding. These studies have shown
clearly that the leaf hopper is able to penetrate cell walls without
difficulty (figs. 2 and 3). The line of puncture extends from the
epidermis through and between cell walls of the subepidermal layers,
frequently to vascular bundles. The path of penetration usually is
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straight and directed toward a vein. However, the path may be
curved and frequently is branched near the tip (fig. I, A). Apparently
the stylets can be bent in only one direction at a time, but by partly
withdrawing them and inserting them in another direction the leaf
hopper is able to explore a considerable area. Some trails curve
toward a vascular bundle from an initial direction that would have
'**!K-,
■t^TTj

#1
B

A'

C

,'V^

V^
>
^ . •

D
FiíiUKE 1, yl-7'.—I'ath of feedinn punctures of KuicItU Unellm in beet petioles. Kesults of probing ure
shown in A and ehange of direction to reacli vascular bundles in Ji and C. A puncture terminating in
parenchyma is shown in E. X Ü0.

terminated in parenchyma (fig. \,(J). Punctures made from the xylem
side of the petiole usually veer away from the middle of the bundle
and enter the phloem from one side. A few instances of xylem invasion
were noted in which copious quantities of exúdate were deposited in
the tracheae (fig. 3). Whether this happened by chance or whether
leaf hoppers extract water or food from the xylem is diflicult to
determine. However, the number of punctures terminating in the
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phloem and the amount of probing sometimes done, apparently in
order to locate the phloem, indicate that this is the tissue of primary
importance in supplying food.
One hundred punctures were counted and classified on the basis of
the tissue in which they terminated. Of these, 24 terminated in or
near the phloem of small veins; 22 terminated in or near the phloem
of large veins; 46 terminated in parenchyma outside of the bundles
but began from points from which bundles could have been reached

Fic uiiE 2.—.4-6', Uros.s sections of beet petioles. The stylets of Kutettix teneiim are embedded in the ti.ssue
m the normal feeding position. X 'JO.

Only 8 trails were found in the parenchyma of the concave side of the
petioles originating from points from which bundles could not have
been reached. It should be stated that'.the section from which these
counts were made came from small petioles on which large numbers
of leaf hoppers liad fed. Larger petioles and smaller numbers of leaf
hoppers might be expected to give different results and probably
would reduce the number of punctures terminating in the parenchyma
outside of the bundles, many of which were very shallow and were
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probably made by leaf hoppers disturbed before maximum penetration had been effected. None of the punctures in the parenchyma was
branched nor was there other evidence that the leaf hopper spent
much time in exploring such areas. In view of these facts and of
evidence to be presented later showing that the leaf hopper derives
very little of the life-sustaining materials from parenchyma, it seems
probable that in making these punctures the leaf hoppers were merely
searching for a more desirable medium from which to extract food.
Several investigators have mentioned the sheath material found in
the feeding punctures of sucking insects, but there is a lack of agreement as to whether the sheath material is of plant or of insect origin.
Büsgen {6) is of the opinion
that the sheath laid down by
the insects that he studied was
composed of material excreted
by the insect. Davidson {12)
considers that the sheath wall
of Aphis rumicis L. is ^'composed of substances produced
by the reaction of the saliva
on the cell sap.'' Horsfall
(16) found that the sheath in
the feeding punctures left by
certain aphids contains proteid material and calcium
pectate, and suggests that it is
laid down by the plant cells in
response to a wound stimulus
though the proteid material
may possibly be injected by
the insect. King and Cook
(17) suggest that the sheath
produced by the sucking
insects that they studied results from the action of insect
saliva on the middle lamella.
F. F. Smith (23) has shown
that the sheath material in
FIGURE 3.—Stylets of Eutettiz tenellus, showing their the punctures produced by
relation to the tissues of the beet petiole during feeding.
(Drawing made with the aid of a camera lucida.) X180. the potato leaf hopper and the
three-cornered alfalfa hopper
is largely of insect origin and contains no plant substances with the
possible exception of pectose. Brandes (5) states that the sheath laid
down by A. maidis is composed of material given off by the insect. It is
obvious that the sheath material formed by Eutettix tenellus is composed
of material that is given off by the leaf hopper itself. This was demonstrated by a method similar to that described by Fife (14-), which
involved mounting a live leaf hopper under a microscope in such a
position as to have the mouth parts inserted horizontally through a
membrane into a liquid in the field of vision. In this position the
insect may be watched in the process of forming a sheath. Many
individuals begin the discharge of a colorless material as soon as the
mouth parts penetrate the membrane and continue as the stylets are
inserted farther into the medium. The discharge coagulates almost
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immediately and forms a distinctly visible hyaline sheath around the
stylets, which in thickness and general physical properties is similar
to the sheath found in freehand and stained sections of the beet
petiole. Withdrawal of the stylets leaves a very definite line marking
their position. With repeated penetration and partial withdrawal of
the stylets a considerable mass of exúdate is built up in which stylet
trails extending in many directions are visible.
The materials deposited in the plant tissues by nonviruliferous leaf
hoppers evidently cause very little injury to the plant as a whole,
since a beet plant of average size will support a large leaf-hopper
population for a considerable period with no marked ill effect.
Further investigations were made to determine th^ reaction of
individual cells in different types of beet tissue to feeding punctures
of nonviruliferous leaf hoppers. Large numbers of leaf hoppers were
fed on beet petioles 24 hours and then removed. Microscopic examinations of freehand sections of these petioles were made daily for 10
days and at 5-day intervals thereafter, the last examination being
made 20 days after feeding. The sheaths were at first hyaline but
soon became yellowish or yellowish brown. They maintained their
original relations to the cells to a rem.arkable degree. By the tenth
day, in som.e instances, the sheath material was displaced in some of
the cells and had shrunken slightly. It was still present and easily
traced, however, on the twentieth day.
Where coUenchyma was traversed, the yellowish color of the
sheath was imparted to the thickened parts of the cell walls. This
was true also of the cell walls of the bundle cap. Other cells in the
path of punctures did not show this change in color of walls. The>
large parenchyma cells through which the sheaths passed reacted in
dift'erent ways but all retained their turgidity for 20 days after the
punctures were made. Some remained apparently normal, even
retaining normal-appearing chloroplasts along with sheath material.
Others had a distinctly granular protoplasmic structure and the
nucleus in some cases was granular and irregular in outline. The
cells were apparently very rarely dead even after 20 days. The cellwall discoloration in the collenchyma and bundle cap had almost
completely disappeared after 15 days, and the vascular bundles
seemed normal except for the sheath material remaining in the cells.
Assuming that the phloem is at least the chief reservoir of virus and
the place of most rapid multiplication, as stated previously by
Brandes (5) in the case of Aphis maidisj it would be difficult to imagine
a mechanism more perfectly designed for virus extraction and introduction than that possessed by the beet leaf hopper. The laying
down of a sheath around the mouth parts as they penetrate probably
effectually seals off all contents of cells external to the phloem. The
introduction of sheath material into the phloem insures the introduction of salivary secretions into this tissue and probably accounts for
the introduction of virus. This virus is liberated into a medium rich
in nutrients and in a tissue physically adapted for the rapid distribution of inoculum to various parts of the plant, especially to the
rapidly growing areas. The same insect mechanism is equally
efficient in removing virus directly from the phloem without having
the virus come in contact with cell contents of parenchyma tissue or
with external agents.
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TISSUES FROM WHICH THE LEAF HOPPER OBTAINS FOOD AND
EXTRACTS VIRUS
Attempts were made to segregate certain types of beet tissue and
to determine their virus content by testing the ability of leaf hoppers
to obtain virus from them. These experiments have consisted chiefly
of segregating parenchymatous tissues in different parts of the plant
and comparing their virus content with adjacent tissues containing
vascular bundles. Tissue in which there are no vacsular elements may
be isolated from the ventral side of large petioles, from the crown of
large beets, from the pith of the flowering stalk, and from seeds in an
early stage of development.
However, before accurate conclusions regarding the virus content
of tissues from these various sources may be drawn from the results
of leaf-hopper transmission
experiments, it is necessary
^
to know the effect of the
tissues on the leaf hopper
j
80
o/
and the relative amounts of
materials that the leaf hopper
/
cif
is able to extract from them.
cc 60
To throw some Kght on this
ë Íf
problem, the mortahty of the
leaf hoppers haying access to
40parenchyma tissue from each
f./
/ of the sources just mentioned
\ /
has been compared with the
.v^5i
r^
ll
mortality of leaf hoppers
^
having access to adjacent
^ ^
tissue containing vascular
' ^
elements. The average
5
6
10
DAYS
length of life of leaf hoppers
FIGURE 4.- -Mortality of Eutettix tenellus on different types
on the different tissues is
of beet tissue at 65° to 75° F.
taken as a rough relative
measure of the food and other materials obtained.

