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Plant virus transmission by insects can be divided into four
components: transmissibility of the virus, transmitting ability of
the vector, availability of virus in the diseased source plant, and
susceptibility of healthy plants used as indicators of transmission.
This review is concerned primarily with the last two of these
components and the numerous factors which influence them. Con-
sideration is also given to recent evidence that virus transmission
by aphids is influenced by the host plants on which the aphids are
produced for use in transmission tests.

Experimentation on insect transmission of numerous viruses
has been greatly facilitated by the selection of better plants
as virus sources and indicators of transmission. For ex-
ample, pathogenicity of peach yellow leaf roll virus to the leaf-
hopper vector, Colladonus montanus (Van D.), 26 would probably
not have been discovered if peach had not been replaced with
celery as an experimental host plant. Leafhoppers infected one of
168 plants when peach was used as virus source and indicator
plants, compared to 232 of 546 plants, infected when celery was
used. 25 The effects of plants on transmission through their use as
virus sources, indicator plants, or insect hosts is, however, con-
siderably more complicated than simply finding a better source
or indicator plant, or a plant on which insects will better develop
or survive. This will become evident in the following pages.

Virus Source Plant

Recovery of virus from plants by insects has sometimes been
used to measure relative virus concentration and some attempts
have been made to correlate such results with virus concentration
measured by other means. Availability of potato virus Y to aphids
was related to concentration determined by serological methods.
2,4,10 Simons" followed the concentration cycle of potato virusY
and cucumber mosaic virus in pepper and found a close correlation
between numbers of plants infected by aphid transmission and re-
sults of rubbing plants with sap diluted 1:500. Although pepper
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was a much better source of cucumber mosaic virus for aphids
than was cucumber, no difference was found when the two plants
were used as virus sources for mechanical inoculation." Trans-
mission of bean yellow mosaic virus from broad bean by aphids
was related to severity of symptoms. This, in turn, was related to
virus concentration as measured by local lesions on Chenopodium

amaranticolor Coste and Reyn and to the number of bean plants
infected by mechanical inoculation with diluted sap."

Much work has been done on the effects of nutrition and en-
vironment on virus concentration in plants, although assay of
virus concentration has usually been by mechanical inoculation to
local-lesion hosts. This work is, nonetheless, directly related to the
present discussion because virus acquisition by insects would, in
general, be expected to be related to concentration in the source

plants.
Inherent variation. The number of insects that acquire virus

has been frequently shown to vary with the species or variety
selected as a source plant. Among nonpersistent aphid-borne
viruses, chard was a better source of cucumber mosaic virus for
aphids than was pepper," and pepper markedly better than cucum-
ber." Broad bean was the best of four species tested as sources
of bean yellow mosaic virus, and yellow lupine better than two
other lupine species. 15 Potato varieties differed as sources of
potato virus 1( 94 and tobacco was better than potato.' Parsley was
a poor source of poison hemlock ringspot virus for aphids as com-
pared to celery and poison hemlock. 2° On the other hand, no con-

sequential difference was noted between tobacco and llyoscyamus

as sources of henbane mosaic virus for aphids 65 or between Bras-

sica juncea Coss. and B. chinensis L. as sources of Brassica

negra virus." Diploid Physalis floridana Rydb. and potato were
better sources of the persistent aphid-borne potato leaf roll virus
than was autotetraploid P. floridana." Potato varieties varied

significantly as sources of leaf roll virus but were, in general,
better than P. floridana and Datura stramonium L. 35 Transmission

of peach yellow leaf roll virus by the leafhopper, Colladonus mon-

tanus, was much more efficient from celery than from peach.25
Individual plants within a species may vary greatly as virus

sources, although some of this variation may be due to segregation
of virus variants or amount of inoculum established in the plant,
as well as to genetic variation among plants. Individual plant
variation occurred in the aphid transmission of beet yellows virus
from sugar beet, 8 Brassica nigra virus from B. juncea, s9 and bean

yellow mosaic virus from broad bean, more transmission of bean
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yellow mosaic virus occurred from broad bean plants with severe
symptoms than from plants with mild symptoms," but such a rela-
tionship did not occur for beet yellows virus transmission from
sugar beet or Brassica nigra virus from B. juncea. Inoculation with
a single strain of bean yellow mosaic virus resulted in great varia-
tion in symptom expression among red clover clones." Inherent
source plant variation in beet yellows transmission was avoided
by using single sugar beet clones within experiments. Broad bean
is generally regarded as self-pollinated and, therefore, varieties
from good seed sources might be expected to be highly uniform
genetically, but recent work indicates a high degree of outcrossing.42

