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INTRODUCTION

MULTIPLICATION of certain viruses in their insect vectors and the conse­
quent theory of biological relation between insects and viruses have been
generally surmised on the basis of insufficient evidence. For many virus
diseases a definite interval of time has been reported as necessary after
an insect has fed on a diseased host before it is able to transmit a virus
to a healthy host. This interval has been called the "incubation period"
of the virus in the insect. Some writers have suggested that this may be
a period during which the virus undergoes some developmental phase in
a possible life cycle in the body of the insect. Insect vectors of virus dis­
eases have also frequently been reported to remain infective during
their entire adult life, after once having acquired the virus by feeding
on a diseased host.

Multiplication of Viruses in I nsects.-Few experiments have been con­
ducted which give any definite evidence on the question of the multipli­
cation of viruses in their insect vectors. Davis, Frobisher, and Lloyd, (7)

5

working with yellow fever and the mosquito, Aedes aegypti L., have
demonstrated that the quantity of virus present in the vector never in­
creases beyond that found immediately after an infective meal. The
quantity of virus was determined by finding the greatest dilution of the
bodies of crushed mosquitoes that would give infection when inoculated
into healthy animals. During the two weeks after a meal of infectious
blood there occurred a reduction in the quantity of virus to approxi­
mately 1 per cent of that in recently fed insects. There was an increase
in titratable virus at a later period, but they suggest that this rise signi-

1 Received for publication June 3, 1936.
2 Presented as a thesis to the graduate division of the University of California,

May, 1935, in partial fulfillment of the requirements for the degree of Doctor of
Philosophy.

3 It is a pleasure to express gratitude to Dr. H. H. P. Severin, who suggested the
problem and under whose supervision this investigation was conducted.

'Junior Entomologist in the Experiment Station.
S Superscript numbers in parentheses refer to "Literature Cited" at the end of

the paper.
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fles not a multiplication, but merely an increase in extracellular virus.
At no later period did the quantity of virus equal that demonstrable in
freshly fed insects, and the authors, therefore, conclude that no multipli­
cation of the virus occurs in the yellow-fever mosquito."

Fukushi?" has obtained evidence which indicates that a multiplication
of the rice-dwarf virus occurs in the insect vector Nephotettix apicalis
var. cincticeps. He demonstrated that the virus was transmitted through
the eggs of the infective leafhoppers to the progeny of the third genera­
tion. Apparently the only explanation for the retention of the rice-dwarf
virus by the leafhopper for three generations without having access to
a source of infection is that the virus must have multiplied in the vector.
This transmission of rice-dwarf virus through the egg of the infective
leafhopper to its progeny is the only record of such an occurrence in
plant-virus literature.

Mechanical Transmission of Plant Viruses by Insects.-There are sev­
eral examples of the transmission of the plant viruses by insects in such
brief periods as to preclude multiplication of the virus in the vector and
to indicate that in these cases at least the transmission must have been
purely mechanical.' Doolittle and Walker'? have shown that the striped
cucumber beetle, Diabrotica vittata (Fabr.), retains the virus of cucum­
ber mosaic for a short time only. They found that the virus-free melon
aphid, Aphis gossypii Glover, could become infective after only 5 min­
utes' feeding on a cucumber-mosaic plant and, could produce infection
after feeding on a healthy plant for a like period. Aphids from mosaic
plants do not produce the disease after 6 to 8 hours' confinement in a
glass tube, this period being approximately the same as that during
which expressed juice remains infective.

Although normally an "incubation period" of I day or longer is re­
quired before the beet leafhopper, Eutettix tenellus (Baker), is able to
cause curly-top infection, Severin?"?" has demonstrated that when a
large number of noninfective insects is used, they may on rare occasions
transmit curly top after feeding for a period of Iflminutes on a diseased
beet and 10 minutes on a healthy plant during high temperatures in the
greenhouse. Transmissions were also obtained under similar conditions
within periods of lh, 1, Ilh, 2, 3, 4, 5, and 6 hours if the insects were fed
for one-half of these periods on a diseased plant and the other half on a

8 Since this paper was written, a paper by Merrill and Ten Broeck has come to my
attention. They report a multiplication of the virus of equine encephalomyelitis in
the mosquito vector, Aedes aegypti. The virus was carried from mosquito to mosquito
by serial passage through seventeen lots of insects and was demonstrated to be pres­
ent in undiminished amounts in the final lot of mosquitoes tested. (Merrill, M. H., and
Carl Ten Broeek, The transmission of equine encephalomyelitis virus by Aedes
aegypti. Jour. Exp. Med. 62:687-95. 1935.)
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healthy plant. The extract made from the mouth parts of leafhoppers
which had fed % to 1 hour on a diseased beet was found on rare occasions
to be infective. He states, "These experiments indicate that contamina­
tion of mouth parts without multiplication of the curly-top virus in the
body of the insect may account for the transmission of the disease."

Swezy?" proposed two theories to account for the transmission of
curly top during short periods by the beet leafhopper: (1) an abnormal
conditon of the alimentary canal consisting of a clump of bacteria in the
lumen of the esophagus anterior to the esophageal valve might hinder
the free passage of food, and infected beet juice might, therefore, be
regurgitated through the mouth parts a short time after being taken in ;
(2) the passage of the infective organism unchanged through the body
of the insect to the salivary glands and its expulsion in the saliva to cause
infection. A third theory proposed "that a change in life cycle of the
infective organism occurs in the body of the insect and this must be com­
pleted before the insect is capable of readily transmitting the disease to
a healthy plant."

Period of Delay in Development of Infective Capacity in the Insect.­
Severin (18) defined the virus "incubation period" in the beet leafhopper
as "the time for the infective principle to pass into the mouth parts,
alimentary canal, blood, salivary glands and out of the mouth parts in
sufficient quantity to produce infection." He found that a low percentage
of single leafhoppers were able to acquire and transmit the virus under
the high temperatures in the greenhouse, during as short a period as 7
hours. Infections were also produced by single insects after periods vary­
ing from 9 to 23 hours.

Smith and Boncquet?" reported that approximately 3 hours of feed­
ing were necessary before the insect could obtain the infective agent and
that an "incubation period" of from 24 to 48 hours was necessary before
the beet leafhopper could transmit curly top of sugar beets. These facts
suggested to them that curly-top virus was not merely transferred by a
mechanical process, but that some development or change took place
within the body of the insect during the first few hours after feeding on
a diseased plant.

Carsner and Stahl'" found that single beet leafhoppers were able to
transmit curly top within a period of 21% hours after first feeding on a
diseased beet. They reported that "a greater number of insects become
able to transmit the virus after a longer period than 24 hours than are
able to do so in the shorter time. The facts cited seem to indicate that a
multiplication of the causal agent takes place within the insects."

Kunkel.?" working in New York, demonstrated that the "incubation
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period" of the aster-yellows virus in Cicadula divisa Uhl. [C. sexnotata
(FalL)] varied from 10 to 19 days. He also showed?" that this period
varied from 17 to 26 days with the California aster-yellows virus in the
same species of leafhopper. He states, "It is difficult to conceive that any
agent other than a living organism would require an incubation period
in the insect carrier."

Bald and Samuel'" showed that in the transmission of spotted wilt
of tomato there was a delay of 5 to 7 days in the development of the in­
fective capacity of the black carnation thrips, Frankliniella insularis
(Franklin) .

In his work with yellow spot of pineapple, Linford?" reported that a
period of approximately 10 days must elapse after onion thrips, Thrips
tabaci Lindeman, have fed on a diseased plant before they become in­
fective.

Elze'" demonstrated that the period between the first feeding on a
diseased leafroll potato plant and the development of infectivity in the
peach aphid, Myzus persicae (Sulzer), ranged from 24 to 38 hours.

Smith?" considered the minimum "incubation period" of the virus of
leafroll of potato in the peach aphid to be 54 hours.

Storey?" found that the "incubation period" of the virus of streak of
maize in the leafhopper, Cicadulina mbila (Naude), was from 6 to 63
hours at 30° C. In some experiments 84 hours elapsed before the pre­
viously noninf'eetive insects produced an infection after having first fed
on a diseased plant. He states, "There was a great irregularity in the
behavior of individual leafhoppers which makes impossible any exact
numerical expression of the duration of the uninfective period."

Retention of Plant Virus by Insects.-The fact that insect vectors of
viruses often retain their infective power over long periods of time has
been considered as evidence in favor of the theory that a virus multiplies
in the body of the insect. According to the literature, there are, however,
some insect vectors of viruses which lose the infective capacity when they
do not have access to a source of virus.

Boncquet and Stahl'" asserted that the ability of the beet leafhopper
to transmit curly top was lost in 15 to 35 days if the insects were trans­
ferred daily to a healthy beet.

Carsner'" stated that infective beet leafhoppers after being kept on
cattle spinach, Atriplex polycarpa, which is nonsusceptible to curly top,
retained their infectivity for a period of 58 days.