y y

I

^„00^

il

1i f

¿- y

■^

LEAF-HOPPER MORTALITY ON DIFFERENT TYPES OF BEET TISSUE

Mortality tests were made in two separate experiments. In the
first experiment, mortality of leaf hoppers having access to vascular
tissue of petioles was compared with that of an equal number of leaf
hoppers having access to parenchyma of the ventral side of petioles.
The experiment was started with 10 petioles for each type of feeding,
and 10 leaf hoppers were placed on each petiole. Fresh petioles were
suppUed every 48 hours. The petioles were covered with a thick
coating of paraffin, with strips of parafi&n about one fourth of an mch
wide and 3 inches long removed to expose parenchyma tissue on the
concave side in one series and vascular tissue along the acute angles of
the petioles in another series. As a further check on these treatments,
a third lot of 100 leaf hoppers was placed in small cages where they
had acciess to tap water through a parchment membrane, and a fourth
lot of 100 was placed in small cages without food or water. The
experiment was run at relatively low temperatures (60°-75° F.) and
discontinued at the end of 10 days. The results are shown graphically
in figure 4.
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All leaf hoppers receiving neither food nor water were dead at the
end of the second day. The mortality curve of the lot receiving
parenchyma is roughly parallel with that of the lot receiving tap
water, although the death rate is shghtly lower in the latter group;
mortality reached 100 percent on the seventh and ninth days, respectively. The leaf hoppers having access to the vascular tissue thrived
much better, only 39 percent being dead at the end of the tenth day.
In a second experiment, tissue from additional sources was used and
the leaf hoppers were kept at a temperature of 90° to 100° F. The
different lots of insects in materials available for this experiment were
given, respectively, (1) neither food nor water, (2) tap water, (3)
parenchyma of the petiole, (4) vascular tissue of the petiole, (5)
young seeds, (6) hull of the seed ball, (7) pith from the crown and
flowering stem, and (8) tissue containing vascular elements, from
areas adjacent to the pith of the flowering stalk and the crown. The
experiment was run in duplicate series, 50 leaf hoppers being used in
each treatment in each
series. The test was
discontinued at the
end of 48 hours. The
results are shown
graphically in figure 5.
As measured by the
control treatment in
which the leaf hoppers
received neither food
nor water, each of the
types of tissue on
which the insects were
allowed to feed yielded
some life-sustaining
materials. Young
seeds proved to be
poorest in this respect,
Eutettix tenellus on different types of beet
probably in part be- FIGURE 5.—Mortality oftissue
at 90° to 100° F.
cause of their tendency to dry very rapidly. The mortality curve, however, is steep for
parenchyma from all sources except the flowering stalk and crown.
In general, these experiments indicate that parenchyma is unfavorable for the beet leaf hopper. Parenchyma of the petiole seems to be
little better than tap water. Parenchyma of the flowering stalk and
crown is more favorable and ranks in food value next to tissue containing vascular elements. It is worthy of note that parenchyma
from the flowering stalk and crown is higher in sugar than parenchyma
from other sources, and it is possible that this greater sugar content
is responsible for the prolonged life of the leaf hoppers. Normally,
of these types of parenchyma, only that from the petiole is available
to leaf hoppers. These experiments furnish additional evidence to
support the view that the beet leaf hopper is chiefly dependent on
the phloem for its food.
The next question of importance is whether the leaf hopper feeds
sufficiently on parenchyma from the various sources to acquire virus
if it is present. Experiments have indicated that a relatively short
period of feeding is sufficient for leaf hoppers to acquire virus from

676

Journal oj Agricultural Research

voi. 48, no. 8

diseased beet leaves. A few individuals have become viruliferous
after a l-minute feeding period, and larger numbers acquire virus as
the feeding-period is increased. Of 150 leaf hoppers fed singly on
diseased beet leaves, 11 percent acquired the virus in 5 minutes. In
another test with the same number of leaf hoppers, 23 percent became
viruliferous after a 10-minute feeding. Since the evidence shows that
the beet leaf hopper acquires enough material from parenchyma to
appreciably prolong its life, and since the leaf hopper acquires the
virus in a very short period of feeding on diseased beet leaves, it seems
reasonable to assume that the leaf hopper may be used to furnish
evidence regarding the presence or absence of virus in parenchymatous
tissue despite the fact that parenchyma is not a very favorable source
of food.
VIRUS CONTENT OF TISSUES OF BEET PLANT

Assuming that the method just described affords a means of testing
for the presence of virus, nonviruliferous leaf hoppers have been given
access to various types of tissue isolated from diseased beets. At the
time the leaf hoppers were given access to parenchyma a second group
of leaf hoppers was placed in an empty cage to serve as a check on the
feeding of the leaf hoppers on parenchyma. When all the leaf hoppers
serving as checks were dead the insects surviving on parenchyma were
transferred to seedling plants. These checks were used in all tests
except those involving the parenchyma of the petiole.
PARENCHYMA OF PETIOLE

Large petioles from beets infected during the current season were
covered with paraffin, and strips of this were removed to expose
parenchyma or vascular tissue, as described previously. Forty nonviruliferous leaf hoppers were allowed to feed on each petiole, 20 for
24 hours on parenchyma and 20 for 24 hours on vascular tissue. One
half of the petioles had parenchyma exposed during the first 24 hours
and vascular elements exposed during the second 24 hours, and the
other half had the exposures made in reverse order. At the end of the
feeding period the leaf hoppers were divided into lots of 5 each and
caged on healthy plants. In this manner 8 healthy sugar-beet plants
were inoculated from each petiole; 4 plants by means of leaf hoppers
which had access to parenchyma and 4 by means of leaf hoppers which
had access to vascular elements. One hundred and four plants were
inoculated by means of leaf hoppers from each type of tissue. Of the
104 plants inoculated by means of leaf hoppers from vascular tissue,
42 became infected; whereas, of the 104 plants inoculated by means
of leaf hoppers from parenchyma, only 1 became infected. The results
of this experiment are shown in table 2.
In a second experiment, petioles were taken from plants that had
been diseased several months and on which petioles had been produced
subsequent to infection. The plan of this experiment was the same
as that just described, except that larger numbers of petioles were
used and only one lot of leaf hoppers was given access to each petiole.
In this test, of the 80 plants inoculated by means of leaf hoppers from
tissue containing vascular elements, 37 became infected; whereas, of
the 80 plants inoculated by means of leaf hoppers from parenchyma
tissue, none showed any sign of disease (table 2).
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2.—Virus content of sugar-heet tissues as indicated hy leaf-hopper tests
Tissue tested

Vascular tissue, petiole of first-year beets
Parenchyma tissue, petiole of first-year beets.._
Vascular tissue, petiole oí second-year beets
Parenchym«^ tissue, petiole of second-year beets
Vascular tissue, flowering stalk
_
___
Pith of flowering stalk
Vascular tissue below crown
Parenchyma tissue below crown. _
_.
Outer hull of seed ballYoung seeds
_

Leaf
hoppers
fed

Plants
inoculated «

Number

Number

Number

520
520
400
400
420
420
600
600
200
200

104
104
80
80
84
84
120
120
40
40

42
1
37
0
62
0
68
9
11
0

Plants infected

Per cent
40.3
.9
46.2
.0
73.8
.0
48.3
7.5
27.5
.0

« 5 leaf hoppers were placed on each plant inoculated.
PARENCHYMA OF CROWN

Tissue selected as containing no vascular elements was taken from
the crown of large diseased beets and placed in a cage containing nonviruliferous leaf hoppers that had been starved overnight. A second
lot of tissue containing vascular elements was taken from the portion
of the beet adjacent to the first selection and exposed to a second lot
of leaf hoppers. After the leaf hoppers had been allowed a feeding
period of 5 hours they were divided into lots of 5 each and placed on
healthy beet seedlings. One hundred and twenty plants were inoculated by means of leaf hoppers from each of the two food sources.
In this experiment, of the 120 plants inoculated by means of leaf
hoppers from tissue containing vascular elements, 58 became infected;
and of the 120 plants inoculated by means of leaf hoppers from tissue
containing no vascular elements, 9 became infected.
In the foregoing experiment, tissue was taken from six beets and
the tissue from each beet was used as a separate test. For the six
beets the number of infections resulting from the leaf hoppers that
had access to parenchyma tissue was, respectively, 0, 1, 5, 0, 3, and 0.
The infections resulting from leaf hoppers that had fed on adjacent
vascular tissue from the same beets were, respectively, 6, 9, 18, 16,
9, and 5. Each value represents the number of infections obtained
from inoculating 20 plants.
These residts seem to demonstrate that virus does occur in some
types of parenchyma tissue. Perhaps if virus occurs in any parenchyma tissue of the plant it would be expected to be present in the
parenchyma that lies immediately below the growing point and closest
to the actively growing areas of the beet crown. However, even there
it seems to occur in diminished concentrations—^in some cases in
concentrations too low for relatively large numbers of leaf hoppers
to pick it up.
PITH OF FLOWERING STALK

