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I . INTRODUCTION 

Some pathogens are carried externally by animals, others internally; 
some are carried passively, others appear to have an active biological 
association with their vectors, as the animal carriers are called. Much is 
known about the spread of several pathogens by man and by insects, 
but very little about those dispersed by other animals. Most of this 
chapter is devoted to the spread of viruses, for although there are some 
diseases of great economic importance caused by animal-dispersed bac
teria and fungi, relatively few are plant pathogens. 

Knowledge of the methods by which pathogens are dispersed is 
usually essential before effective control measures can be devised. Two 
types of spread must be considered: ( 1 ) the introduction of the pathogen 

* Present address: Glasshouse Crops Research Institute, Rustington, Littlehamp-
ton, Sussex, England. 

97 



98 L. BROADBENT 

into a healthy crop, which event may occur over considerable distances, 
and (2 ) the spread from plant to plant within a crop. 

But let us examine first the pathogens to find out how they are 
adapted to transmission by animals. Viruses are by definition obligate 
parasites, and few survive for long outside living cells. Most lose in
fectivity in extracted plant sap within hours or days, but some, like 
tobacco mosaic and potato X viruses, can persist on clothing or in plant 
debris for many months, and are so infectious that they can be carried 
externally on animals, clothing, or machinery. This is exceptional be
havior, and most viruses are transmitted only when an animal, usually 
an arthropod, feeds first on an infected plant and then on a healthy one. 
The relationship between arthropod and virus is often close, as we shall 
see, although it has involved no obvious changes in the animal's 
morphology. 

Bacteria, like viruses, are unable to penetrate plant cuticles and 
depend for entrance on natural openings or injuries. They depend less on 
animals for transport, as most are splashed in rain drops, are carried 
on or in seeds, or in soil, or occasionally are blown by wind. Some have 
several forms of transport, including animals, but at least one, the cause 
of cucumber wilt, appears to be entirely dependent on insects. Some 
bacteria occur in flowers and are spread by pollinating insects; some are 
contained in slime that oozes from lesions, and insects become con
taminated with these as they move about the plant or they may even 
be attracted to the slime. Others, like some viruses, are transmitted by 
feeding insects, and some are retained within the animal's body for a 
considerable period. Most of these do not form resting spores or similar 
structures, and must survive periods when plants are absent, or weather 
is unsuitable for growth in diseased plant tissues, or more rarely, in soil 
or insect vectors. Unlike the fungi, bacteria are not adapted for wind 
dissemination, nor have they developed really efficient methods of insect 
transmission as the viruses have. 

Most fungal conidia are of the dry spore type and are blown away by 
the wind, but some have slime spores carried in a sticky liquid, which is 
dispersed by water or animals, usually insects. These are mostly micro-
fungi, and only a few are pathogenic to plants. This subject was dealt 
with exhaustively by Leach (1940) , who drew attention to the close 
resemblance in many respects between insect dispersal of pathogens and 
insect pollination. Insects that both protect a pathogen and provide a 
means for it to enter a plant obviously provide an effective and prudent 
method of spread. There are some examples of apparent symbiosis be
cause the insect appears to benefit from its association with the fungus. 
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I I . DISPERSAL B Y M A N 

Vegetative propagation from infected plants is an all too efficient 
means of increasing the number, and often the geographical range, of 
infected plants, and in adopting it widely man has perhaps played his 
biggest part in dispersing pathogens. The spread of viruses is particularly 
important because many varieties of plants carry virus without showing 
symptoms. Dispersal by seeds and plant parts is discussed in Chapter 3 
of this volume and need not be pursued further here. Fungal resting 
spores are also probably transported by man over long distances, as are 
infective insect vectors, but little is known about such spread; it is 
probably less important, compared with the moving of infected plants, 
because the pathogen has few chances of surviving and spreading to 
other susceptible plants. 