Severin(16) found that three infective male beet leafhoppers infected
in the first nymphal instar retained their infectivity during all of the
nymphal stages and during their entire adult life of 101, 103, and 105
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days, respectively. Eight infective males each provided with a healthy
beet daily during its adult life transmitted the virus to from 16.2 to 55.5
per cent of the beets. These males usually transmitted curly top to fewer
beets toward the end of their natural life.

Kunkel.':" working in New York with aster yellows, showed that 3 of
6 adult Cicadula divisa retained their infective capacity for a period of
100 days when transferred at intervals to healthy asters. The other 3
insects did not infect any plants during the last 3 weeks of the experi­
ment. He confined infective insects on rye plants, which are immune to
aster yellows, for at least 2 months and demonstrated that the leafhop­
pers had not lost the infective principle during this period. He found,
however, that while some specimens retained the infectivity throughout
life, others seemed to lose it after ashort time.

In Australia, Samuel, Bald, and Pittman?" demonstrated that the
black carnation thrips, the vector of spotted wilt of tomato, when placed
on a healthy plant each day, did not lose the power to cause infection
during the 24 days of the experiment, which included the pupal period.
The insects, however, did not infect every plant on which they fed.

Elze'" found that the peach aphid, the vector of leafroll of potato, does
not lose its power to infect during the process of molting. When infective
aphids were transferred to a nonsusceptible host plant such as spinach
for 7 to 10 days, they were able to infect healthy potatoes.

Smith?" reported that infective peach aphids retained the virus of
leafroll of potato for a period of 7 days while feeding on immune plants
such as cabbage. He said, "It seems probable, but this has not been
proved, that Myzus persicae once infected remains so for the rest 'of its
natural life."

In the case of curl of raspberry, Bennett?' stated that the aphid vector,
Aphis rubiphila Patch, does 110t lose its power to infect when kept on
plants immune to curl for a period of 3 weeks and probably for the life
time of the insect.

Bennett?' reports that the aphid vector of red-raspberry mosaic, Am­
phorophora rubi (Kaltenbach), acquired the virus in 12 hours or less
and transmitted it to healthy plants during the following 12-hour period,.
but when this aphid was transferred to successive healthy plants, it lost
the mosaic virus.

Storey?" showed that three single specimens of Cicadulina mbila re­
tained the power to transmit the virus of streak of maize for periods of
at least 84,111, and 116 days, when provided with a healthy maize plant
daily. One of eight insects tested, however, after infecting 16 of the first
33 plants, showed a progressive weakening of the infective power, and it
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infected plants, thereafter, only on the 42nd, 45th, and 66th day and
failed to produce an infection during the last 45 days of its life. The
author states that "some specific biological relationship exists between
Cicadulina mbila and streak virus. The evidence clearly indicates a mul­
tiplication of the virus in the insect."

Storey?" later reported that insects infected by feeding upon streak­
diseased maize normally continued to cause infections up to the time of
their death. However, insects infected by inoculating them with streak
virus by means of a needle puncture in their abdomen, ultimately be­
came noninfective if kept on healthy plants. Plants infected by insects
inoculated with the virus by the needle-puncture method developed
symptoms of the disease more slowly than those infected by insects
which had fed on diseased plants. Insects which had lost the power to
cause infection were reinfected either by feeding them on a diseased
plant or by needle inoculation, and they were then capable of again
causing infection. Storey stated, "On the whole, the available evidence
rather suggests that the loss is due to an exhaustion of the supply of
virus in the insect."

An investigation was undertaken to determine whether the curly-top
virus multiplies in the beet leafhopper. Since we have been unable to
carry out experiments which would give direct evidence regarding mul­
tiplication of the virus in the leafhopper, an attempt was made to per­
form experiments which could give indirect evidence on this question.
Such evidence might be obtained if it could be shown whether the insects
retained the infective capacity during their entire adult life, and
whether leafhoppers fed for short periods on a diseased beet could cause
as many infections as those fed for longer periods on a source of virus.
Transmission experiments were performed to ascertain the number of
infections produced, and the longevity of the virus in the leafhopper
during adult life, after having fed for varying periods on curly-top
beets. Experiments were also conducted on the transmission of curly top
by male and female leafhoppers, the ability of the leafhopper to acquire
and transmit the virus during various periods of adult life, and whether
an insect could be reinfected with the virus during later adult life. A
comparison was made of the incubation period of the disease in sugar
beets infected by the insects fed for short periods with those fed during
the nymphal stages on curly top beets.
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GENERAL METHODS

In all transmission experiments in which the beet leafhoppers were
transferred daily to healthy beets, each specimen was confined in a small
cylindrical cage 7th inches in height by 5th inches in diameter con­
structed of wood with top and sides covered with lawn except for a glass
plate 3 by 6 inches through which observations were made (fig. 1). The
bottom of the cage was made of wood and had a small circular opening
1 inch in diameter through which the beet seedling was inserted. The
wooden frame and bottom of the inside of the cage was painted black so
that the adults could readily be observed during the transfers. To pre­
vent the escape of the insect from the cage enclosing the beet seedling,
the soil in the pots was covered with a layer of coarse dry sand and the
bases of the petioles were surrounded with cotton (fig. 1, C). The adults
were transferred from one 'cage to another by capturing them with a
glass pipette (fig. 2) .

Curly-top beets used as a source of virus in the experiments reported
in this paper were severely affected and were obtained from the San
Joaquin Valley and interior regions of the Salinas Valley. During the
four seasons 1931-1935 in which these experiments were performed, the
beet leafhoppers were always infected with the virus by feeding them on
curly-top beets in an advanced stage of the disease. Reliable symptoms
of. curly top, such as cleared veinlets and protuberances 011 the lower
surface of the leaves, were present on all beets used as a source of virus
in the various experiments.

Healthy sugar-beet seedlings with from 6 to 12 leaves were used in
all experiments. The beet seedlings were grown in 4-inch clay pots and
were kept out of doors in insect-proof cages.

The infective beet leafhoppers were reared during their nymphal
stages on curly-top beets, the nymphal period requiring from 26' to 36
days in the greenhouse, as determined by Severin. (1'1)

Noninfective beet leafhoppers were obtained by transferring recently
hatched nymphs before feeding from a diseased to-a healthy sugar beet
by means of a camel's-hair brush, as first described by Stahl and Cars­
nero(28) A supply of noninfective leafhoppers was reared on healthy beets
in large cages in the greenhouse. The healthy beets were kept in insect­
proof cages to protect them from accidental infection with curly top.
Each cage of noninfective leafhoppers was numbered and a record was
kept of the number on the cage from which the insects were taken. The
noninfective leafhoppers in each cage were tested at monthly intervals
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Fig. 1.-View of cages used in determining the period of infectivity during
the adult life of the beet leafhopper. A, Bottom board with circular hole through
which the leaves of a beet seedling projected into the cage; B, cage with top
and sides covered with lawn, except a glass plate through which observations
were made; C, cage enclosing a beet seedling with the base of the petioles sur­
rounded with cotton.

Fig. 2.-Pipettes 'with a capacity of 10 ee used in capturing beet leafhoppers.
A, Pipette with a piece of silk bolting covering the opening between the pipette
and rubber tube; B, pipette, silk bolting, and rubber tube. The end of the rubber
tube is held in the mouth. By inhaling a breath of air through the rubber tube,
the leafhoppers. are drawn into the bulb of the pipette, and by exhaling the
breath and snapping the first two fingers against the side of the pipette they
are expelled.
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by transferring 5 to 10 specimens to a healthy beet seedling. If the non­
infective insects in a cage accidentally became infected with curly top,
the results with leafhoppers from such a cage were rejected.

Recently molted adults were used in all experiments for two reasons:
(1) the insects feed for long periods of time after the last molt and,
therefore, more frequently become infective when feeding on a diseased
beet, and (2) the age of the adult from the time it acquires the winged
stage is known. The long feeding- periods may be explained by the fact
that before molting the insect stops feeding and empties the contents of
the alimentary tract.

'I'o avoid injury, the recently molted adults were allowed to rest for a
period of time on the nymphal skins until the "rings expanded and the
chitin was somewhat hardened. The adults were then captured with a
pipette and transferred to an empty cage in which they were confined
for a period varying from 2 to 4 hours before feeding them on a curly­
top beet.

Each recently molted noninfective adult was transferred from the
empty cage with a pipette, gently dropped on a diseased beet leaf, and
observed as it fed for short periods. The insect usually inserted its mouth
parts into the plant tissue, as could readily be seen by use of a reading
glass. Sometimes the leafhopper would withdraw its mouth parts to seek
a more suitable place to feed, often on the lower surface of the leaf. III
the majority of cases, however, once the insect began to feed, its mouth
parts were rarely withdrawn during short feeding periods until inter­
ruptedin its meal. During the short feeding periods on curly-top beets
a high temperature of approximately 100 0 F was maintained in the
greenhouse. When the leafhopper had fed for the desired length of time,
it was interrupted in its meal and transferred to a healthy beet seedling
confined in a cage.

Each adult in a cage was transferred at intervals of 24 hours to suc­
cessive healthy beets. The transfers were made by jarring the cage on
the top of the table and by blowing a breath of air through the lawn
covering of the cage to cause the leafhopper to hop from the beet seedling
to the lawn, wooden frame, or bottom of the cage. The beet was removed
by lifting the cage from the clay pot and by pulling the beet leaves
through the opening in the bottom. The hand was placed over the open­
ing to prevent the escape of the insect. The cage containing the leaf­
hopper was then placed over another healthy beet.