Large fruiting stalks were selected from plants that had been
infected the season prior to flowering. Portions of pith containing
no vascular tissue were removed and exposed to the feeding of nonviruliferous leaf hoppers. A second group of nonviruliferous leaf
hoppers was allowed to feed on tissue containing vascular elements
selected from the area immediately adjacent to the pith that was used
as food for the first lot. Eighty-four plants were inoculated from each
lot of leaf hoppers. Of the 84 plants inoculated by means of the leaf
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hoppers from tissue containing vascular elements, 62 became infected;
whereas of the 84 plants inoculated by means of the leaf hoppers from
pith, none phowed any sign of disease.
YOUNG SEEDS

Severin {21) has shown that there is no seed transmission of the
curly-top virus in beet. Since this is true, the question arises as to
whether the virus never gains access to the seed in any stage of its
development or whether it may be present in certain early stages of
seed development and become inactivated as the seed matures.
To obtain information as to whether virus occurs in seeds in the
earlier stages of their development, young seeds from diseased plants
were separated from the surrounding tissue and placed in cages where
nonviruliferous leaf hoppers had access to them. Very young seeds
having a high water content were selected. As a check on the virus
content of the nearby tissue, the hulls of the seed balls from which
the seeds were removed were placed in cages with other nonviruliferous leaf hoppers. After periods of several hours the leaf hoppers
were divided into groups of five each and placed on seedling beets.
Of the 40 plants inoculated by means of leaf hoppers from hulls, 11
showed signs of the disease; whereas of the 40 plants inoculated by
means ofjeaf hoppers from seeds, none became infected.
Since no virus was obtained from the seeds by the leaf hoppers, it
seems probable that seeds contain no virus even in the early stages of
their development and that virus may not be able to pass from the
plant into the seed. Therefore, absence of seed transmission may be
due to a barrier between the embryo and the mother plant which,
although permitting passage of water, mineral elements, and elaborated foods, restrains or inactivates the virus.
CONCENTRATION OF VIRUS IN PHLOEM EXÚDATE

The foregoing experiments show that leaf hoppers readily acquire
virus from vascidar tissue and rarely obtain it from other tissues.
Since the xylem elements evidently do not carry any considerable
amount of virus, the phloem must contain at least the greater part of
the virus in the vascular elements. Liquid from phloem tissue may
be obtained by making cuts across the tops of beet roots. In a few
minutes drops of exúdate appear above the severed ends of vascular
bundles and may be collected with capillary tubes and used in artificial feeding tests with leaf hoppers. Attempts were made to compare the relative virus concentration of such exúdate with that of the
expressed juice from the entire beet. In these tests, drops of exúdate
from diseased beets were placed on a parchment membrane. Nonviruliferous leaf hoppers were allowed to feed on the exúdate through
the membrane for about 4 hours and then were caged singly on seedling
beets.
A second lot of nonviruliferous leaf hoppers were allowed to feed on
expressed beet juice and then were caged singly on seedhng beets.
The resxdts shown in table 3 indicate that more virus is avaüable to
the leaf hopper from phloem exúdate than is available from expressed
juice from the entire beet. Of the 104 leaf hoppers fed on phloem
exúdate, 33 produced infection; whereas of the 104 leaf hoppers having
access to expressed beet juice, only 4 gave evidence of having acquired
virus.
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3.—Virus content of phloem exúdate and expressed beet juice as indicated
by leaf-hopper tests
Material tested

Plants inoculated •

Exúdate from phloem of beet root
Expressed juice from beet root
Exúdate from beet petioles
Expressed juice from beet petioles.

Number
104
104
24
24

Plants infected
Number
33
4
7
0

Percent
31.7
3.8
29.1
.0

o 1 leaf hopper was placed on each plant inoculated.

It is noted frequently that drops of exúdate collect on the leaves
and petioles of rapidly growing beets that have been recently infected.
This exúdate has long been considered to come from the phloem.
Recently, Esau (13) has made histological studies of diseased beets
and described the path which this exúdate takes in moving from the
phloem to the exterior. By means of exúdate of this type further
feeding tests were made to determine virus concentration. These
tests were carried out as already described, 24 leaf hoppers being
given access to exúdate and an equal number having access to expressed juice from beet petioles. In this test, 7 leaf hoppers acquired
the virus from exúdate, whereas none was found to be viruliferous
after feeding on expressed juice.
In connection with the experiments that indicate a very low concentration of virus in types of tissue other than phloem, these tests
with phloem exúdate seem to demonstrate conclusively that the chief
virus reservoir in the sugar beet is phloem tissue. Phloem exúdate
with its high virus content may prove valuable in virus purification
experiments and in work dealing with properties of the virus.
MOVEMENT OF VIRUS IN DIFFERENT TISSUES
GRAFT UNIONS OF SUGAR BEET

Twenty healthy sugar-beet plants having main roots approximately three fourths of an inch in diameter were taken from the soil,
and a portion of one side of each root was removed by means of a sharp
knife. Twenty diseased beet plants were treated in a similar manner.
The cut surface of each diseased beet was placed in contact with the
cut surface of a healthy beet and the two plants firmly bound together and potted. Symptoms of curly top be^an to appear on the
new leaves of the inoculated beets in 3 weeks. Ofthe 20 healthy beets,
17 became diseased. In the case of the 3 beets that did not develop
symptoms, the diseased member of the pair died probably before
union was complete.
GRAFT UNIONS OF TOBACCO

Experiments were conducted with Turkish tobacco to determine at
what stage in the development of a graft union the curly-top virus
passes from a diseased scion to a healthy stock. Healthy tobacco
plants were cut back to a height of about 8 inches, and 3 inches of
stem from a diseased plant was grafted to each healthy plant. Cuts
were made at angles that afforded considerable surface contact.
Grafts were removed from stocks at 24-hour intervals for 15 days
and the results on the inoculated plants noted (table 4).
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4.— Time required for infection of healthy tobacco stocks by scions from
diseased plants

Period between
grafting and removal of diseased
scion (days)

Plants
grafted

1 ...
2
3
4
5
6
7
8_—

Number
10
10
10
10
10
13
11
12

_.

Plants infected

Number
0
0
0
0
0
0
3
6

Percent

0
0
0
0
0
0
27
41

Period between
grafting and removal of diseased
scion (days)

Plants
grafted

9 _
10
11_12
13
14
15

Number
12
10
10
10
10
10
10

___

Plants infected

Number
7
7
8
10
9
10
9

Percent
Ö8
70
80
100
90
100
90

No infection occurred until the seventh day. The number of infected plants increased from 27 percent on the seventh day to 100 percent on the twelfth day. The union between the stock and the scion
was examined for all the time intervals used. At the end of 3 days a
definite union was found which was complete enough to make necessary the use of an appreciable amount of force in removing the scion.
Graft unions of different ages from 3 to 9 days were killed, embedded,
and sectioned, and then were examined under a compound microscope.
In all the specimens sectioned, the union at the end of the third day
was composed wholly of meristematic tissue. This rapidly differentiated into other tissues and in the 5- and 6-day-old unions the beginnings of trachéal elements were clearly evident. In the 7-, 8-, and
9-day-old unions, apparently mature trachéal elements with pits and
rings were distinctly visible. The walls of these elements were lignified, as indicated by their taking a deep safranine stain. Phloem elements could not be clearly identified, but strands of elongated cells
paralleling the tracheae were observed, which may well have included
functional phloem.
The foregoing experiment seems to demonstrate that in tobacco
infection does not result from contact of cut surfaces and that virus
does not move through newly formed meristem in a period of from 2 to
4 days. Infection apparently does not occur until after trachéal elements, and probably phloem elements, connect the stock with the
scion. Since the virus seems unable to pass out of tracheae into other
cells and become established suflSciently to produce disease, and since
it also seems unable to pass through meristem or young parenchyma,
it appears extremely probable that in tobacco grafts the virus moves
in the phloem in crossing a graft union.
REMOVAL OF RINGS OF BARK 3 AND INTERNAL PHLOEM

Killing portions of stems and removing rings of bark have been the
methods used by several investigators to obtain evidence regarding
the tissues in which virus is dispersed through plants.
The writer (2, 3) found that the virus causing curl of raspberry and
two viruses causing mosaic of raspberry may be limited in their movement through the plant by removing rings of bark.
In tomato, according to Caldwell (7), the virus of mosaic bridged
an area on the stem from which a ring of bark was removed. As
3 The term **bark" as used in this paper signifies all tissue of the stem from epidermis to cambium,
inclusive.
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Caldwell points out, however, the tomato has a weak development
of internal phloem, so that it is not clear whether the virus passed
through the woody cylinder, the pith, or the internal phloem. The
same investigator conducted experiments to determine whether the
virus moved through dead portions of stem. Of the 26 plants having
portions of the stems treated with chloroform, the virus in 14 did not
cross the treated area. In 12 plants, virus was present in noninoculated parts. These exceptions are attributed to incomplete killing of
the stem, regeneration of tissue, and accidental infection. In plants
having portions of the stems killed by steaming, the virus was held
in the inoculated parts for several weeks in 20 of the 21 plants used.
The one exception was thought to be due to accidental infection and
not to movement of virus across the steamed area.
The virus causing curly top has certain characteristics that render
it convenient for experimental use in tests involving tissues through
which movement occurs. One of the most important of these is its
failure to produce infection except as inoculated into plants by its
specific vector, thus reducing to a minimum the chance infection of
noninoculated parts of plants kept for long periods of time. Moreover, the virus causes disease in a large number of plant species, thus
making available a wide range of anatomical types for experimental
use.
Since the sugar beet cannot be employed in ringing experiments
because of its anatomical structure, it was necessary to choose some
other susceptible plant for such experiments. In making a survey of
susceptible plants of a more or less woody nature, tests were made
on two species of tobacco, namely, common tobacco {Nicotiana
tabacum L.), Turkish variety, and tree tobacco (N. glauca Graham).
These plants grow well under a wide range of greenhouse conditions,
are easily propagated at all seasons from seeds or cuttings, and are
very satisfactory for experiments involving grafting. Moreover, the
presence of an internal phloem makes these species suitable for experiments on the movement of virus in the phloem not possible in most
other types of woody plants. Each of these species has been used
in a fairly extensive series of ringing experiments.
NICOTIANA TABACUM