Dispersal of a pathogen on a worker's body or clothes, or on machin
ery or draught animals must usually be local, in contrast to man's dis
persal of infected tissues over long distances. Few viruses are transmitted 
in expressed plant sap outside the laboratory because they are rarely 
concentrated enough to persist and cause infection. Tobacco mosaic 
virus, however, is so stable that it can infect after 2 years on equipment, 
and potato X virus can persist for up to 6 weeks on clothing, so these 
can spread from one crop to another, as well as within crops, during 
cultivations or inspections (Johnson, 1937; Todd, 1958). Tobacco mosaic 
virus is spread widely among tomatoes while the plants are being tied 
up or side shoots are being removed; it is so persistent that it can survive 
when plants are composted or when tobacco is cured, and may be intro
duced into an uninfected tomato or tobacco crop on the hands of 
smokers. Potato spindle tuber virus is spread by the knives used to cut 
tubers into seed pieces, a prevalent practice in America, and also by 
tractors passing through healthy potato crops after infected ones (Mer-
riam and Bonde, 1954). Tulip flower-break and Cymbidium mosaic are 
2 other viruses spread on cutting knives, but Narcissus mosaic is not; 
neither is the infectious potato X virus, possibly because tuber paren
chyma has too low a virus content to be a source of inoculum and also 
resists infection by inoculation (Bawden et al., 1948). Fruit growers who 
graft infected budwood scions on to rootstocks provide an efficient, and 
for some viruses of top-fruit, the only known means of spread. 

Bacteria, too, can be spread on cutting knives: Corynebacterium 
sepedonicum (Spieck. and Kotth.) Skapt. and Burkh, which causes ring 
rot of potato, spreads rapidly when stocks with a proportion of infected 
seed tubers are cut and planted immediately, but less readily when the 
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cut surfaces are allowed to dry before planting (Bonde, 1939b). The 
sacks used to store or transport potatoes can also provide sources of 
infection. Several other bacteria are spread on knives; for example, 
C. michiganense (E . F. Smith) Jensen, causing bacterial canker of 
tomato (Ark, 1944), and Pseudomonas solanacearum E. F. Smith, causing 
bacterial wilt of bananas (Sequeira, 1958). 

Many fungal spores are disseminated on hands, clothing, and machin
ery, but they are relatively unimportant in the epidemiology of the 
diseases, and there has been little work on this type of spread. Fungi, 
and soil-borne pathogens of all kinds, can easily be transported on boots, 
implements, and the roots of transplanted plants; two well-known 
examples are Plasmodiophora brassicae Woron., causing clubroot of 
crucifers, and Synchytrium endobioticum (Schilb.) Perc , causing potato 
wart disease—fungi that, although they cannot live as saprophytes in 
the soil, can exist as resting spores for many years in the absence of host 
plants. Verticillium albo-atrum Reinke and Berth, causing wilt of hops 
and many other plants, persists for only a short time as a saprophyte in 
soils and is spread mainly by diseased plant residues carried alone or in 
soil. Wilt often follows the lines of cultivation down the rows of hop 
gardens, and is also spread around by the hop pickers (Keyworth, 1942). 

I I I . DISPERSAL B Y O T H E R M A M M A L S AND BIRDS 

Very little is known about the dispersal of pathogens by wild animals. 
Dispersal by draught animals attached to cultivation machinery can 
reasonably be attributed to man. Pathogens that can persist on clothing 
or machinery might easily be carried on an animal's hair or a bird's 
feathers, and rabbits and dogs spread potato X virus in potato crops 
when they brush past infected plants and break the leaf hairs (Todd, 
1958). Birds have not been described as vectors of plant viruses, but 
there seems no reason why they should not carry some on their feathers 
or beaks. Game birds, such as partridge, often run within crops before 
flying and might well be responsible for some of the unaccountable 
introduction of virus X into healthy potato crops. 

Dogs, mice, birds, and indeed, frogs, and anything else that moves in 
flax crops when the plants are wet spread SphaereUa linarum Woll., 
spores of which ooze from infected flax plants in a gelatinous matrix 
(Christensen et al., 1953). Some of these animals may also spread the 

fungus to healthy crops over a distance, and small mammals and birds 
may also disseminate other similar fungi in this fashion. Birds carry the 
chestnut blight fungus, Endothia parasitica (Murr.) Anderson and An
derson; this spreads locally by air-borne ascospores discharged from 
perithecia in wet weather, but outbreaks in new areas and the conse-



4. DISPERSAL B Y A N I M A L S 101 

quent rapid spread through North America were probably caused by 
insectivorous birds (Heald and Studhalter, 1914). Old cankers of 
chestnut blight are often infested with boring insects, for which birds, 
especially woodpeckers, search and then become contaminated with 
pycnospores. Several birds, shot while in the branches of infected trees, 
were carrying Endothia spores; two woodpeckers each had more than 
half a million spores on its plumage. Leach (1940) pointed out that 
woodpeckers feed on tree cambium as well as on insects, and so could 
easily infect healthy trees during feeding. 