The beet seedlings, after exposure to the leafhoppers for the desired
length of time, were placed in insect-proof cages in the greenhouse. The
beets were examined daily for a period of 6 weeks for symptoms of curly
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top. If any of the beets developed cleared veinlets on the youngest leaves,
the leafhopper had evidently infected the plant during the 24-hour
period that it had been confined on the beet.

Repeated capturing of the insects with a pipette was necessary in
transferring them from one cage to another in the experiments on the
loss of the infective capacity by the leafhoppers when kept on a plant
immune to curly top. This resulted in a high mortality, and hence some
of the experiments could. not be extended over as long a period of time
as was desired. In most other experiments in which the leafhoppers were
transferred from one plant to another in cages, they were rarely cap-
tured by means of the pipette and lived for long periods of time. .

The sexes were segregated soon after molting when large numbers of
beet leafhoppers were required for an experiment. A large number of
last-instar nymphs were usually captured and confined in a cage, and
after they passed through the last molt, the male and female leafhop­
pers were transferred to separate cages. This procedure was followed
to prevent fertilization of the females, since eggs deposited by fertilized
females would hatch nymphs in the insect-proof cages, which would in­
troduce a source of error into the results.

TRANSMISSION OF C1JRLY TOP BY BEET LEAFHOPPERS
FED TEN MINUTES TO THREE H01JRS ON A

DISEASED BEET

If there is a multiplication of the virus in the insect, those which have
fed for short periods of time on curly-top beets should, after the "incu­
bation period" is completed, be able to cause as many infections as those
fed for longer periods of time. 'I'he following experiment was therefore
designed to determine whether a multiplication of the curly-top virus
takes place in the leafhopper, or whether the insect only accumulates the
virus during repeated feedings and is in reality only an internal mechan­
ical carrier.

Recently molted, previously noninfective leafhoppers were fed for
periods of 10, 20, 40, 60, 120, and 180 minutes on a diseased plant and
were than transferred to successive healthy beets at intervals of 24 hours
during their adult life. If no infections resulted from the feeding of the
previously noninfective leafhoppers fed for short periods on a diseased
beet. during the first 30 days, they were considered noninfective and
transfers to successive healthy beets were discontinued. Often, however,
after the insects had been discarded, one or more of the beets inoculated
by such specimens would develop symptoms of the disease, which indi­
cated that the insects had been infective.
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Severin'" has demonstrated that noninfective beet leafhoppers were
able to recover the curly-top virus from beet seedlings with. from 4 to 6
leaves 2 days after infective insects were first fed on them. The cleared
veinlets sometimes appeared on the youngest leaves at the end of 2
days, but noninfective insects did not always become infective by feeding
on seedlings showing this early symptom. These results indicate that
leafhoppers can recover virus by feeding for several days on plants
which they have infected. This fact has not always been considered in
transmission experiments in which an attempt was being made to deter-

TABLE 1

INFECTION OF BEET LEAFHOPPERS WITH CURLY Top BY FEEDING

FOR SHORT PERIODS ON DISEASED BEETS

Number
Period on curly-top beet, fed on Number Number not Per cent

minutes curly-top infective infective infective
beets

10.............................. 16 7 9 43.7
20.............................. 18 7 11 38.9
40.............................. 11 7 4 63.6
60............................... 11 7 4 63.6

120.............................. 6 3 3 50.0
180.............................. 13 7 6 53.9

- - -
Total ............................ 75 38 37 ....
Average......................... .. .. .. 50.8

mine how long the insect vector retained the infective capacity. The"
feeding period of the leafhoppers in the present experiments was only
24 hours on each beet, and it was considered impossible for them to re­
cover any virus which they had inoculated into and which had multi­
plied in the beet during the period they were confined on the seedling.

Seventy-five recently molted, previously noninfective leafhoppers
were fed for short periods on diseased beets, as shown in table 1, and of
this number 38 acquired and transmitted the virus to beets, while 37
failed to become infective. The results in table 1 suggest that there was
a slight increase in the percentage that acquired the infective power as
the length of the feeding periods was increased. The data indicate that
50.8 per cent of the insects allowed to feed for short periods on a diseased
beet became infective.

The results in table 2 show a great variation in the delay in the devel­
opment of the infective capacity in single beet leafhoppers. The period
of time that elapsed between the initial feeding on a curly-top beet and
the first infection by the leafhopper varied from 1 to 44 days, or an
average of 9.6 days when the insects were kept at temperatures varying



T
A

B
L

E
2

T
R

A
N

S
M

IS
S

IO
N

O
F

C
U

R
L

Y
T

o
p

B
Y

S
IN

G
L

E
B

E
E

T
L

E
A

F
H

O
P

P
E

R
S

F
E

D
F

R
O

M
10

T
O

18
0

M
IN

U
T

E
S

O
N

A
D

IS
E

A
S

E
D

B
E

E
T

A
N

D
O

N
A

H
E

A
L

T
H

Y
B

E
E

T
D

A
IL

Y
D

U
R

IN
G

A
D

U
L

T
L

IF
E

B
ee

ts
in

fe
ct

ed
P

er
io

d
of

P
er

io
d

P
er

ce
n

t
of

to
ta

l
in

fe
ct

io
ns

d
u

ri
n

g
P

er
io

d
d

el
ay

in
A

d
u

lt
ag

e
L

on
ge

st
b

et
w

ee
n

on
B

ee
ts

de
ve

lo
p-

w
h

en
la

st
p

er
io

d
la

st
in

-
cu

rl
y-

to
p

Se
x

N
o.

D
at

es
fe

d
on

in
oc

u-
m

en
t

of
in

fe
ct

io
n

b
et

w
ee

n
fe

ct
io

n
b

ee
t,

h
ea

lt
h

y
be

et
s

la
te

d
N

u
m

-
P

er
in

fe
ct

iv
e

pr
od

uc
ed

,
tw

o
in

-
an

d
d

ea
th

1-
30

31
-6

0
61

-9
0

91
-1

20
12

1-
15

0
15

1-
18

0
m

in
u

te
s

b
er

ce
n

t
ca

p
ac

it
y

,
d

ay
s

fe
ct

io
ns

,
of

in
se

ct
,

d
ay

s
d

ay
s

d
ay

s
d

ay
s

d
ay

s
d

ay
s

d
ay

s
d

ay
s

d
ay

s
-
-
-
-
-
-
-

-
-
-
-

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

1
1

Ju
ly

8-
A

ug
.

15
39

1
2.

6
36

36
..

.
3

0.
0

10
0.

0
..

..
..

..
..

..
..
..

.
9

2
S

ep
t.

7
-o

ct
.

25
49

1
2.

0
44

44
.,

.
5

0.
0

10
0

0
..

..
..

..
..

..
..

..
3

S
ep

t.
4-

N
ov

.
19

77
2

2.
6

15
50

35
27

50
.0

50
.0

0.
0

..
..

..
..

..
..

10
4

M
ay

8
-J

u
ly

30
83

4
4.

8
9

32
12

51
75

.0
25

.0
0.

0
..

..
..

..
..

..

0'
{

1
Ju

n
e

25
-A

ug
.

19
55

4
7.

3
1

31
21

24
75

.0
25

.0
..

..
..

..
..

..
..

..
2

S
ep

t.
3

-D
ec

.
20

10
8

3
2.

8
5

81
43

27
33

3
33

.3
33

.3
0.

0
..

..
..

..

9
{

5
Ju

ly
8-

A
ug

.
28

52
3

5.
8

7
45

35
7

33
.3

66
.7

..
..

..
..

..
..

..
..

6
S

ep
t.

6-
M

ar
.

9
18

3
1

0.
5

1
1

..
18

2
10

0.
0

0.
0

0.
0

0.
0

0
.0

0.
0

20

{
3

Ju
n

e
25

-A
ug

.
8

44
1

2.
3

15
15

..
.

29
10

0.
0

0.
0

..
..

..
..

..
..

..
..

0'
4

Ju
ly

2
4

-o
ct

.
27

95
6

6.
3

1
71

24
24

83
.3

0.
0

16
.7

0.
0

..
..

..
..

5
Ju

n
e

s-
oa

.
29

15
0

2
1.

3
7

11
7

11
0

33
50

.0
0.

0
0.

0
50

.0
0.

0
..

..

j
9

{
7

Ju
ly

7
-S

ep
t.

3
58

1
1.

7
7

7
51

10
0.

0
0

.0
..

..
..

..
..

..
..

..
8

Ju
n

e
3

-D
ec

.
5

18
4

4
2.

2
10

16
1

i0
5

23
25

.0
0.

0
0.

0
25

.0
25

.0
25

.0
40

0'
{

6
M

ay
7

-J
u

ly
28

83
5

6.
0

6
34

10
49

80
.0

20
.0

0.
0

..
..

..
..

..
..

7
Ju

n
e

25
-N

ov
.