That /eaves of the same plant differ as virus sources for in-
sects has been shown repeatedly 2,30,53,55,54,62,65 Furthermore,
some viruses have a definite infection cycle in plants, reaching a
maximum concentration for the plant as a whole and then decreas-
ing. This is true of alfalfa mosaic virus," cucumber mosaic virus,

potato virus Y, 47 and potato leaf roll virus. 16 , 27 , On the other
hand, availability of bean yellow mosaic virus from comparable
leaves of individual broad bean plants was remarkably constant
over a period of several weeks." Brassica nigra virus appears to
behave similarly in B. juncea. 59 Different areas of a single leaf
may also vary as sources of virus."

Environment and nutrition. Effect of temperature on virus multiplica-
tion in plants has been reviewed by Kassanis." Two patterns of
host-virus relationship occur. In one type an optimum temperature
exists for maintenance of maximum virus concentration over a per-
iod of time, the other type involves viruses which go through a
definite concentration cycle in their host plants. Rate of progress-
ion of the cycle and maximum concentration vary with different
temperatures and may also vary for the same virus in different
plants.° Temperatures optimal for multiplication are quite different
among plant viruses.

Decreased light intensity favored the multiplication of four
viruses in tobacco,' whereas increased light intensity and day
length favored the multiplication of cucumber mosaic virus in
spinach, although light effect was not completely separated from

,that of temperature. 11 No fixed optimal light intensity and day
length were indicated for tobacco mosaic virus multiplication in
tobacco, the effect of light depending on the stage of the infec-
tion.'

Increased nitrogen was accompanied by increased infectivity
of expressed sap for cucumber mosaic virus in spinach," tobacco
mosaic virus in tobacco, 51 , 52 , 66 tobacco ringspot virus in cucumber,
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22 turnip virus 1 in Nicotinna species," anu tomato spotted wilt

virus in tomato." Results of supplying nitrogen in excess of that

favorable for growth are conflicting,34, 4°," and the effect may de-

pend upon the particular virus-host combination involved. The
number of aphids acquiring potato leaf roll virus from potato was
decreased by increasing nitrogen available to the source plants."
Concentration of cucumber mosaic virus in spinach, 34 of turnip

virus 1 in Nicotiana species, 46 of tobacco mosaic virus in tobac-

co mosaic virus in tobacco, 66 and of tobacco ringspot virus in

cucumber and potato virus X in Nicotiana species 22 were increased

by additional phosphorus. The effect of potassium on virus concen-
tration was related to plant growth.14,40,66

Among minor elements, tobacco mosaic virus concentration
was higher in manganese-deficient tobacco plants than in normal
plants." Tobacco mosaic virus concentration in plants with sub-
optimal levels of zinc or sulfur was lower than in plants receiving
adequate amount S.23954

Susceptibility to Inoculation

Inherent variation. For many viruses, plant species or varieties
vary in their susceptibility to inoculation by insects. Among aphid-
borne viruses, tobacco was slightly more susceptible than Hyoscy-
amus to henbane mosaic virus," pepper more susceptible than
chard to cucumber mosaic virus," and Physalis floridana more

susceptible than P. angulata L. to potato leaf roll virus." Potato
varieties differed in susceptibility to potato virus '17 , 4 as did bean
varieties to bean yellow mosaic virus' and crucifer varieties and
species to Brassica nigra virus." Celery was more susceptible

than peach to inoculation with peach yellow leaf roll virus by
by Colladonus montanus." Euscelis plebejus transmitted straw-

berry green-petal virus to several species but not to strawberry."
Aphid-test plant interactions occurred in the transmission of

Brassica nigra virus. 63 B. juncea was highly susceptible to inocu-

lation by Myzus persicae (Sulz.), whereas B.chinensis was quite

resistant. A similar difference was not found in susceptibility to
inoculation by Rhopalosiphum pseudobrassicae (Davis). An envi-

ronment-bean variety interaction was indicated for aphid inoculation
with bean yellow mosaic virus.' Two varieties differed greatly in
susceptibility at one time of the year but were almost identically
susceptible at another time. A leafhopper test plant interaction
was found in the transmission of aster yellows virus." Celery was
readily inoculated by Euscelis maculipenis (Euscelidius variegatus
(Kbm.)) but this leafhopper did not transmit the virus to aster. The
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short-winged race of the leafhopper, Macrosteles divisus (M. fasci-
frons Stal), transmitted the virus readily to both aster and celery,
whereas the long-winged race transmitted inefficiently to celery.