Little work has been done on the passage of pathogens through the 
intestines of animals other than insects. Many nonpathogenic fungi are 
coprophilous, and some are adapted to passage through animals. The 
resting spores of two plant pathogenic fungi are spread in dung to clean 
fields, after potatoes infected with S. endobioticum (wart disease) or 
brassica plants infected with P. brassicae (clubroot) have been fed to 
stock (Gibbs, 1931). 

I V . DISPERSAL B Y S M A L L A N I M A L S , OTHER THAN INSECTS 

The eriophyid mite Phytoptus ribis Nal. has long been known to 
transmit black currant reversion virus, but recently eriophyids were also 
found to be vectors of several other viruses. Wheat streak mosaic and 
wheat spot mosaic viruses are transmitted by all active stages of Aceria 
tulipae Keifer that are reared on infected plants. The mites remain in
fective for several days and through molts; adults are unable to acquire 
virus, but nymphs become infective after 30 minutes on infected plants. 
Wheat streak mosaic virus is carried by wind-borne mites, which breed 
mainly on wheat, and do not survive long off living plants. Several 
species of grass are susceptible to the virus, but the disease is found on 
wheat only when sown near other wheat crops or volunteer wheat; plants 
that emerge after adjacent crops have matured are not infected (Slykhuis, 
1955; Staples and Allington, 1956). Mites also transmit fig mosaic and 
peach mosaic viruses; they inhabit closely adhering peach leaf-bud 
scales, which are characteristic of the retarded buds of infected trees in 
summer, so the virus apparently modifies the tree in favor of the vector 
(Wilson etal, 1955). 

Mites have seldom been shown to transmit bacteria or fungi; since 
they usually occur in rotting tissues of various bulbs and of carnation 
buds, it is assumed that they transmit the pathogens responsible, but 
this needs confirming. They also often occur in the tunnels formed by 
bark beetles, and may possibly play a secondary role in spreading Dutch 
elm disease and blue-stain fungi. As Leach (1940) points out, many of 
the mites are carried by flies and other winged insects that feed on 
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decaying tissues. These insects themselves might carry pathogens, but 
the fact that mites are wingless does not preclude them from being 
vectors. Nevertheless, more critical experiments are needed before their 
significance as vectors can be assessed. 

Leach also quoted a few papers which show that slugs occasionally 
transmit fungus spores from diseased to healthy plants, but they are 
probably of little importance as vectors. 

Like some insects several nematode species eject the contents of the 
esophageal gland when feeding and in doing so might transmit patho
gens. Indeed, Steiner (1942) concluded that soil nematodes are important 
as vectors of bacteria and viruses, but no virus, soil-borne or other, has 
yet been shown to be carried by nematodes.* No doubt pathogens can 
enter through nematode feeding punctures, but although various associa
tions between nematodes and pathogens have been described, little 
critical work has been done on them. 

A few bacterial and fungal diseases seem to be more prevalent when 
nematodes are common than when they are not, and some depend on 
nematodes for their spread. One bacterium that apparently infects only 
when carried by nematodes is Corynebacterium fascians (Tilf.) Dowson, 
which, with the eelworms Aphelenchoides ritzema-bosi (Schwartz) 
Steiner and A. fragariae (Ritzema Bos) Christie, causes the hyper
plastic "cauliflower" disease and enations of strawberry (Crosse and 
Pitcher, 1952). The nematodes are ectoparasitic and carry the bacteria 
to the meristematic tissues, through which the plant is infected, but 
which are normally inaccessible to bacteria because they are tightly 
enclosed within stipules. Similarly, C. tritici (Hutchinson) Burkh. does 
not infect wheat in the absence of Anguina tritici (Steinbuch) Filipjev 
(Cheo, 1946). Galls containing nematodes (cockles) are formed in place 
of seeds, and are then dispersed by man; bacteria carried within them 
can remain viable for months. The same eelworms are almost always 
associated with the fungus Dilophospora alopecuri Fr., which causes leaf 
spotting and deformed heads of wheat and other cereals (Atanasoff, 
1925). The nematodes emerge from the cockles in moist soil and live as 
ectoparasites on cereal plants until they invade the ovaries. The fungus 
infects the nematode galls and its spores become attached by bristle-like 
appendages on the mucous covering of the eelworms, which can also 
acquire spores from germinating pycnidia in the soil. The spores appear 
to infect only when placed in wounds near the growing point. 