Turkish tobacco has only a medium degree of susceptibility to
infection by the curly-top virus, but symptoms of disease are characteristic and well marked. Infection may be induced by leaf hoppers
or by grafting. In most of the experiments about to be described
leaf hoppers were used in making inoculations.
The first experiments with Turkish tobacco were planned to determine whether the virus would pass downward through a killed portion
of stem. Plants approximately 2 feet tall were cut back to a height
of about 10 inches and the buds in the leaf axils allowed to grow to
a length of 1 to 2 inches. A portion of the stem below the second or
third bud from the top was incased in a celluloid cylinder, the bottom
being closed around the stem. Hot paraffin was poured into the
cylinder. This killed the tissues and protected and supported the
killed area. After a portion of the stem had been killed in this
manner, leaf hoppers were allowed to feed on the top bud. Distinct
65578—34
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symptoms of curly top appeared in an average period of 7 days on
all the inoculated buds of the 10 plants used. The inoculated parts
lived for an average period of 16 days. All plants were held for
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several weeks, but curly-top symptoms appeared in no case in any
part of the plant below the killed area.
Further experiments were made to determine the part of the stem
through which the virus is able to move. Plants were grown to the
beginning of flower-bud production. The stems were pruned back
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The plants

LOT 1.—A ring of bark was removed from the internode below the second or
third bud from the top. This is termed an external ring (fig. 6, B, a).
LOT 2.—A hole was made through the bark and wood of the internode about
one half of an inch below the second or third bud, by means of a small cork borer
and the pith and internal phloem were removed, exposing a ring of wood one
fourth of an inch wide on the inner side of the woody cylinder. This is termed
an internal ring (fig. 6, B, h).
LOT 3.—An outer and inner ring 1 inch apart were made with the outer ring
above the inner and the two rings separated by the second or third bud from the
top of the plant (fig. 6, B, c).
LOT 4.—The plants were treated as in lot 3, except that the relative positions
of the two rings were reversed (fig. 6, B, d).
LOT 5.—An outer and an inner ring, 1 inch apart, were made with the outer
ring above the inner and both rings in the second or third internode (fig. 6, B, e).
LOT 6.—The plants were treated as in lot 5 except that the relative positions
of the rings were reversed (fig. 6, JB, /).
LOT 7.—Outer and inner rings were made in the second or third internode, the
two rings being placed at the same level on the stem (fig. 6, B, g).
LOT 8.—Plants were treated as in lot 7, except that a small strand of bark was
left in the outer ring (fig. 6, B, h).

These treatments were designed to determine whether the curly-top
virus moves (1) through internal phloem, (2) through the external
phloem, (3) from the internal phloem to the external phloem through
unions of the two in the leaf traces, (4) from the external to the internal
phloem through unions of the two in the leaf traces, (5) from the
internal phloem to the external phloem through the medullary rays
or other parts of the woody cylinder, (6) from the external phloem to
the internal phloem through the medullary rays or other parts of the
woody cyhnder, (7) downward through the woody cylinder, or (8)
through a very small strand of bark bridging an external ring.
Immediately after ringing, the top bud on each plant was exposed
to viruliferous leaf hoppers. Symptoms of curly top appeared on
the inoculated bud in from 6 to 13 days. Typical residts of a series
of tests are shown in figure 6, Aj and results of all tests are given in
table 5.
5.—Influence of rings on virus movement in plants of Turkish tobacco
{Nicotiana tabacum) cut back to a height of 18 inches^ inoculated in top two buds,
and ringed 1 ta 3 inches below the point of inoculation

TABLE

Effect on plants in Effect on plants in
which virus passed
which virus did not
pass rings
rings
Number and position of rings

Outer ring only
Inner ring only
Outer ring 1 inch above inner, bud between
Outer ring 1 inch below inner, bud between
Outer ring 1 inch above inner, both in internode-.
Outer ring 1 inch below inner, both in internode..
Outer and inner rings at same level
Outer and inner rings at same level, strip of bark
in outer ring

Plants infected

Number
15
8
15
15
11
16
14

Average
period beinocPlants af- tween
afulation and Plants
fected
fected appearance
of symptoms
Number
15
8
15
15
4

Bays
9.9
11.0
9.6
11.1
35.0
27.0

Number
0
0
0
0
7
13
14

Average
period between inoculation and
death of
parts above
rings
Days

83,8
97.5
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In all cases where there was an uninterrupted channel through either
internal or external phloem across the rings the virus moved downward
with little apparent delay. In many instances in some types of ringing, symptoms were evident on shoots below the rings before any sign
of disease appeared on the inoculated parts. In the type of ringing in
which the appearance of virus below the ring was dependent on its
movement through a distance of less than one fourth of an inch of
woody cylinder, no symptoms appeared in any parts below the rings
in any of the 14 plants inoculated. The diseased parts above the
rings lived for an average period of 86.9 days from the time of inocu-

FiGURE 7.—Regeneration of cells in the woody cylinder of tobacco plants having two riniis 1 inch apart in an
internode: A, Nicotinna tabar.um: B, N. glauca. X 40.

lation.
In the series of tests in which the two rings were at different
levels in the internode and the external ring was the higher, the vims
was held in the inoculated parts in 7 of the 11 plants used. The
inoculated parts in these 7 plants lived an average period of 83.8 days.
In four plants symptoms appeared below the rings in an average period
of 35 days. In the series in which both rings were at different levels
in an internode and the internal ring was the higher, the virus was
held in the inoculated parts in 13 of the 16 plants used, the average
life of tops of the 13 plants being 97.5 days. In three plants symptoms
appeared in parts below the rin^s in an average period of 27 days. In
series in which there was an uninterrupted path of phloem across the
rings, symptoms appeared on the parts below rings in an average
period of 9.6 to U.l days, which differed in different series.
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The seven plants in which symptoms appeared below rings in the
two series in which the rings were at different levels in an interno de
were examined to determine what conditions were present or what
changes had occurred that might have a bearing on an explanation of
virus passage. Serial sections of entire internodes revealed definite
regions of regeneration of what appeared to be medullary rays in one
or more areas of the woody cylinder. These regions were sufficiently
evident to be recognizable to the unaided eye and seemed to consist
of masses of newly formed tissue extending from a region of very active
internal phloem outward and downward to the bark, splitting the
wood in their growth. These interphloem strands seemed to have
their origin just above the top of the internal ring. It is considered
probable that the internal phloem transports considerable food under
normal conditions but that since the internal phloem is enclosed by a
rigid tissue the opportunity for the expression of growth impulses may
be limited, and the tendency to initiate regeneration of medullary
rays may be greater than from the opposite side of the woody cylinder,
where the food brought down in the external phloem is used to form
a great amount of callus, wood, bark, and roots. A typical regeneration area is shown in figure 7, A. These areas of regenerated tissue
were examined microscopically for phloem elements. They were
found to be composed of a large variety of active cells of different
shapes and sizes, some narrow and very much elongated, others broader
but rectangular, and many oval or irregular. Phloem tissue could not
be identified definitely, but it seems quite probable under the circumstances that tissue capable of translocating elaborated foods was
present in these connecting strands.
NicoTiANA GLAUCA