Susceptibility of pineapple plants to inoculation with cucumber
mosaic virus by aphids decreased with increasing age, 12 as did
susceptibility of maize plants to inoculation with maize streak
virus by leafhoppers." Susceptibility of Brassica juncea to inoc-
ulation with Brassica nigra virus did not change with plant age."

Environment and nutrition. Little information is available con-
cerning the effects of environment and nutrition on susceptibility
of plants to virus inoculation by insects, although such effects on
the susceptibility of local-lesion hosts to mechanical inoculation
have received considerable attention. The two inoculation methods
cannot be assumed to give the same susceptibility ranking among
groups of differently treated plants because adequate comparisons
have not been made. There is, in fact, evidence that such ranking
would not be the same."," Optimal conditions for susceptibility
to inoculation should not be confused with optimal conditions for
subsequent virus multiplication and symptom expression which are
not necessarily dependent on the same processes as susceptibility
to inoculations

Reduced light intensity generally increases susceptibility to
mechanical inoculation. 6 , 7 Reduced light intensity did not, however,
change susceptibility of B. juncea to inoculation with Brassica
nigra virus by aphids," of Nicotiana rustica to henbane mosaic
virus,9 and of broad bean to inoculation with bean yellow mosaic
virus by aphids." Numbers of lettuce plants infected with lettuce
mosaic virus were increased by 24 or 48 hour periods of darkness
before inoculation by aphids." Contradictory results were obtained
on the relation of light to susceptibility of bean plants to inocula-
tion with bean yellow mosaic virus by aphids."

Susceptibility of plants to mechanical inoculation increases
as the temperature becomes higher. ss The susceptibility of cucum-
ber to tobacco mosaic virus has been reported as an exception to
this," but may have been due to the unusually high temperature
at which the plants were grown." Susceptibility of bean plants to
bean yellow mosaic virus inoculation by aphids was, however,
lower at 27° C, than at 18° C." This relationship, different from
that prevailing with mechanical inoculation, could not be explained
by the temperature at which the plants were grown, sbout 23° C.
Further work showed decreasing susceptibility of pea plants to
aphid inoculation with bean yellow mosaic virus as temperature
increased, so that about seven times more plants were infected at
15° C, than at 30° C."
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The relation of plant nutrition to susceptibility to virus inocu-
lation by aphids is virtually unknown. The number of potato plants
inoculated with potato virus Y by aphids was increased by addi-
tional phosphorus and slightly decreased by additional nitrogen.s
Susceptibility of bean plants to inoculation with bean yellow
mosaic virus by aphids was increased by raising the general nutri-
tional level (N, K, P) of the plants."

Aphid Host Plant

Myzus persicae reared on peach transmitted lettuce mosaic

virus to fewer plants than did M. persicae reared on mustard, sugar
beet, or radish." The aphids reared on peach were from different
stock than those reared on other plants and, therefore, may have
had an inherently different ability to transmit the virus. M. persicae

reared on chard transmitted southern cucumber mosaic virus to
more plants than did M. persicae reared on pepper." The difference
was small, however, and well within the variation possible among
samples from aphids with equal transmission efficiency.

MacKinnon 36 showed that more plants were inoculated with
turriip latent mosaic virus by M. persicae reared on detached leaves

of Physalis floridana infected with potato leaf roll virus than by

aphids reared on either detached leaves of Datura stramonium

infected with potato leaf-roll virus or on detached leaves of healthy
rape plants. Also, more plants were infected with turnip latent
mosaic virus when aphids were reared on detached leaves of heal-
thy rape plants than when reared on detached leaves of healthy
D. stramonium. Similar effects did not occur in the transmission

of potato leaf-roll virus." Most forms of the aphid, Rhopalosiphum

fitchii (Sand.), from primary hosts did not transmit barley yellow
dwarf virus although transmission tests with forms from secondary
gramineous hosts have repeatedly showed this species to be a
common vector of the virus." Lack of transmission by aphid forms
from the primary host may be due to the feeding behavior on the
virus hosts which are unsuitable host plants for these forms.