Nematodes even though not spreading pathogens may nevertheless 

* The following paper was published after this chapter was written: Hewitt, 
W. B., D. J. Raski, and A. C. Goheen. 1958. Nematode vector of soil-borne fanleaf 
virus of grapevines. Phytopathology 4 8 : 586-595. 
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help them to infect plants. For instance, several root knot nematodes 
increase the incidence of carnation wilt by providing wounds for the 
entry of Pseudomonas caryophylli Starr and Burkh. into roots (Stewart 
and Schindler, 1956). 

V. DISPERSAL B Y INSECTS 

After the discovery in the mid-19th century that fungi and bacteria 
cause many diseases, it was sometimes postulated that insects might 
disperse them, but the first experimental evidence was not obtained until 
1891, when Waite showed that bees and wasps carry Erwinia amylovora 
(Burrill) Winslow et al, the fire blight bacterium of pears, from dis
eased to healthy blossoms while searching for nectar. By 1920 several 
virus, bacterial, and fungal diseases were known to be caused by path
ogens transmitted by insects, but relatively little work was done on the 
subject because plant pathologists and entomologists rarely worked to
gether and seldom trespassed into one another's subjects. Later, viruses 
attracted workers from both disciplines, and consequently more is now 
known about their transmission by insects than that of other pathogens. 
Leach and his co-workers in the United States have pioneered work on 
the spread of fungi and bacteria by insects, and Leach's book (1940) 
has stimulated interest in this, partly because some of the diseases, 
such as Dutch elm disease and chestnut blight, are of considerable 
economic importance. 

Insects are often associated with fungal and bacterial diseases, but 
it is sometimes difficult to prove that they are vectors. They are, how
ever, well equipped to act as such, because most of them depend on 
plants for food, they are generally active, and their body bristles enable 
them to carry many spores or bacteria externally. In addition, many plant 
pathogens can survive, and some even multiply, inside insects, and 
insects that regurgitate during feeding seem particularly well adapted 
to act as vectors. 

A. Method of Transmission 

1. Viruses 

Not all insects that feed first on a diseased plant and then on a 
healthy one transmit viruses. Virus must be introduced into a living cell 
before infection occurs, and so the Homoptera, with piercing and suck
ing mouth parts, are particularly effective vectors. Most of them feed 
without causing major damage to plant cells, unlike the Heteroptera, 
which often have toxic saliva. Damage around the feeding puncture may 
be one reason why so few Heteroptera transmit viruses. 
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Some viruses are rarely or never insect-transmitted; some are trans
mitted by one or a few species of insect; and others by many, but no 
claim that a virus is transmitted by more than one major group of 
insects has yet been confirmed, except where the virus is carried as a 
contaminant on the body, as is tobacco mosaic virus by leaf-miner flies 
(Costa et al., 1958). This virus can also be transmitted occasionally by 
grasshoppers (Walters, 1952). Some of the differences in behavior 
depend on the virus, for the same insect species may show very different 
efficiency in transmitting different viruses. 

There is at present no satisfactory system of virus classification, but 
insect-transmitted viruses can be divided into three imprecise groups 
according to their behavior in the vector: ( 1 ) viruses that are acquired 
in brief feeding periods (often less than a minute) on infected plants; 
the vectors usually cease to be infective within an hour, and the 
efficiency of transmission is increased if they are prevented from feeding 
for a few hours before feeding on the infected plant (Watson, 1938). 
This group comprises the ' nonpersistent" viruses of Watson and Roberts 
(1939) . (2 ) "Persistent" viruses are acquired only after longer feeding 
periods on infected plants, and once infective, the insect vector often 
remains so for many days or weeks. ( 3 ) some viruses, such as beet yel
lows, have vectors that remain infective for several hours, and have 
been called "semipersistent" (Sylvester, 1956). 