To have available a more woody stem, a perennial species of tobacco,
Nicotiana glauca, was chosen for several series of ringing experiments
similar to those described for N. tabacum. N, glauca, however, has
not been reported as susceptible to curly top, and before the ringing
experiments were started preliminary tests were made to determine
the reaction of the species to the curly-top virus. To test susceptibility to infection, large numbers of viruliferous leaf hoppers were
allowed to feed on five small plants for several days. None of these
plants developed symptoms of curly top. Larger plants, 3 feet or
more in height, were then used. These were pruned to a height of
about 18 inches, and a 3-inch length of stem from a plant of N. tabacum
affected with curly top was grafted at the top. The N. tabacum
scions grew well and developed typical curly-top symptoms. No
signs of disease appeared, however, on any of the new growth from the
stock. Parts of stems from healthy N, tabacum plants were then
grafted in at the base of the N. glauca stems at points about 14 inches
below the diseased scion. These grafts without exception became
diseased, showing that the N. glauca plants were infected and that the
virus had moved downward through approximately 14 inches of stem.
It was later proved that Nicotiana glauca is susceptible to infection
by direct feeding of leaf hoppers. Healthy N. tabacum stems were
grafted into the base of N, glauca plants and viruliferous leaf hoppers
were allowed to feed on young shoots of the N. glauca stems. The
virus passed from the inoculated shoots through the stem and infected
the graft several inches below.
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Tests were next made to determine how long the virus would
remain active in Nicotiana glauca. Two plants which had been
inoculated from N. tabacum by the grafting method were selected
and all N. tabacum tissue removed. These two plants were tested
at intervals over a long period by grafting portions of their stems
on healthy N. tabacum plants. The production of disease in this
latter species showed that the virus was active in N. glauca 2 years
after the plants were infected. At no time, however, were signs of
curly top visible on these plants. The species seems to be a symptomless carrier of the virus under the conditions of these tests.
The stem of Nicotiana glauca is very well adapted to ringing experiments, but since the plant does not show symptoms of the presence
of virus it was necessary to modify the technic used in previous
experiments with N. tabacum. A suitable modification was accomplished by grafting N. tabacum on N. glauca stems as follows: N.
glauca plants were grown in 12-inch pots to a height of 3 to 7 feet
and pruned to a height of 18 inches. Plants were inoculated by grafting infected N. tabacum stems at the top. A second portion of stems
from N. tabacum, this part from a healthy plant, was grafted in at
the base about 14 inches below the top or diseased graft. This
latter graft was used as an indicator of the presence of virus in the
basal portions of the N. glauca plants, and the N. glauca stem was
used as a medium in which to study the inñuence of rings in the
downward movement of virus.
The rings were placed on the Nicotiana glauca stems about 1 inch
below the point of union with the upper graft of N. tabacum. The rings
were made as described for N. tabacum with the additions shown in
table 6, where the results of this experiment are tabulated.
6.—Influence of rings on virus movement in Nicotiana glauca plants cut hack
to a height oj 18 inches and grafted to curly-top Turkish tobacco at top and to
healthy Turkish tobacco at base

TABLE

Effect on plants in
which virus passed
rings

Number and position of rings

Neither inner nor outer rings
Outer ring only
Inner ring only
Outer ring 1 inch above inner, bud between
Outer ring 1 inch below inner, bud between
Outer ring 1 inch above inner, both in an internode
Outer ring 1 inch below inner, both in an internode
Outer and inner rings at same level in an internode
Outer and inner rings at same level, strip of bark
in outer ring
Outer and inner rings at same level, strip of
phloem in inner ring
Outer ring 1 inch above inner, both in internode,
strip of bark in outer ring—
Outer ring 1 inch below inner, both in internode,
strip of bark in outer ring

Plants inoculated

Number
10
15
15
15
15

Effect on plants in
which virus did not
pass rings

Average
period between inoculation
Plants
Plants
and apaffected pearance
of affected
symptoms
below
rings
Number
10
15
15
15
15

Days

Average
period between inoculation
and death
of part
above
rings
Days

23.6
23.8
22.7
25.5
22.5

15

63.0

245

15

33.0

261

15

203

10

19.5

5

26.2
19.6
20.0
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Plants having no rings required about the same average length of
time for the appearance of symptoms on the lower graft as those in the
groups having only an external or an internal ring. Two lings 1 inch
apart seemed to have no influence in delaying the passage of virus in
plants where the two rings were separated by a bud, regardless of their
relative positions. The average length of time required for the appearance of symptoms was 25.5 days in plants where the outer ring was
above the bud and 22.5 days in plants where the inner ring was above
the bud. Whether this difference of 3 days is significant may be
questioned. However, it is worthy of note that in the plants requiring the longer period for the appearance of symptoms on the lower
graft the rings were so placed that materials moving downward in the
phloem would be required to pass outward to the external phloem
from the internal phloem through connection in the leaf traces.
Two rings, one external and the other internal, 1 inch apart, and
both in an internode, prevented the passage of virus in 26 of 30 plants
in the two series shown in table 6. In these two series, the 4 plants
in which the virus passed the rings were of the same age and had been
inoculated and ringed at the same time. At the time of inoculation
they had relatively immature stems with thin woody cylinders.
Serial sections of the internodes in which the two rings were located in
all 4 plants revealed strands of newly formed tissue extending from
the internal phloem at the top of the internal ring downward to the
external phloem of the bark. Figure 7, B, shows a section of one of
these strands.
In 15 plants having two rings at the same level in an internode, there
was no instance in which the virus passed the rings. The average
length of life of the diseased parts above the rings was 203 days.
Figure 8, A, shows a plant of this series that retained virus above the
ring for more than a year with no movement across the ring during
this time.
The presence of a small strand of either internal or external phloem
bridging rings which otherwise prevented virus passage, permitted
the virus to pass with no measurable delay. The influence of a small
strand of bark as compared with complete severing of phloem continuity is illustrated in figure 9, A and B. The influence of a bud
between the internal and external rings is illustrated in figure 10,
A and B.
RATE OF VIRUS MOVEMENT

A better understanding of the movement of virus in plants and of
the factors influencing it would throw new light on some of the fundamental problems presented by plant viruses. The subject of virus
movement in plants has received attention from several investigators.
Sufficient evidence has been accumulated to indicate considerable
variation in the behavior of different viruses. Whether this variation
is due to the specific nature of the viruses or to the functioning of the
plants in which they occur is a question of considerable interest and
importance.
McCubbin and Smith (18) were among the first to present data on
the rate of dispersion of viruses in plants. They measured the rate of
movement of the virus of tomato mosaic by layering tomato plants,
inoculating them at the distal end of one of the branches, and severing
the stems between the rooted portions at different distances from the
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point of inoculation at known time intervals. By this means they
were able to calculate a rate of movement of 1 to 2 inches per day or
1 to 2 mm per hour.
Severin {22) inoculated the distal ends of beet leaves with the
curly-top virus by means of leaf hoppers and severed the inoculated

FIOUKE 8.—.4, Nkoliana ulauca plant tlifit had ii diseased N. tabnnim graft iihiccd at the top and a healthy
N. tabacum graft placed at the hase and rings of internal and external phloem removed at the same level
immediately below the top graft. After 420 days, virus was present in the part above the rings and absent
in the parts below the rings. B, Kinged area, natnral size. (Photographed 1 year after grafting.)

leaves at measured distances from the point of inoculation after
different time intervals. The most rapid movement measured by
this means was 7 inches in 30 minutes, or a rate of 14 inches per hour.
_ Storey (27), using methods similar to those of Severin, found that
in 3 of 8 plants the virus of maize streak moved downward from the
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point of inoculation at the distal end of a maize leaf, a distance of 40
cm, in 2 hours.
Boning (4) found that the virus of tobacco mosaic moved 13 cm in
2 days in tobacco and 9 cm in 2 days in tomato.
Holmes {15), although not attempting an accurate measurement of
maximum virus movement, has presented some very interesting
studies on rate of invasion of tobacco plants by the mosaic virus.

FKjURE 9.—EITect of a small strand of bark on the downward movement of vims past rinjîs in Nkotiana
glauca: A, Plant liavinR mternal and external rinss at same level and a strip of hark in the outer ring.
Curly-top symptoms may he seen on the lower graft. B, Plant having rings as in A but no strip of bark In
theouterrmg. Thelowergraftshowsnocurly-topsymptoms. ^.a.and B,a, Rings of respective plants,
natural size. (Photographed 40 days after inoculation.)

He shows that the rate is at first very slow until the vascular bundle
is reached. The virus moves more rapidly along the veins traversing
the leaf blade and petiole. Apparently, the speed of movement is
agam accelerated when the virus passes into the stem from the
inoculated leaf.
These results indicate a wide range in rate of movement among
viruses m affected plants. This range extends from a rate of 1 to 2
inches per day in the tomato mosaic virus to a rate of 14 inches per
hour in the virus of curly top. The factors determining these wide
differences are of interest. Among the factors that may exert an
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influence at the time of testing are the specific nature of the tissue
inoculated, the environmental conditions, the physiologic tone of the
plant, and the species or variety of the plant. An effort has been
made to extend the work done by Severin and to make further

10.—Effect of a hud between internal and external rings on the pussaj-'e of virus downward in a stem
of Nicotiana glauca: A, Plant having external and internal rings and bud between. Note symptoms on
the lower graft. B, Plant having internal and external rings in an internode. Note the absence of symptoms on the lower graft. (Photographed 40 days after inoculation.)