4
13

2
2

1.
5

8
17

8
11

5
10

0.
0

0
.0

0.
0

0.
0

0.
0

..
..

j
I9

M
ay

25
-J

u
ly

25
61

3
4.

9
10

18
10

43
10

0.
0

0
.0

..
..

..
..

..
..

..
..

9
10

Ju
ly

r-
oa

.
27

11
1

3
2.

7
7

18
7

93
10

0.
0

0.
0

0.
0

0.
0

..
..

..
..

60
11

M
ay

7-
A

ug
.

18
10

3
2

1.
9

4
21

16
82

10
0.

0
0.

0
0.

0
0.

0
..

..
..

..
12

Ju
ly

7
-J

an
.

4
18

0
7

3.
9

7
13

0
77

50
42

.9
0

.0
0.

0
28

.6
28

.6
0.

0
0'

8
Ju

n
e

3
-N

o
v

.
10

16
0

5
3.

1
8

68
45

92
80

.0
0

.0
20

.0
0.

0
0

.0
0.

0

12
0

{
9

13
M

ay
7

-S
ep

t.
1

11
7

6
5.

1
9

77
25

40
33

.3
33

.3
33

.3
0.

0
,
..

.
..

..
0'

9
Ju

n
e

3
-J

u
ly

28
55

5
9.

1
3

25
9

30
10

0.
0

0
.0

..
..

..
..

..
..

..
..

{
{

10
Ju

n
e

25
-S

ep
t.

15
82

1
1.

2
1

1
.,

.
81

10
0.

0
0

.0
0.

0
..

..
..

..
..

..
.

18
0

0'
11

M
ay

8-
A

ug
.

14
98

3
3.

1
9

32
21

66
66

.7
33

.3
0.

0
0.

0
..

..
..

..
12

S
ep

t.
6

-J
an

.
4

12
1

9
7.

4
9

10
5

38
16

44
.4

33
.3

11
.1

11
.1

..
..

..
..

I

-
-
-
-
-
-
-
-

-
-
-

-
-
-
-
-
-
-

A
ve

ra
ge

..
..

..
..

..
..

..
..

..
..

..
..

.
99

.2
3.

4
3.

4
9.

6
49

.5
34

.3
49

.7
r.

e-
!l

.S
*

1.
S*

1
.6

*
1

.8
*

1
.0

*

*
P

er
c
e
n

t
b

ee
ts

in
fe

ct
ed

.

w ...-. ~ ~ c:
o"

.

~ ~ "
i
~ ~
.

~ o r ~ ...0 ~ 9 (
0



Nov.,1936] Freitag: Evidence on M~tltiplication of Ourly-Top Virus 317

from 70° to 100° F in the greenhouse. The leafhoppers caused infections
at very irregular intervals after the first infection.

'I'he leafhoppers fed for short periods of from 10 to 180 minutes OIL a
curly-top beet were able to cause only a few infections. As shown in
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Fig. 3.-Number and distribution of curly-top infections produced by single beet

leafhoppers fed for short periods varying from 10 to 180 minutes on diseased beets
and transferred daily to a healthy beet. The insects produced most of the infections
during the first 30 days of adult life, after which there was a decrease in the infective
capacity of the insects.

table 2, six leafhoppers fed for a period of 10 minutes on a diseased beet
infected from 1 to 4 beets, five fed 20 minutes infected from 1 to 6 beets,
four fed 40 minutes infected from 1 to 5 beets, five fed 60 minutes in­
fected from 2~ to 7 beets, two fed 120 minutes infected from 5 to 6 beets,
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and three fed 180 minutes infected from 1 to 9 beets during adult life.
The insects fed for short periods on curly-top beets averaged 3.4 infec­
tions when each was provided with a healthy beet seedling daily during
its adult life.

The data in table 2 indicate that the leafhoppers were slightly infec­
tive throughout life, but that they were highly infective only during
the first 30 days of adult life. The age of the adults when the last infec­
tion was produced varied from 1 to 161 days, and averaged 49.5 days.
The number of beets inoculated, which also represents the longevity of
the leafhoppers in days, varied from 39 to 184 and averaged 99.2. The
maximum period between any two infections varied from 7 to 110 days
and averaged 34.3 days, while the number of days between the last infec­
tion and the death of the insect varied from 3 to 182 days and averaged
49.7 days. The data show an average of 7.2 per cent of the beets were
infected during the first 30 days of adult life. There was a marked de­
cline in the number of infections during the second 30-day period to an
average of 2.2 per cent and a further decrease during the third 30-day
period to an average of 1.3 per cent. After these periods the percentage
of beets infected remained approximately constant until the death of
the insect.

Figure 3 shows the frequency and distribution of curly-top transmis­
sions by beet leafhoppers fed for short periods on diseased beets and
indicates that a majority of the infections are caused during the first 30
days of adult life. The results indicate that after this period the fre­
quency of curly-top infections by the leafhopper becomes less until the
ninetieth day, after which the frequency of infections remains approxi­
mately constant. After the period of delay in the development of the
infective capacity, there are no indications of any cycles of development
nor any evidence that the virus multiplies in the insect vector. Some
leafhoppers apparently retained the infective capacity during their
entire adult life, 'as shown by female No.8 and male No. 12. Others, such
as female No.6 and male No.8 apparently lost the power to cause infec­
tion during later life, as shown in figure 3.

TRANSMISSION OF CURLY TOP BY BEET LEAFHOPPERS
FED FROM SIX HOURS TO TWENTY-EIGHT

DAYS ON DISEASED BEETS

In order to determine whether there was any direct relation between
the length of time a beet leafhopper feeds on a diseased plant and the
number of infections it produces during its adult life, 18 recently molted
previously noninfective leafhoppers were fed for periods of % (6 hours) ,
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% (12 hours), 1, 3, 7, 14, 21, and 28 days on two curly-top beets, 10 males
on one and 8 females on the other. Each insect was then provided daily
with successive healthy beets.

The results of the experiment show a great variation in the number of
infections produced by the beet leafhoppers fed for different periods of
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Fig. 4.-Number and distribution of curly-top infections produced by single beet

leafhoppers fed from 6 hours to 28 days on a diseased beet and transferred daily to
a healthy beet. Most of the infections occurred during the first 30 days of adult life.
The infective power was apparently lost by some of the leafhoppers toward the end
of their natural life, but others retained the infectivity up to the time of death.

time on curly-top beets. The number of beets infected by insects fed
from 6 hours to 28 days ona curly-top beet varied from 5 to 32, or an
average of 15.1, as shown in table 3. One specimen fed for 6 hours and
another for 21 days on a curly-top beet produced only 5 infections, while
a third insect fed for 7 days infected 32 beets during its adult life, as
indicated in table 3. From 4.0 to 22.3 per cent, or an average of 11.6 per
cent, of the beets were infected with curly top during the adult life of
the leafhopper.

The data in table 3 also indicate that in the majority of the beet leaf­
hoppers .there was a decrease in the infective capacity during the later
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stages of adult life. The age of the adults when the last infection was 
produced raried from 45 to  135 days, o r  a n  average of 91.7 days, while 
the longevity of the adults varied from 81 to 200 days, or an average of 
130.7 days. As already stated, each insect was provided with a healthy 
beet daily during adult life, and hence the longevity of the adults in days 
corresponds to the number of beets inoculated in table 3. The longest 
period between two successive infections varied from 13 to 62 days, or 
an average of 31.2 days, while the period between the last infection and 
the death of the insect varied from 1 to  93 days, or an average of 39 days. 
In  11 of 18 specimens tested, the longest period between successive in- 
fections was less than the period between the last infection and the death 
of the insect ; this fact suggests a decrease in the infective capacity of 
the insect. 

The majority of leafhoppers produced more infections during the 
first 30 days of their adult life than during any succeeding 30-day period, 
as shown in figure 4. The percentage of the total beets infected during 
successive 30-day periods of adult life indicates a progressive decrease 
in the infective capacity, which suggests that the quantity of virus in 
the insect is being decreased as the insect feeds on consecutive healthy 
beets. The average percentages of beets infected during successive 30- 
day periods were as follows: 26.5, 15.0, 5.6, 3.9, and 0.5 resp*ectively 
(table 3 ) .  

TRANSMISSION OF CURLY TOP BY BEET LEAFHOPPERS 
F E D  DURING NYMPHAL STAGES ON DISEASED BEETS 

In connection with the preceding experiments on short feeding periods, 
it became desirable to determine if the length of feeding period on a 
source of virus would affect the number of infections produced. Accord- 
ingly, 10 recently molted adults which had fed o n  diseased beets during 
their entire nymphal stages were provided with successive healthy beets 
a t  24-hour intervals during their adult life. 

There was a great irregularity in the number of infections produced 
by the infective adults. These leafhoppers infected from 4 to 26 beets, 
or  an average of 15.6 beets, during their adult life, as shown in table 4. 
They infected from 3.5 to 44,l per cent, or an average of 11.8 per cent, 
of the beets on which they fed. 