M. persicae from thriving colonies on young leaves ofBrassica

pekinensis Rupr. transmitted the stylet-borne bean yellow mosaic
virus to more plants than did a comparable group of aphids from
mature leaves." Likewise, aphids from thriving colonies on young
leaves transmitted the virus to more plants than did aphids from
older colonies on heavily infested, deteriorating plants. Not all
comparisons between crowded colonies gave these results, but tran-

smission by aphids from crowded colonies never exceeded that by
aphids from uncrowded colonies. Age and condition of plants at
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the time of aphid infestation appeared to influence the results
obtained." Orlob 37 reported that the forms of Aphis nasturtii Kltb.
occurring on the primary host did not transmit potato virus Y,
whereas transmission did occur by forms of the aphid occurring on
secondary host plants. Effects of the aphid host plants was sug-
gested as a possible explanation for these differences. Swenson"
suggested that some of the difference in virus transmission by
aphid forms or stages reported by various workers may have been
due to condition of the aphid colony plants.

Transmission Variation

Simons showed that the amount of aphid transmission of cucum-
ber mosaic virus depended on the particular combination of virus
and aphid host plants selected." A high degree of inter-replicate
and inter-experiment variation may result even with constant aphid-
virus-plant combinations. Watson used aphids to inoculate tobacco
plants with henbane mosaic virus over a two year period and noted
a seasonal trend in the number of infected plants." More plants
were infected in winter than in summer. This was attributed to
increased plant susceptibility at lower light intensities and shorter
days. Results of these transmission experiments were combined in
weekly totals which were highly variable. Lack of correlation be-
tween weekly totals and meteorological conditions was attributed
to variation in aphid colonies, among other things

In transmission of strawberry mottle virus by Pentatrichopus
jacobi (H. R. L.), infection in groups of five plants varied from
0 to 5, and 0 to 14 in groups of 15 plants." Hamlyn commented on
the great variation in cauliflower mosaic virus transmission by
M. persicae n and Sylvester pointed out a variation of from 2 to
29 per cent transmission in replicates of 100 plants in the trans-
mission of beet yellows virus by M. persicae. 62 Experiments using
three aphids per test plant yielded a lower proportion of plants
inoculated with bean yellow mosaic virus by aphids than did ex-
periments using two aphids per plant.'" Similar results were ob-
tained in beet yellows transmission by M. persicae.62

A highly significant inter-replicate variation occurred fre-
quently in aphid transmission experiments with bean yellow mosaic
virus," indicating a difference in transmission potential among
replicates on these occasions. Further work showed that condition
of aphid colonies could introduce a high degree of variation unless
care was taken to maintain uniformity in the aphid colonies with
respect to environment, age of colony plant, and degree of infesta-
tion." Differences resulting from colony condition were not due
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to different aphid forms (alatiform vs. apterous) and no evidence

was obtained of indirect effects on virus transmission through
changes in aphid feeding behavior. Such differences are known to
exist, however, depending on humidity 11 ,63 or temperature."

Discussion

The foregoing review indicates that the selection of plants as
virus sources, indicators of transmission, and aphid hosts, and
the way in which these plants are maintained, determine not only
the amount of transmission, but also repeatability of results and a
large amount of experimental variation. Transmission experiments
can be regarded as samples estimating a transmission parameter or
potential. That the parameter estimated for a particular insect-
virus-plant combination frequently changes, even within experi-
ments, is demonstrated by the high incidence of significant inter-
experiment and inter-replicate differences. When such differences
occur, introduced variables or treatments are compared under
different conditions from one replicate or experiment to another.
This is not a matter of concern if all treatments are influenced
proportionately by the changed conditions, that is, if interactions
are absent, a condition more often assumed than proved. Oppor-
tunities for environmental variation are considerable in virus trans-
mission experiments. Most experimental material is maintained in
greenhouses characterized by marked environmental changes during
the course of the seasons and, frequently, by wide fluctuations
during relatively short periods of time.32

Extrapolation of data on plant susceptibility from experiments
based on mechanical inoculation of local-lesion hosts to field
situations cannot be justified. Since information on factors affecting
susceptibility to insect inoculation is so scant, we are virtually
without information on the relation of variations in plant suscept-
ibility to virus incidence in the field. Kennedy 29 stated that aphids
appear so ideally fitted, behaviorally, for spreading virus in the
field that one might expect far more virus spread than actually
occurs. Perhaps, however, the answer is that virus transmission
systems are inefficient at the level of individual insects and only
infrequently do optimum combinations of aphid host-plant condition,
availability of virus in the source plants, and plant susceptibility
occur together.
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