FIGURE

determinations on the rate of movement of the curly-top virus.
Tobacco and sugar beet were used in these experiments.
TOBACCO

Measurements were made of the rate of the downward movement
of virus in the stems of the Turkish variety of Nicotiana tabacum.
All the plants were more than 24 inches high at the time of their selection for this experiment, and some of them were showing the first
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indication of blossom buds. The youngest leaves of each plant were
enclosed in a celluloid cage into which 50 to 100 viruliferous leaf
hoppers were placed. The leaf hoppers were allowed to feed 5 hours.
The inoculated plants were incubated for different periods of time.
At the end of the period allowed for virus movement they were cut
off at a point 24 inches below the lowest point of inoculation, and all
leaves were removed except the small ones on which the leaf hoppers
fed. The stem was next cut into eight parts, each 3 inches long, and
the segments placed in sand. In nearly all cases these cuttings rooted
readily and produced a very satisfactory growth. The appearance of
curly-top symptoms on a cutting indicated that the virus had reached
that particular part of the stem in the period allowed for downward
movement. The results of this experiment are shown in table 7.
The virus did not move out of the inoculated 3 inches of the stem
in any plant in 24 hours. In 48 hours the virus moved a distance of
24 inches in plant 10, or at a rate of one half inch per hour. The extent of stem invasion increased irregularly with the period allowed for
virus movement up to 144 hours, when the virus had in all cases
moved through the full 24 inches of stem and had reached the root of
the plant. As calculated from these data, the maximum rate of virus
movement is one half inch per hour (plant 10) for a 48-hour period.
Table 7 shows that there were decided differences among individual
plants. For example, in plants 16 and 19 the virus had not moved
out of the inoculated 3 inches in 96 hours, whereas in plant 17 it
moved 24 inches in the same length of time. Perhaps the most interesting results were obtained from plant 20, in the 96-hour incubation period and from plants 23 and 24, in the 120-hour period. In
plant 20 sections 1, 2, 3, 5, and 6 and the root portion were diseased
and sections 4, 7, and 8 were healthy. In plant 23 sections 7 and 8
were diseased, whereas all the other sections were healthy, including
the inoculated tip and the root below the 24-inch mark. In plant
24 sections 4, 5, and 7 were healthy and all the other sections were
diseased. In all these plants, as usual in the experiment, the sections
recorded as diseased showed symptoms on the first leaves from the
buds and continued to show marked symptoms so long as they lived
or until they were discarded. All the cuttings from these three
plants were transferred to soil in 8-inch pots and the healthy-appearing ones were grown to flowering. The plants were then further
tested for the presence of virus by grafting portions of the stems on
healthy plants. In no case was evidence of the presence of virus obtained in plants grown from sections which had shown no symptoms.
Symptoms were present at all times in all plants grown from other
sections.
The significance of this erratic distribution of virus is not clear.
In plants 20 and 24 it might well be that in its movement downward
the virus failed to come into contact with tissue in segments 4, 7,
and 8, and in segments 4, 5, and 7, respectively, in which it could
become established and multiply. In plant 23, however, it is diffcult
to account for the absence of virus in the inoculated portion and its
presence in two segments farther down the stem.
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7.—Rate of downward movement of curly-top virus in stems of Turkish
tobacco (Nicotiana tabacum)
Period
between
inoculating and
making
cuttings

Plant no.

1..
2
3
4
5
6
7
8
9
10
11
12
13
14
_ _
15
16
17
18
19
. - .
20
21
22
23
24
25
26 .
27
28
29
30 -

_
._
_

Hours
24
24
24
24
24
48
48
48
48
48
72
72
72
72
72
96
96
96
96
96
120
120
120
120
120
144
144
144
144
144

Infection « of indicated 3-inch cutting f» and root

First

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Second Third

+
+
+
+

+
+

+
+

+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+

Fourth Fifth

+

+

+
+
+
+

+
+
+
+
+

+
+
+
+
+

+
+
+
+
+
+

Sixth Seventh Eighth

Root

+

+

+

+

+

+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
-j+
+
+

« Plus and minus signs indicate positive and negative results, respectively, obtained from planting
various 3-inch sections of the inoculated stem. Where a cutting showed infection it was considered to
indicate that the virus had reached that section of the stem in its downward movement.
f> Counting downward from inoculated top.
SUGAR BEET
SEEDLING BEETS

Experiments with seedling beets were planned with a view to studying the rate of movement of virus in cotyledons under different conditions of temperature. SeedUng plants were used that had the
beginning of first true leaves and cotyledons more than 1 inch long.
Leaf hoppers were caged singly on the tip of one cotyledon of each
plant. The time at which each leaf hopper started to feed was noted
and the feeding period was terminated after the desired interval by
removing the leaf hopper. The plants were grown in 6-inch pots,
4 plants per pot. The pots were numbered consecutively. In all
even-numbered pots the cotyledons on which the leaf hoppers fed
were severed 1 inch from the point of feeding after the desired period
allowed for virus movement. The odd-numbered pots were kept
as controls and received the same treatment as the even-numbered
pots, except that the cotyledons on which the leaf hoppers fed were
not removed. The feeding periods of the leaf hoppers were 2, 3, and
5 minutes; the periods allowed for virus movement were 2, 3, 5, 10,
and 15 minutes; and the air temperatures at which the various tests
were made were roughly 60°, So'', 110°, and 135° F. The results of
these experiments are shown in table 8.
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8.—Rate of movement of virus in cotyledons of young sugar-heet plants

Temperature (°F.)

60

85

110

135

693

Leafhopper
feeding
period

Period
allowed
for virus
to move
linch

Minutes
2
3
5
5
5
2
3
6
5
5
5
2
3
5
6
5
2
I
6

Minutes
2
3
5
10
15
2
3
5
10
15
60
2
3
5
10
15
2
5

Cotyledon removed
Plants
inoculated
Number
80
80
80
66
77
176
81
70
74
73
80
80
78
82
68
80
80
40

Plants infected

Number
0
0
1
5
5
0
15
8
14
13
11
2
6
32
18
26
1
8

Percent
.0
.0
1.2
7.5
6.4
.0
18.5
11.4
18.9
17.8
13.7
2.5
7.7
39.0
26.4
32.5
1.2
20.0

Cotyledon not removed
Plants
inoculated
Number
79
80
80
71
82
183
79
76
74
75
80
80
80
78
64
80
80
40

Plants infected

Number
0
0
9
11
6
9
24
19
17
21
15
8
11
31
12
25
6
10

Percent
.0
.0
11.2
15.4
7.3
4.9
30.3
25.0
22.9
28.0
18.7
10.0
13.7
39.7
18.7
31.2
7.5
25.0

Infection did not occur in any plant after the 2- and 3-minute
feeding periods in the 60^ series nor in any plant after the 2-minute
feeding in the 85° series. Infection occurred in test plants and controls after all the other feeding periods and exposures in all series.
As calculated from these data, the rates of movement were as follows:
At eO"", 12 inches per hour; at So"", 20 inches per hour; at 110°, 30
inches per hour; and at 135°, 30 inches per hour. However, considerable caution should be exercised in drawing conclusions from these
calculations regarding the effect of temperature on the rate of virus
movement. Although the calculated rate was lowest at 60°, the percentage of infection was also low. The low percentage of infection
indicates a lower inoculative efficiency on the part of the vector,
which in turn may mean that the minimum time required for infection
to occur may be longer than at higher temperatures, thus correspondingly reducing the available period for virus movement. However,
the results at 110° seem to furnish some support for the assumption
that the virus moves more rapidly at this temperature than at 60°
or at 85°, since in the 5-, 10-, and 15-minute exposures, as measured
by the controls, the removal of the cotyledons on which the leaf hoppers fed seemed to have little influence on the percentage of plants
which later developed disease; whereas at 60° and 85° the percentage
of infection was considerably reduced by removing the cotyledons
after exposure.
BEET PLANTS HAVING SEVERAL TRUE LEAVES

In seedling plants the determination of very rapid rates of virus
movement is limited by the minimum duration of the required infection period and by the length of the cotyledons. In order to obtain
a relation between time of infection and extent of movement which
would permit the detection of rates of movement more rapid than
30 inches per hour, plants having leaves 3 to 10 inches long were used
in a second experiment. Ten leaf hoppers were allowed to feed 6
minutes at the distal end of a leaf on each plant at a temperature of
85° to 100° F. In the odd-numbered pots the inoculated leaves were
severed 1, 2, 3, etc., up to 10 inches from the point of inoculation 6
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minutes after feeding started. The even-numbered pots were retained
as controls. The experiment was run in three series (table 9). The
results within a series are considered comparable, but one series is not
strictly comparable with any other, because of differences in date of
inoculation and in age of plants used.
The results of this experiment show a maximum downward movement of 6 inches in 6 minutes, or a rate of 60 inches per hour. An
analysis of results indicates that even this rapid rate of movement
does not represent the maximum rate attainable under the most
favorable conditions for movement. Series 1, 2, and 3 of table 9 show
considerably less infection in plants from which the inoculated leaf
was removed than in the controls. This, however, did not hold in
some of the subsequent tests made on very rapidly growing plants.
Experiments 1 and 2 of table 9 show the results of two additional
tests on plants growing at different rates at the time of inoculation.
The plants used in experiment 1 of this table were thrifty but were
not growing at an excessive rate; those used in experiment 2 were in
rich soil and were growing very rapidly. In experiment 1, infection
in the test plants was considerably less than in the controls. Moreover, infection decreased as the distance of required virus movement
increased. The results of this experiment, if standing alone, would
indicate (1) that there was a rather uniform decrease in infection as
the length of leaf removed was increased and (2) that the virus would
not move more than 4 inches in 6 minutes.
TABLE