The age of the adults when they produced the last infection varied 
from 50 to  151 days, or an average of 81.3 days, While the number of 
beets inoculated, which also represents the longevity of the adults in 
days, varied from 58 t o  206, or an average of 132.2. The longest period 
between two successive infections produced by a single specimen varied 
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Fig. 5.-Frequency and distribution of curly-top infections by single beet leaf­
hoppers that had completed the nymphal stages on diseased beets and were trans­
ferred daily to healthy beets during adult life. Some of the leafhoppers apparently
lost the infective power during late adult life. Most of the infections were caused
during early adult life.

~o

~ 35

~

~ 30

~
<,

2S

t?
~

20

c:()

h..- IS

~
•

U 10

~
~

ADULT AGE, IN DAYS

Fig. 6.-Decrease in infective capacity of the beet leafhopper as indicated by per­
centage of beets infected during successive 10-day periods of adult life. The nymphal
stages were completed on curly-top beets and the adults were provided daily with a
healthy beet until the end of their natural life.
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from 7 to 83 days, or an average of 27.7 days, while the period between
the last infection and the death of the insect varied from 0 to 118 days,
or an average of 50.9 days (table 4). These results indicate a decrease
in the power of the leafhoppers to cause infection as they approach
old age.

As in preceding experiments with adult beet leafhoppers fed for vary­
ing periods on a curly-top beet, the insects bred as nymphs on curly-top
beets also infected more beets during the first 30 days of their adult life
than during any succeeding 3D-day period. The average percentages of
beets infected during successive 3D-day periods of adult life (table 4)
were as follows: 31.9, 14.8, 5.2, 1.2, 0.0, 0.8. These data indicate a grad­
ual decrease of the infective capacity. The decrease and the fact that
most beets are infected during early adult life of the insect are shown in
figure 5, which gives the distribution of the infections caused by each
beet leafhopper. Most of the beets were infected during early adult life,
and as the insects grew older the frequency of the infections became less
until finally most leafhoppers were no longer capable of causing infec­
tion. Several of the specimens failed to infect a beet for a long period of
time and then suddenly produced several infections, as shown in figure
5 by female No.9, but this was not usually the case. The leafhopper did
not produce the disease in any characteristic cycles of infectivity, such
as might be expected if the virus multiplied or passed through some sort
of a cycle of development in the insect.

The gradual decrease of the infective capacity of the beet leafhopper
is also illustrated by the curve in figure 6, which shows the percentage of
beets on which the insects fed that were infected during successive 10­
day periods of adult life.

TRANSMISSION OF CURLY TOP BY IVIALE AND FEMALE
LEAFHOPPERS

A comparison was made of the transmission of curly top by male and
female beet leafhoppers to determine if one of the sexes might not be a
more efficient vector of the virus than another. If one sex proved more
efficient in the transmission of the disease, better results would be ob­
tained from experiments which were carried out with such individuals.

A lot of 8 male and 8 female leafhoppers that had completed the
nymphal stages on the same diseased beet were each transferred to a
healthy beet soon after completing the last molt. The single insects were
transferred to successive healthy beets at intervals of 24 hours during'
the remainder of their adult life...

As shown in table 5, the males infected from 5 to 50 beets, or an aver-
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age of 16.6 beets, during their adult life. The females infected from 3 to
18 beets, or an average of 10.7 beets, during their adult life. The males
infected an average of 12.0 per cent, while the females infected an aver­
age of 6.7 per cent of the beets on which they fed. The results of this
experiment seem to indicate that the males have a slightly greater ability
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Fig. 7.-Number and distribution of curly-top infections produced by 8 male and
8 female beet leafhoppers which had completed the nymphal stages on the same
diseased beet and were transferred daily to healthy beets during their adult life.
Most of the infections occurred during the first 30 days of adult life, and, while some
insects apparently lost the infective capacity as they approached old age, others re­
tained the power to cause infection.

to transmit the virus. The great variation in the number of beets infected
by single male and female adults, however, precludes any definite con­
clusion.

The results in table 5 indicate that the two sexes retained the power
to transmit the virus for approximately the same length of time. The
age of the males when they produced the last infection averaged 105.7
days, while the age of the females averaged 106.1 days when they pro­
duced the last infection. The longevity (corresponding with the number
of beets inoculated) .of the females in days was greater than that of the
males, averaging 160.4, while the males averaged 138.6 (table 5).

The distribution of the beets infected during the adult life of the two
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sexes was very similar. The males infected an average of 28.3 per cent
and the females 18.7 per cent of the beets they fed on during the first 30
days of adult life (table 5). During the period from 31 to 60 days, the
males infected an average of 12.9 per cent and the females an average
of 7.9 per cent of the beets. After a continued decrease during the next
3D-dayperiod, as shown in table 5, the average infective capacity of the
two sexes remained approximately constant.

Figure 7 illustrates the distribution of infections by the eight male
and eight female adults and shows that most of the infections were pro­
duced during early adult life. Some of the insects, for example, male
No.3 and females No.4 and No.8, failed to infect beets toward the end
of their natural life; this indicates that they had apparently lost the
infective capacity, while other specimens, such as females No.3 and
No.7 retained their infectivity up to the time of their death.

LOSS OF INFECTIVE CAPACITY BY LEAFHOPPERS KEPT
ON PLANT IlVIMUNE ro CURLY TOP

Experiments were conducted to determine whether infective beet leaf­
hoppers would lose the infective power when kept on a plant immune to
curly top, such as Alameda or Mammoth sweet corn (Zea mays). In
three different experiments, one hundred recently molted adults which
had completed their nymphal stages on a diseased beet were transferred
singly to healthy beets for a period of 24 hours to determine the per­
centage of insects that would transmit curly top during that period. The
leafhoppers were fed on sweet corn for a period of 9 days, and then on
the 10th day they were transferred singly to healthy beet seedlings for
24 hours. The procedure was repeated several times up to the 90th day
of the adult life, when the number of insects was reduced so low that
further tests were impossible owing to the high mortality caused by the
repeated capture of the insects with the pipette.

The results of the three experiments indicate a gradual loss of the in­
fective capacity by the leafhopper when confined on sweet corn. Table 6
summarizes the results of the three experiments and shows that 50.8 per
cent of the insects transmitted curly top during the first transfer to
healthy beets. On the 10th day 55.5 per cent of the healthy beets became
diseased, after which time, with succeeding 10-day periods, there was
a drop in the percentage of leafhoppers that transmitted curly top, until
the 80th day when only 3 per cent, and on the 90th day 3.1 per cent, were
still able to cause infection. The data obtained in these three experiments
are plotted in figure 8, which shows the loss of the infective capacity by
the leafhoppers when confined on sweet corn.
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Loss 0.(" INJI'ECTIVE CAPACITY BY BEET LEAFHOPPERS KEPT ON SWEET CORN

AND TRANSFERRED EVERY TENTH DAY TO A HEALTHY BEET

Days on sweet corn

Females

in~~~ed I iJ:::d-

Males

Beets
inoculated

Beets
infected

Per cent
infected

Experiment No.1

1. 50 30 50 29 59.0
10. 50 31 50 36 67.0
20. 50 17 50 26 43.0
30. 50 9 50 19 28.0
40. 65 24 35 14 38.0
50. 42 4 13 1 9.1
60. 29 0 3 2 6.6
70. 21 4 19.0
80. 16 1 6.3
90.

Experiment No.2

1. 50 20 50 18 38.0
10. 25 15 25 12 54.0
20. 25 8 25 15 46.0
30. 25 4 25 9 26.0
40. 25 5 25 3 16.0
50. 23 0 25 1 2.1
60. 13 1 22 3 110
70. 7 2 7 1 21.0
80.
90.

Experiment No.3

1 I so 30 60.0
10. 50 17 34.0
20. 50 17 34.0
30. 50 8 16.0
40. 50 9 18.0
50.

2
50 8 16.0

60. 50 11 0 3.3
70. 50 4 8.0
80. 50 1 .. 2.0
90. 32 1 3.1

Results of 3 experiments summarized

1 .
10 .
20 .
30 .
40 .
50 .
60 .
70 .
80 ..
90 .

............ . .... 100 50 150 77 50.8

................. 75 46 125 65 55.5

................. 75 25 125 58 41.5

................. 75 13 125 36 24.5

...... ........... 90 29 110 26 27.5

................. 65 4 88 10 9.2

................. 92 3 36 5 6.3 .

................. 78 10 7 1 12.9

.......... ....... 66 2 .. . . 3.0

................. 32 1 .. . . 3 ..1
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"I'he results of the three preceding experiments demonstrate that the
beet leafhopper gradually loses its infective capacity when notgiven the
opportunity to become reinfected by feeding on a curly-top beet. The
leafhopper may gradually exhaust its store of virus: by giving off a
certain quantity of virus in the saliva during feeding.
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ADULT AGE, IN DAYS
Fig. 8.-'-Percentage of beet leafhoppers which were infective dur­

ing successive 10-day periods of adult life. The nymphal stages were
completed on diseased beets and the adults were fed successively on
sweet corn for 9 days and on healthy beets for 1 day during their
entire adult life.