Series or experiment

9.—Virus movement in leaves of young sugar-beet plants
Inoculated leaf not removed
Inoculated leaf removed
Length
of leaf
Plants inremoved Plants inPlants infected
Plants infected
oculated
oculated
Inches

Series 1
Series 2

Series 3

Experiment 1

Experiment 2

.__

1
2
3
4
5
6
7
8
9
10
1
2
3
4
5
6
1
2
3
4
5
6

Number
120
120
120
140
140
140
40
40
40
40
20
20
20
20
20
20
20
20
20
20
20
20

Number
56
64
50
38
46
47
10
11
10
10
17
13
15
11
7
6
13
14
10
13
12
12

Percent
46.6
53.3
41.6
27.1
32.8
33.5
25.0
27.5
25.0
25.0
85
65
75
55
35
30
65
70
50
65
60
60

Number
120
120
120
140
140
140
40
40
40
40
20
20
20
20
20
20
20
20
20
20
20
20

Number
27
33
20
15
15
17
0
0
0
0
8
6
3
1
0
0
8
10
10
11
11
9

Percent
22.5
27.5
16.6
10.7
10.7
12.1
0
0
0
0
40
30
15
5
0
0
40
50
60
55
55
45

Calculated rate
of virus
movement per
hour
Inches
10
20
30
40
50
60

10
20
30
40
10
20
30
40
50
60

In rapidly growing plants, results were quite different. The removal of the inoculated leaf after 6 minutes did not appreciably decrease the percentage of infection as measured by the controls. This
was true regardless of whether 1, 2, 3, 4, 5, or 6 inches of leaf was
removed, and the chances, therefore, that the virus would move
6 inches in 6 minutes were about the same as that it would move 1 inch
in 6 minutes. It seems probable that under the conditions of this
experiment virus could have been shown to move more than 6 inches
in 6 minutes had longer leaves been available.
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DISCUSSION
The results obtained in the various experiments outlined in this
paper are interpreted as indicating a very intimate relationship between the curly-top virus and the phloem tissue of affected plants.
Virus is introduced into the phloem by its insect vector. It moves
downward from the point of inoculation toward the root system at a
very rapid rate. Results of leaf-hopper feeding experiments indicate
that the virus concentration in exúdate, believed to be derived largely
from the phloem, is high as compared with that in expressed juice from
the entire beet. Virus apparently does not pass from the xylem into
the phloem or any other tissue in sufficient quantities to cause systemic infection. After it is established in the phloem the evidence
indicates that it passes into adjacent parenchyma tissue only in very
limited amounts in the beet, and experiments have failed to demonstrate that it ever occurs in the parenchyma of two species of tobacco.
The evidence supporting these conclusions may be worthy of further
study.
It is considered probable that the close association of the virus with
the phloem tissue may have a bearing on the difficulty encountered
in obtaining infection by mechanical inoculation. The ordinary
methods of mechanical inoculation undoubtedly can be depended upon
to introduce virus into parenchymatous tissue of various kinds, since
infection is induced readily with other viruses by these methods.
Artificial-inoculation experiments indicate that introduction of virus
into such parenchyma cells as the leaf hairs of beet, tobacco, squash,
or bean, never produces infection. Since the virus does not set up
a systemic infection after its introduction into parenchymatous cells,
only two other possible courses are open to it. It must either remain
in these cells and fail to set up a systemic infection or it must be inactivated by substances resulting from cell injury or by normal constituents of parenchymatous cells.
In the light of the information now available, it seems probable that
if artificial infection is to be obtained in any appreciable percentage
of the plants inoculated the virus must be introduced directly into the
phloem. Clearly the introduction of virus into phloem by mechanical
means is attended with difficulty. Needles that are available for
introducing virus into plants are large enough to crush many cells,
and it is probable that the phloem is so badly injured in the process
of inoculation that the virus does not often become established. Even
if needles sufficiently fine to penetrate the phloem without causing
excessive injury were available, they would probably still fall far short
of the insect vector in effectiveness. Such a needle would necessarily
carry the virus on the surface, where it would be exposed to the action
of contents of parenchyma cells and to depletion in the passage of the
needle through tissue exterior to the bundle. Once the needle penetrated the phloem, a portion of the virus might be liberated. If the
needle were withdrawn, the phloem content, being under a positive
pressure, would pass quickly into the cavity that was left, probably
carrying a part or all of the virus deposited in the phloem back into
the region of parenchyma.
The best available method of artificial inoculation seems crude
when compared with the refinements introduced by the insect vector.
The leaf hopper's stylets are extremely slender and seem to find the
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phloem with remarkable accuracy. As the stylets pass through the
parenchymatous regions exterior to the phloem, a protective sheath is
laid down which may effectually exclude contents of surrounding cells.
After the phloem is punctured the insect remains in a feeding position
for appreciable periods and may leave considerable deposits of sheath
material in the vascular area. As the stylets are removed the puncture is probably completely plugged by sheath material.
Since virus is introduced into the phloem directly by the leaf hopper,
its movement to certain parts of the beet plant probably starts immediately and is very rapid. Probably the phloem of the growing point
is invaded in a few hours and the entire phloem network of the plant
is invaded in a few days. Evidence indicates that under some conditions the virus is closely restricted to the phloem, under other conditions it may escape into the intercellular spaces of the parenchyma.
This is shown by the occurrence of drops of exúdate having a high
virus content on the petioles of badly diseased beets. Esau (13) has
shown that this exúdate moves from the vicinity of the phloem to the
exterior of the petiole through the intercellular spaces. The causes
of such movements are not clearly understood.
Crafts (9) states that the phloem is normally under a positive pressure and suggests that the cambium on one side and the starch sheath
on the other limit lateral movement of phloem content. It is possible
that phloem necrosis and the presence of regenerative tissue may interfere with the movement of solutes and increase the pressure in the
phloem of diseased beets. This increased pressure may be sufficient
to force phloem content through the limiting layers into the intercellular spaces of the parenchyma and to the surface of the petiole, or,
as Esau has suggested, the presence of the virus may render the limiting
layers more permeable to phloem content. If the cells of the limiting
layer are rendered more permeable it seems probable that there might
be a seepage of virus from phloem tissue throughout the plant. If
the virus is not extruded through breaks in the limiting layer it may
pass through cells that are rendered more permeable. WTiether the
virus is able to pass from the intercellular spaces into the cells of the
parenchyma seems doubtful. The failure to obtain infection by
introducing virus into parenchyma cells and the rapid inactivation of
virus in expressed juice point to parenchyma as being a very poor
medium for virus. The failure of leaf hoppers to acquire virus from
any type of parenchyma except that immediately below the crown and
in one instance from parenchyma of the petiole indicates that the
virus content of parenchyma is very low. The relatively small
amount of virus obtained by leaf hoppers from expressed juice as
compared to that obtained from phloem exúdate indicates that the
juice is low in virus content or that the leaf hoppers are much less
efficient in acquiring virus from expressed juice than from phloem
exúdate.
The weight of evidence seems to indicate that the virus content of
parenchyma of beet is very low. The virus present in parenchyma
may occur largely or exclusively in the intercellular spaces.
It seems probable that the virus may be even more closely restricted
to the phloem in the two species of tobacco tested than in sugar beet.
This is indicated by results of experiments in which the virus was held
in inoculated parts in plants in which its further dispersal was dependent upon its ability to pass through a small amount of parenchym-
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atous tissue. In most instances this parenchymatous bridge was
composed of only a few cells, as m plants in which two rings, an internal and an external, 1 inch apart, were placed in an internode. In
plants having the internal ring above the external the virus would
move down the stem in the external phloem 1 inch past the internal
ring, thus affording an area equal to the linear distance between the
rings multiplied by the circumference of the internal ring for inward
movement of virus through the wood or medullary rays to the internal phloem in which it could pass on down the stem. In plants
having the positions of the two rings reversed the required movement
would be from the internal to the external phloem through the wood
or medullary rays. When it is considered that in these exfjeriments
active virus was held in the parts above the rings, in some instances
for more than a year, with no leakage whatever of virus across the
rings, the effectiveness of this barrier is apparent. To explain this
phenom^enon it is necessary again to assume that the virus does not
pass out of the phloem or that it is very quickly inactivated by contact with normal cells of other tissues.
The close association of the curly-top virus with phloem tissue may
have an important bearing on the failure of beet seeds to transmit
disease. Artschwager (Í) has shown that in the development of the
beet seed there is no direct vascular connection between the mother
plunt and the young sporophyte. Therefore, materials that enter
the embryo must do so by diffusing through a layer of meristematic
or parenchymatous tissue. Kesults of experiments showing a lack of
movement of virus through meristem and parenchyma indicate that
such a layer would offer a formidable barrier to passage of the virus
into the embryo, and might easily account for the absence of seed
transmission of this disease.
Just how far it is safe to venture in applying this principle to other
virus diseases is diíñcult to say. It would seem to go far toward
explaining lack of seed transmission in all diseases in which the virus
is restricted to the phloem. It may be important for other virus