ABILITY OF BEET LEAFHOPPER TO ACQUIRE AND
TRANSMIT CURLY TOP DURING ADULT LIFE

Two explanations were considered possible for the fact that the infective
beet leafhopper caused fewer infections as it approached old age than
during early adult life. The insect may gradually lose the ability to
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transmit the curly-top virus because of physiological changes brought
about by old age, or it may simply be depleting its store of virus in feed­
ing as it is transferred daily to a healthy beet. Experiments were per­
formed to determine the ability of the beet leafhopper to transmit curly
top during various periods of adult life.

Previously noninfective beet leafhoppers which had spent 10, 30, 40,
60, 70, 75, 90, 100, and 120 days of their adult life on sweet corn were
tested for their ability to acquire and transmit curly top. In each test
20 leafhoppers were fed for one day on a curly-top beet and were then

TABLE 7

ABILITY OF BEET LEAFHOPPERS TO ACQUIRE AND TRANSMIT CURLY Top DURING

VARIOUS PERIODS OF ADULT LIFE*

Adults infective Adults infective Adults infective
Adult age, Adult age, Adult age,

in days
Number IPer cent

in days
Number~

in days
Number Per cent

Experiment No. 1 Experiment No. 2 Experiment No.3

10......... 12 60 10.......... 13 65 10......... 11 55
40......... 14 70 30.......... 7 35 30......... 11 55
70......... 10 50 60.......... 6 30 60......... 5 25

100......... 9 45 90.......... 9 45 75......... 9 45
100......... 2 10
120......... 7 35

• The twenty leafhoppers used in each test were fed for 1 day on a curly-top beet and 10 days on a
healthy beet.

transferred singly to 20 healthy beets on which they were kept for a
period of 10 days. The results of three experiments are presented in
table 7.
. The data in table 7 show the percentage of leafhoppers which were
able to acquire and transmit curly top during various periods of adult
life to be as follows: Experiment No.1, 60 per cent on the 10th day and
45 per cent on the 100th day, experiment No.2, 65 per cent on the 10th
day and 45 per cent on the 90th day, and experiment No.3, 55 per cent
on the 10th day and 35 per cent on the 120th day. These percentages
show losses of only 15 to 20 per cent in the ability of leafhoppers to
acquire and transmit curly top during later adult life as compared with
early adult life. Figure 9 shows the results of the three experiments. This
loss is not great enough to explain the loss of the infective capacity by
leafhoppers which have not had access to a source of virus for a long
period of time.

Figure 10 shows that only 10 to 21 per cent of the leafhoppers fed
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•
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ADULT AGE, IN DAYS
Fig. 9.-Percentage of noninfective beet leafhoppers kept on sweet

corn and tested at different ages that acquired the virus by feeding
1 day on a curly-top beet and transmitted it to a healthy beet during
the following 10 days.
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ADULT AGE, IN DAYS
Fig. IO.-Decrease of infective capacity in beet leafhoppers as indicated by the

percentage of them which infected beets during successive IO-day periods of adult
life. The nymphal stages were completed on diseased beets and the adults were fed
daily on a healthy beet during their natural life. (Data from tables 4 and 5.)
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during the nymphal stages on diseased beets were still infective from the
lOOth to l20th day of adult life, as indicated by the percentage of them
which infected beets during 10-day periods, when transferred daily to a
healthy beet. Since 100 percent of these insects were infective during the
first ten days of adult life, the percentages show a decrease in the infec­
tive capacity of 79-90 per cent, which is several times greater than that
shown in figure 9 for the loss of the ability to acquire and transmit curly
top by previously noninfective leafhoppers. The data in figure 10 were
taken from tables 4 and 5.

'I'hese data present additional evidence in favor of the theory that in­
fective beet leafhoppers slowly decrease their store of virus and that if
they are not reinfected by feeding on a diseased plant to replenish their
store of virus, the infective power is gradually lost. Probably the marked
decrease in the number of infections by the leafhoppers was only slightly
due to physiological changes brought about by the aging of the insect.

REINFECTION OF BEET LEAFHOPPERS WITH CURLY rot:
DURING L.A.TER ADULT LIFE

Previous experiments showed that many of the leafhoppers lost the ca­
pacity to produce infection during the latter part of their adult life
when they were transferred daily to a healthy beet. Two experiments
were conducted to determine whether this was due to an exhaustion of
the insect's supply of virus or whether the insects had developed an im­
munity to the virus after having once been infective. Immunity would
be indicated by a failure to become reinfected after having once been
infective and then having become noninfective.

In the first experiment four recently molted infective leafhoppers that
had completed their nymphal stages on a diseased beet were transferred
to sweet corn for a period of 40 days, and then each insect was provided
with a healthy beet at intervals of 24 hours for 10 days. They were then
returned to sweet corn for a period of 43 days, after which they were
again transferred daily to successive healthy beets for a period of 53
days. The leafhoppers were reinfected with virus on the 147th to 149th
day of their adult life by allowing them to feed on a curly-top beet. After
this, the insects were transferred to a healthy beet daily to the end of
their natural life.

As is evident from table 8, leafhoppers may be reinfected with curly
top during the latter part of their adult life, and apparently do not de­
velop an immunity to the virus after once having been infective. The
four insects reinfected by feeding them on a curly-top beet from the
147th to the 149th day of their adult life transmitted curly top to healthy
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beets during the latter part of their natural life. As indicated in table 8,
male No.2 infected none of the 10 beets on which it fed during the 41st
to 50th day, and also none of the 53 beets during the 94th to 146.1h day
of its adult life. When, however, this male was reinfected by feeding on
a curly-top beet for 3 days, it infected 4 of 37 beets on which it fed
during the 150th to 186th day of its adult life. Male No.3 infected only
1 of 10 beets on which it fed from the 41st to 50th day and only 2 of 53
beets during the 94th to 146th day of its adult life. After being reinfected
by feeding for a period of 3 days on a curly-top beet, this leafhopper
infected 5 of 36 beets on which it fed during the 150th to 185th day of its
adult life.

In the second experiment, three infective insects which had completed
their nymphal stages on a curly-top beet were confined on sweet corn for
105 days, and then each one was transferred to three successive healthy
beets for periods of 14, 7, and 7 days, respectively. They were reinfected
by allowing them to feed for 5 days on a curly-top beet from the 134th to
138th day of their adult life. The leafhoppers were then provided with
a healthy beet daily for the remainder of their adult life.

The results in table 8 show that the three leafhoppers transmitted
curly top to beets after being reinfected with the virus. Female No.2
infected none of the three beets on each of which it fed for periods of
1 to 2 weeks during the 106th to 133rd day of its adult life. This insect
was then reinfected by exposure to a curly-top beet, after which it in­
fected 7 of 20 beets on which it fed during the 139th to 158th day of
its adult life. Female No.3, after 105 days on sweet corn, failed to infect
a healthy beet on which it fed for 14 days, but infected 2 successive beets
on each of which it was confined for a period of 7 days. This female was
reinfected and subsequently infected 16 of 50 beets to which it was ex­
posed during the 139th to 188th day of its adult life.

The results of other experiments would indicate that male No.2 and
females No.1, No.2, and No.4 in table 8 were infective during the early
part of their adult life although they produced no infections during the
period of time that they were confined on beets. Preceding experiments
on the transmission of curly top by insects that had completed their
nymphal stages on a diseased beet (tables 4 and 5) show that the 28 leaf­
hoppers were all infective. Figure 5 shows that in one experiment 5 of 12
of these infective insects produced no infection between the 41st and 50th
day of their adult life, but all produced curly-top infections during a
later period.

The seven leafhoppers in the present experiments probably had a
greatly reduced infective capacity before they were reinfected on the
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TABLE 8
REINFECTION OF LEAFHOPPERS FED DURING NYMPHAL STAGES ON DISEASED BEETS

WITH CURLY Top DURING LATER ADULT LIFE

Insect Number Period of
sex Dates on host Host plant of days adult life Adult age when infec-
and plant on host on host plant, tion produced, days
No. plant days

Experiment No.1

Apr. 9-May 19 Corn................. 40 1-40 ........
May 19-May 29 Healthy Beet ........ 10· 41-50 41,42,43

C/ 1 May 29-July 11 Corn................. 43 51-93 ........
July 11-Sept. 2 Healthy beet ......... 53· 94-146 121,146
Sept. 2-Sept. 5 Curly-top beet ....... 3 147-149 ........
Sept. 5-Sept.20 Healthy beet ......... IS· 150-164 157

JAPr.
9-May 19 Corn ................. 40 1-40 ........

May 19-May 29 Healthy beet ......... 10· 41-50 ........
C/2 May 29-July 11 Corn................. 43 51-93 .........1July Ll-Bept, 2 Healthy beet ......... 53· 94-146 ........

Sept. 2-Sept. 5 Curly-top beet ....... 3 147-149 ........
Sept. 5-Oct. 12 Healthy beet ......... 37· 150-186 156, 161,165,185

Apr. 9-May 19 Corn ................. 40 1-40 ........
May 19-May 29 Healthy beet ......... 10· 41-50 42

C/3 May 29-July 11 Corn ................. 43 51-93 ........
July 11-Sept. 2 Healthy beet ......... 53· 94-146 103, 11~
Sept. 2-Sept. 5 Curly-top beet ....... 3 147-149 ........
Sept. 5-Oct. 11 Healthy beet ......... 36· 150-185 155,159,172,174,179

fpr

.