diseases. Nelson (20) has suggested such an explanation for the
erratic transmission of bean mosaic. The virus of this disease is not
known to be restricted to the phloem. It occurs in only a part of the
seeds from diseased plants. In studying the development of the bean
seed. Nelson found no direct vascular connection between the mother
plant and the embryo. He suggests that the virus may be able to
pass into the embryo through the nonvascular-containing layer only
when this layer is in a meristematic stage of development. The
failure of certain seeds to carry virus is accounted for by assuming an
incomplete distribution of the virus in the phloem. Even with a
complete virus invasion of the phloem, which may seem more likely in
plants grown from diseased seeds, it would seem reasonable to suppose
that the passage of virus through meristem or parenchyma of this
_type may be a hazardous one and successfully accomplished only
under certain conditions. It is possible that the meristematic or
parenchymatous layer of tissue separating the mother plant from the
embryo may offer a structural or chemical barrier to virus passage
even with such viruses as that of tobacco mosaic, which is known to
occur in certain types of parenchymatous tissue.
The rate of movement of virus in sugar-beet leaves is so rapid as to
call for a consideration of the mechanics of this phenomenon. Since it
seems fairly obvious from data already presented that this movement
65578—34
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occurs in the phloem, the possibilities inherent in the solution of this
problem are all the more interesting. Under conditions of the greatest
measured rate of virus movement in sugar beet (6 inches in 6 minutes)
it seems safe to conclude that there is no appreciable multiplication
of virus in the plant in so short a time, and it would not seem that
multiplication would be an appreciable accelerating force in movement. That such movement may result from any autonomous eflFort
on the part of the virus particles seems out of the question, since this
rate is several times greater than the most rapid movement of the
swiftest moving micro-organisms known. Simple diffusion is infinitely slower than the measured rate of virus movement. Diffusion
accelerated by protoplasmic streaming in the sieve tubes could account for no rate approaching maximum movement.
Certainly none of the foregoing theories will account for this rate
of movement, regardless of whether virus is considered to be a living
organized entity or a chemical compound. In spite of these facts it is
now pretty definitely known to physiologists that certain substances
move in phloem at a very rapid rate of speed. Mason and Maskell
{19) calculate a rate of movement of sugars in the cotton plant equal
to the rate of diffusion of molecules of that size in air. Crafts (lO),
using figures derived from growth increase in pumpkin and cucumber
over a stated period, estimates an average linear rate of movement
of 0.292 and 0.235 cm per minute, respectively, of materials through the
stem into the fruits. By cutting stems of cucumber and measuring
phloem exúdate, he found that a calculated rate of movement of phloem
content varying between 3.64 and 8.62 cm per minute could be induced. Crafts {9), in discussing food translocation, suggests that a
mass movement of elaborated food materials takes place in the
phloem. This mass movement he conceives as being dependent on
the creation of a pressure gradient due normally to the increased
osmotic pressure in the more active photosynthetic areas of the
plant. This high osmotic pressure accelerates the intake of water,
which in turn increases the hydrostatic pressure in the phloem and
causes phloem content to move to parts where the pressure is lower.
In such a system each compoimd would not move independently of
other compounds as in simple diffusion, but would move at a rate
approximating that of the mass as a whole, assuming no selective
interference in the path of movement.
Accepting this hypothesis of food translocation, we have available
a hypothesis of virus movement which seems to satisfy all the known
conditions of such movement. In a virus movement of 6 inches in
6 minutes it seems unlikely, as stated previously, that virus increase
would be an important factor under any conditions. Therefore virus
concentration during the first few minutes after introduction is probably very low, and the virus itself could not function to increase
appreciably the osmotic concentration of materials at the point of
introduction. However, if the hydrostatic pressure of the phloem
at the point of virus introduction were already high because of an
abundance of photosynthates, and these photosynthates were being
transported at a very rapid rate, the introduced virus particles would
be carried along at a rate corresponding to the rate of food flow, provided of course that mechanical interference were the same for each.
Under such conditions the virus would move at the same rate and in
the same direction as elaborated foods in the phloem and would in
fact be an indicator of the rate and'directionlof Jood translocation.
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SUMMARY AND CONCLUSIONS
Sugar-beet plants were induced by various treatments to take up
juice of beets affected with curly top through the water-conducting
channels, but since none of the plants so treated became infected, it is
evident that the curly-top virus does not pass from the tracheae into
cells or tissues where it can become established and initiate pathologic
symptoms.
Several other methods of inoculation were tried with inocula prepared in different ways, but an appreciable percentage of infection
was obtained only when the phloem exúdate of a curly-top beet was
used as the inoculum.
The vector of the curly-top virus, Eutettix tenellus, feeds on the leaf
veins, and its mouth parts usually penetrate the phloem region. As
the mouth parts are inserted the insect lays down a sheath of apparently gelatinous material which completely incases the stylets. This
sheath may seal off all cells penetrated that are external to the phloem,
and thereby protect the virus as it is passed into or drawn out of the
phloem by the leaf hopper.
The higher mortality rate in groups of leaf hoppers on parenchyma
tissue, as compared with mortality in groups on tissue containing
vascular elements, indicates that parenchymatous tissue does not
serve as a favorable source of food. However, leaf hoppers having
access to parenchyma hved longer than those given neither food nor
water, indicating that they extracted a certain amount of material
from parenchyma. Leaf hoppers given access to parenchyma tissue
of petioles and crowns and to pith and immature seeds, all from diseased beets, and then caged in groups of 5 on healthy beet seedlings,
infected only 10 of 428 plants. An equal number of insects from
tissue containing vascular elements infected 210 of 428 plants. These
results supplement other evidence supporting the view that virus is
concentrated in the phloem and is present only in relatively small
amounts in the parenchyma. Since in sugar beets affected with curly
top, phloem content escapes into the intercellular spaces of parenchyma tissue surrounding the vascular bundles, it is suspected that
the virus recovered from the parenchyma may have been derived from
escaped phloem content.
The exúdate occurring on the petioles and blades of beets affected
by curly top and that from the cut surface of affected beets has a high
virus content. Evidence indicates that the exúdate that occurs
naturally on the petioles and blades is derived largely from the phloem
and that the exúdate from the cut surface of the beet is derived from
the phloem except as it may be contaminated by an undetermined
amount of material from the xylem and from injured cells mainly
parenchymatous in nature.
Healthy sugar-beet and tobacco plants were infected by grafting
diseased plants on them. Beets were not infected when union of the
grafted plants did not result. In the grafted tobacco plants a definite
union consisting of meristematic tissue was found after 3 days. In
unions 7, 8, and 9 days old, trachea! elements were apparently mature
and strands of elongated cells paralleling the tracheae probably
included functional phloem. No infection resulted until the seventh
day. Infection increased from 27 percent on the seventh day to 100
percent on the twelfth day. In view of the fact that the virus does
not gain effective entrance through the tracheae and did not in these
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experiments pass through meristematic or parenchymatous tissue, it
must have passed the graft union through the phloem elements.
Ringing experiments with Nicotiana tabacum and N. glauca showed
that the virus passes all rings bridged by an uninterrupted path of
phloem, internal or external or internal and external combined. The
virus failed to move past the rings when the internal and external
phloem were removed at the same level. Interruption of phloem
continuity by rings placed at different levels in an internode prevented
the passage of virus in 20 of 27 N. tabacum plants and in 26 of 30 N.
glauca plants. Serial sections of the ringed area in all the plants in
which the virus passed the rings showed in each case one or more
areas of regenerated tissue connecting the internal and external phloem
through the woody cylinder. In view of these findings it seems probable that virus does not move longitudinally or radially through any
of the normal elements of the woody cylinder and that dispersal in
these two species of tobacco is dependent on the presence of continuous phloem elements.
The movement of the curly-top virus in tobacco is relatively slow
as compared to the movement in sugar beet. The fastest movement
observed in tobacco was downward from the point of inoculation at
the top of the plant to a point 24 inches below in 48 hours; a rate of
movement of one half inch per hour.
In sugar beet the virus moves at a much more rapid rate. At air
temperatures of approximately 85°, 110% and 135° F. the virus
moved outward in cotyledons from the point of inoculation a distance
of 1 inch in 2 minutes. In larger beets the virus moved downward
from the point of inoculation at the distal end of a leaf to a point 6
inches below in 6 minutes, a rate of movement of 60 inches per hour.
These rapid movements of virus evidently occur in the phloem and it
is suggested that they indicate a rapid translocation of plant materials.
For these reasons virus may prove useful as an indicator in studies on
the movement of elaborated foods.
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