9-May 19 Corn................. 40 1-40 ........
May 19-May 29 Healthy beet ......... 10· 41-50 ........

9 1 May 29-J uly 11 Corn................. 43 51-93 ........
July 11-Sept. 2 Healthy beet ......... 53·

I

94-146 ........
I Sept. 2-Sept. 5 Curly-top beet ....... 3 147-149 ........

Sept. s-oee. 11 Healthy beet ......... 36· 150-185 154.184

Experiment No.2

rulY 25-Nov. 7
Corn................. 105 1-105 ........

Nov. 7-Nov. 21 Healthy beet ......... 14 106-119 ........
9 2 Nov. 21-Nov. 28 Healthy beet ......... 7 120-126 ........

Nov. 28-Dec. 6 Healthy beet ......... 7 127-133 ........
Dec. 6- Dec. 11 Curly-top beet ....... 5 134-138 ........
Dec. 11-Dec. 31 Healthy beet ......... 20· 139-158 140, 141, 142, 151, 153,

154,157

rU1Y 25-Nov. 7
Corn ................. 105 1-105 ........

Nov. 7-Nov. 21 Healthy beet ......... 14 106-119 ........
~ 3 Nov. 21-Nov. 28 Healthy beet ......... 7 120-126 120-126

Nov. 28-Dec. 6 Healthy beet ......... 7 127-133 127-133
Dec. 6-Dec. 11 Curly-top beet ....... 5 134-138 ........
Dec. 11-Jan. 30 Healthy beet ......... 50· 139-188 140, 145, 147, 148, 150,

152, 154, 159. 161. 164,
166, 169, 173, 175, 178,
187

July 25-Nov. 7 Corn ................. 105 1-105 ........
Nov. 7-Nov. 21 Healthy beet ......... 14 106-119 ....... ,

9 4 Nov. 21-Nov. 28 Healthy beet ......... 7 120-126 ........
Nov. 28-Dec. 6 Healthy beet ......... 7 127-133 ........
Dec. 6-Dec. 11 Curly-top beet ....... 5 134-138 ........
Dec. 11-Jan. 10 Healthy beet ......... 30* 139-168 154

• Leafhopper transferred to healthy beet dally for number of days indicated,
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134th and 147th day of their adult life. As shown in figure 5, the six
leafhoppers still alive after the 130th day produced only one infection,
although each insect was exposed to from 14 to 76 beets, or an average of
48 beets. The results presented in table 8 show that the 7 insects in the
two experiments which were reinfected, produced from 1 to 16 infec­
tions, or an average of 4.6 infections, while feeding on from 15 to 50 beets,
or an average of 32 beets, during their later adult life. The evidence
clearly indicates that the beet leaf~opper can be reinfected with the
curly-top virus.

INCUBATION PERIOD OF DISEASE IN SUGAR BEETS

Leafhoppers with a greater infective capacity might inoculate more
virus into the plant during their feeding and for that reason there might
be a shorter incubation period of the disease in the beets. In order to test
this hypothesis a comparison was made of the incubation period of the
disease infected by adults fed for periods of from 10 minutes to 3 hours
on curly-top beets, with those infected by adults which had completed
their nymphal stages on a source of virus.

The results, summarized in table 9, show that the incubation period of
the disease in the first beet infected by previously noninfective adults
which had fed for periods of from 10 minutes to 3 hours on a diseased
beet varied from 6 to 35 days. The incubation period of the disease in the
first beet infected by leafhoppers fed during all of their nymphal stages
on diseased beets varied from 6 to 35 days (table 10). These results indi­
cate no apparent differences in the length of the incubation period of the
disease in the first beet infected by adults fed for varying periods on a
diseased plant.

The results of table 9 indicate that the incubation period of the disease
in successive infections by leafhoppers which had fed for only short
periods during their adult life on a diseased beet varied from 5 to 39
days, while this period varied from 5 to 38 days with adults which com­
pleted the nymphal stages on diseased beets (table 10). The fluctuations
were irregular, and the occasional prolonged periods are difficult to ex­
plain. The variation may be attributable to slight differences in size or
resistance of the beets or in growing conditions.

It seems possible that, as the virus becomes more dilute in the insect
with successive feedings on healthy plants, the incubation period of the
disease in the beets .would be increased. The minute quantity of virus
injected into the feeding punctures by such insects as they slowly ex­
hausted their store of virus would take a long time to multiply and cause
symptoms of the disease to develop. The evidence obtained, however,
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TABLE 9
INC1JBATION PERIOD O}l' THE DISEASE IN BEETS INFECTJi~D BY BEET LEAFHOPPERS

IT'ED SHORT PERIODS ON CURLy-TOp BEETS AND THEN PROVIDED
WITH A HEALTHY BEET DAILY DURING ADULT LIFE

Adult age Incuba- Adult age Incuba-
Time on Insect sex when. tion Time on Insect sex when tion

curly-top and No. infection period of curly-top and No. infection Jjeriod of
beets, produced, disease in beets, produced, isease In

minutes days beets, minutes days beets,
days days

------ ------- ------ --------- ----------------
<;> 1 36 11 ro 16

9 9 12 15
<;> 3 {'5 27 18 18

50 19

{,; 10
9 35 <;> 10 11

<;> 4
<

17 5 18 37
18 13
32 15 <;> 11 r 4 20

10 \ 21 *
1 9

cf 1 3 8 7 7
9 8 60 17 18

31 8 25 13
<;> 12 102 *

{4; 12 107 9
cf 2 39 123 17

81 34 130 21

[Q {4~
14 8 13

5 7 10 5
45 7 8 16 15

23 11
<;> 6 1 17 68 16

cf3 15 6 9 35
11 6

20 1 14 <;> 13 35 8
9 11 42 23

cf4 13 11 68 14
14 12 120 77 9
25 7
71 26 3 12

9 14
cf5 {,,; 11

I
9 11 10

17 16 15
25 13

r

Q7 7 11
(cf 10 1 11

\'0
12

I ~ "

<;> 8 115 10 {,~
8

135 * 6
161 * I 32 5

I
40 !,: 32 9 9

7 180 13 8
cf 6 18 7 27 *

29 32 29 17
34 8 cf 12 36 8

42 13
Qi 7

L~
9 I [52 12

19 1 67 *
105 *

* No records kept.
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TABLE·I0

INCUBATION PERIOD OF DISEASE IN BEETS INFECTED BY BEET LEAFHOPPERS FED
DURING NYMPHAL STAGES ON CURLy-TOp BEETS AND THEN PROVIDED

WITH A HEALTHY BEET DAILY DURING.ADULT LIFE
-

Adult age when Incubation period I Adult age when Incubation period
Insect sex infection pro- of disease in Insect sex infection pro- of disease in
and No. duced, days beets, days and No. duced, days beets, days

2 35 3 9
6 18 5 15

7 6 6 25

8 35 7 *
9 1 9 21 20 17

13 14 9 5 25 7
16 8 33 7
29 16 48 8
38 13 49 9
50 38 64 25

73 31
6 10 87 10
8 16
9 11 1 24

10 11 2 7
13 6 3 13
18 7 4 7
20 15 5 12
22 7 8 6
26 17 9 11
28 10 10 14
29 23 13 11

9 2 30 10 15 6
31 14 9 6 19 8
33 14 20 13
34 15 22 9
38 9 27 11
42 9 28 9
44 11 29 8
45 8 31 *
46 17 35 12
56 14 36 15
83 17 56 39

65 19
5 14 67 9
6 7
7 8 2 16
9 5 5 21

16 12 6 10

<+> 3 25 12 7 11
26 7 9 16
39 19 10 9
40 11 12 12
55 13 14 9
59 25 <+> 7 15 7

16 16
( 2 17 19 8

9 4 t3~
10 22 6
8 24 6

80 32 26 7
30 *
35 21
48 18
50 9

* N0 records kept. Table 10 concluded on page 888.
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TABLE 10 -(Concl'uded)

[VOL. 10, No.9

Adult age when Incubation period Adult age when Incubation period
Insect sex infection pro- of disease in Insect sex infection pro- of disease in
and No. duced, days beets, days and No. duoed, days beets, days

----- ------------
1 15 1 7
2 27 2 9
8 8 3 7

15 8 6 21
22 5 8 13
23 5 9 7
27 17 11 8
30 9 12 11

9 8 37 6 13 8
60 * 16 10
63 7 21 10
64 10 23 14
76 11 if 1 24 12
77 5 26 10
80 8 27 10l 82 7 30 13

108 17 32 15
33 7

4 8 39 13
5 7 43 13

21 * 44 10
29 8 48 6
31 13 49 15
42 29 51 9
43 15 58 9

<:;? 9 45 15 59 7
49 11
50 13 2 6
53 22 4 13
54 9 5 12
57 10 7 18

100 26 9 12
104 23 10 11

11 9
1 20 12 13
2 13 13 18
3 6 14 8

9 10 4 9 if 2 16 8
6 10 17 7

22 10 24 14
68 31 27 11

151 13 29 7
31 7
33 7
39 9
42 14
47 7
52 *
78 33

* No records kept.
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does not indicate a lengthening of the incubation period of the disease as
the infective capacity of the insect is progressively decreased: the period
in the last beet infected was usually no longer than for infections pro­
duced during the early adult life of the leafhopper.

SUMMARY

An investigation was undertaken to determine whether the curly-top
virus of the sugar beet multiplied in the beet leafhopper. If a multipli­
cation occurs in the leafhopper, the insects probably should not only
retain the infective capacity during their entire adult life, but those fed
for only a short period on a diseased beet should also be able to cause as
many infections as those fed for long periods. Accordingly, experiments
were conducted in order to determine whether the infectivity of the in­
sects remained constant during their adult life and whether the length
of the feeding period on a diseased beet modified the infective capacity
of the insects. Leafhoppers were fed for varying periods on curly-top
beets and tested for their infectivity by transferring them daily to
healthy beets. The daily transfers were considered frequent enough to
prevent the insect from reinfecting itself with virus after infecting the
healthy beet.

The results of the investigation indicate that the curly-top virus does
not multiply oin the beet leafhopper. No evidence was found °to support
such a theory as has often been surmised on the basis of indirect evidence.

There was a gradual decrease in the percentage of beets infected by
the leafhopper during successive 30-day periods of adult life when the
insects were transferred daily to a healthy beet. When adults or nymphs'
were fed for longer periods on diseased beets, they remained highly in­
fective for a longer period than those which had fed short periods. The
distribution of the infections caused by the beet leafhopper during its
adult life failed to indicate a multiplication of the virus in the insect.

Many of the infective leafhoppers apparently lost the capacity to .pro­
duce infection during late adult life; others retained their infectivity
but infected beets only at great intervals. Insects which had completed
the nymphal stages on curly-top beets were confined as adults on curly­
top-immune sweet corn and were tested every 10th day of adult life for
their capacity to transmit curly top. These insects showed a gradual loss
from 50.0 per cent transmission on the 1st day to 3.1 per cent on the 90th
day. If permanence of infective power during the life of the insect is the
basis for the assumption that a multiplication of the virus occurs in the
vector, then it cannot be argued that a multiplication of the curly-top
virus occurs in the beet leafhopper.
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A rather strong point against the theory that a multiplication of the
curly-top virus occurs in the leafhopper was found in the comparative
study of the number of infections produced by insects after short and
long feeding periods on diseased beets. Insects which had fed only a short
period of time on a curly-top beet were capable of producing only an
average of 3.4 infections when transferred daily to successive healthy
beets during adult life, while insects fed for long periods caused an aver­
age of 15.6 infections. Leafhoppers which had fed for short periods on
curly-top beets probably accumulated less virus and consequently pro­
duced fewer infections than those which fed for long periods; these facts
indicate that the leafhoppers are merely internal mechanical carriers.

Experiments were conducted to test the possibility that the infre­
quent transmissions during late adult life of the insect may have been
due to the inability of old insects to transmit the disease readily. These
experiments showed that leafhoppers first infected during the latter part
of their adult life do not transmit the disease as frequently as those iJl­
fected early in their lives. However, this decrease in infectivity is less
than that which occurs in insects infected during early adult life and
kept on healthy plants until the latter part of their lives. Some leaf­
hoppers reinfected with the virus by feeding on a curly-top beet during
later adult life transmitted the virus as readily as recently molted adults.
The evidence shows that the beet leafhopper does not lose the ability to
acquire or transmit the virus as it approaches old age and that the insect
can be rein.fected with the virus during late adult life.

While carrying out the experiments to determine the infective ca­
pacity of insects fed for short periods on diseased beets, great variation
was found in the length of the period of delay in the development of the
infective capacity. The "incubation period" or the period of time that
elapsed between the initial feeding of from 10 minutes to 3 hours on a
curly-top beet and the first infection by the leafhopper varied from 1 to
44 days, or an average of 9.6 days. The insects produced infections at
very irregular intervals after the first infection. This result does not
suggest a multiplication, since one would expect to get infections at
regular intervals if there was an increase of virus in the insect.

A. comparison of the transmission of curly top by male and female
leafhoppers revealed no differences that could be considered significant
in view of the great variation within each sex.

There was no significant difference in the length of the incubation
period of the disease in beets infected by' leafhoppers fed for varying
periods on curly-top beets.



Nov.,1936] Freitag: Evidence on M1.tltiplication of Curly-Top Virus

LITERA.L\.TURE CITED

341

1 BALD, J. G., and G. SAMUEL.
1931. Investigations on "spotted wilt" of tomatoes. Aust. Council Sci. and Indus.

Research Bu!. 54: 1-24.

2 BENNETT, C. W.
1927. Virus diseases of raspberries. Michigan Agr. Exp. Tech. Bul, 8:1-38.

a-B}I~NNETT~ C. W.
1932. Further observations and experiments with mosaic diseases of raspberries,

blackberries, and dewberries. Michigan Agr. Exp. Sta. Bul. 125:1-32.

4 BONCQUET, P. A., and C. F. STAHL.
1917. Wild vegetation as a source of curly top infection of sugar beets. Jour.

Econ. Ent. 10: 392-97.

1) CARSNER, E.
1919. Susceptibility of various plants to curly top. Phytopathology 9 :413-21.

6 CARSNER, E., and C. F. STAHL.
1924. Studies on curly-top disease of sugar beet. Jour. Agr. Research 28:297-320.

7 DAVIS, N. C., M. FROBISHER, and W. LLOYD.
1933. The titration of yellow fever virus in stegomyia mosquitoes. Jour. Exp.

Med.58:211-26.

sDOOLITTLE, S. P., and M. N. WALKER.
1928. Aphis transmission of cucumber mosaic. Phytopathology 18: 143.

{J ELZE, D. L.
1927. De verspreiding van virusziekten van den aardappel (Bolasium. tuberosum

L.) door insekten. (Transmission of virus diseases of potato by Insects.)
Meded. Landbouwhoogesch. (Wageningen) 31(2) :1-90. Also in: Inst.
Phytopath. Lab. Mycol. Aardappelonderzoek Meded. 32: 1-90.

10 FUKUSHI, T.
1935. Multiplication of virus in its insect vector. Tokyo Imp. Acad. Proe. 11(7):

301-3.

11 KUNKEL, L. O.
1926. Studies on aster yellows. Arner. Jour. Bot. 13: 646-705.

12 KUNKEL, L. O.
1932. Celery yellows of California not identical with aster yellows of New

York. Boyce 'I'hompson Inst. Contrib. 4:405·-14.

13 LINFORD, M. B.
1931. Further studies of transmission of the pineapple yellow-spot virus by

Thrips tabaci. Phytopathology 21: 999.

14 SA1iIUEL, G., J. G. BALD,and H. A. PITTMAN.
1930. Investigations on "spotted wilt" of tomatoes. Aust. Council Sci. and Indus.

Research Bu!. 44: 1-64.

15 SEVERIN, H. H. P.
1921. Minimum incubation periods of the causative agent of curly-leaf in beet

leafhopper and sugar beet. Phytopathology 11: 424-29. .

16 SEVERIN, H. H. P.
1924. Curly-leaf transmission experiments. Phytopathology 14:80-93.



342 Hilgardia [VOIJ. 10, No.9

17 REVERIN, H. II. P.
1930. Life history of beet leafhopper, Butettio: tenellu« (Baker) in California.

Univ. California Pubs., Ent. 5:37-88.

18 SEVERIN, H. H. P.
1931. Modes of curly top transmission by the beet leafhopper, Eutettix tenellus

(Baker). Hilgardia 6(8): 253-76.

19 SEVERIN, H. H. P., and O. SWEZY.
1928. Filtration experiments on curly top of sugar beets. Phytopathology 18:

681-90.

20 SMITH, K. M.
1929. Studies of potato virus diseases. V. Insect transmission of potato leaf

roll. Ann. Appl. BioI. 16:209-29.

21 SMITH, K. M.
1933. Recent advances in the study of plant viruses. 423 p. J. & A. Churchill,

London.

22 SMITH, R. E., and P. A. BONCQUET.
1915. Connection of a bacterial organism with curly-leaf of sugar beet. Phyto­

pathology 5: 335-42.

23 STAHL, C. F., and E. CARSNER.
1918. Obtaining beet leafhoppers nonvirulent as to curly top. Jour. Agr. Re­

search 14:393-94.

24 STOREY, H. H.
1928. Transmission studies of maize streak disease. Ann. Appl. BioI. 15: 1-25.

2G STOREY, H. H.
1932. The inheritance by an insect vector of the ability to transmit a plant

virus. Royal Soc. [London] Proc., Sere B. 112:46-60.

~J6 STOREY, H. H.
1933. Investigations of the mechanism of the transmission of plant viruses by

insect vectors. Royal Soc. [London] P~oc., Sere B. 113 :463-85.

27 SWEZY, O.
1930. Factors influencing the minimum incubation period of curly-top in the

beet leafhopper. Phytopathology 20:93-100.