Nonpersistent viruses are transmitted by aphids, which also transmit 
some persistent ones. All those known to be transmitted by leaf hoppers, 
white flies, bugs, thrips, and most biting insects are persistent. They 
usually have a noninfective or "latent" period, that is, the insect is 
unable to transmit virus for some hours or days after feeding on an 
infected plant, whereas nonpersistent viruses are transmitted immedi
ately after the acquisition feed. Some viruses that are transmitted only 
after a noninfective period in the vector may need to multiply within 
the insect to reach a transmissible amount, but with others the period 
may simply be the time needed for virus to pass through the gut wall 
into the blood and thence to the salivary glands. These noninfective 
periods differ greatly in length with different viruses and insects. 

Several leaf-hopper-transmitted viruses multiply within their vectors 
and some are transmitted through the eggs, which provide the viruses 
with an alternative means of survival than in infected plants (Fukushi, 
1934; Black, 1950). But not all persistent viruses multiply and remain 
infective within the insect, and beet leaf hoppers, Circulifer tenellus 
(Baker), lose the capacity to transmit beet curly top virus as they age 
(Freitag, 1936). 

Many viruses are transmitted by one or very few leaf hopper species, 
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but the causes of such specificity are largely unknown. In some it may 
be connected with the insect's feeding habit and the distribution of the 
virus within the plant; for instance, beet curly top virus seems to be 
restricted to the phloem, and lucerne dwarf virus to the xylem (Bennett, 
1934; Houston et ah, 1947). Vectors are then restricted to phloem or 
xylem feeders, and a reason why insects often transmit virus only to 
some plants in a series may be that the hopper does not always reach 
the tissues in which the virus can develop. Some jassids are known to 
find the phloem more readily than others, possibly because they follow 
a pH gradient from the epidermis to the phloem (Fife and Frampton, 
1936; Day et al, 1952). 

All instars of most insect vectors are able to acquire and transmit 
virus, but sometimes the noninfective period of persistent viruses is 
longer than the development period of larvae or nymphs, and then only 
adults can be vectors. Tomato spotted wilt virus, however, cannot be 
acquired by adult thrips, but these can transmit virus when they acquire 
it as larvae (Bald and Samuel, 1931). Some instars may be more 
efficient vectors than others; for instance, adults of the mealy bug 
Pseudococcus citri (Risso) transmit cacao swollen shoot virus more 
readily than young nymphs (Posnette and Robertson, 1950). 

Most persistent viruses are not readily sap-transmitted, possibly 
because they are in too low concentration in plant extracts or because 
they need to be put into specific tissues, but those transmitted by biting 
insects are unusual in persisting in their insect vectors for considerable 
periods and also being easily sap-transmissible. Flea-beetle vectors of 
turnip yellow mosaic virus and the cucumber beetle vectors of squash 
mosaic virus regurgitate infective juice from the foregut during feeding; 
they not only infect plants fed on immediately after an acquisition feed, 
but continue to be infective for several days (Markham and Smith, 
1949; Freitag, 1956; Martini, 1958). 

The noninfective period in aphid vectors of persistent viruses differs 
with different test plants and environments. When potato leaf roll virus 
is acquired from potato by Myzus persicae, the aphid is not infective 
for about 2 days, but this period is decreased to several hours when the 
source is Datura stramonium L. and sometimes to less than an hour with 
Physalts floridana Rybd. (Smith, 1931; Kassanis, 1952; Kirkpatrick and 
Ross, 1952). Although it might be expected that some persistent viruses 
multiply in aphids, as in leaf hoppers, the evidence for potato leaf roll 
and other viruses is inconclusive (Day, 1955; Harrison, 1957). 

Because aphids transmit nonpersistent viruses much more readily 
when starved before the acquisition feed, those that have flown a long 
way are in a favorable state to transmit if they feed on an infected 
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plant when they land in a crop. Some of these viruses can be acquired 
or transmitted extremely quickly, often by aphids that probe the epi
dermis to test the suitability of a plant as a source of food; thus potato 
Y virus can be acquired in 5 seconds, but probes lasting up to 1 minute 
are more likely to make an aphid infective (Bradley, 1954). When the 
aphids' stylets remain inserted for 20 minutes or longer, most aphids are 
not infective, and many cease to be infective within 15 minutes of leav
ing the infected plant, even when fasting. Virus is carried near the tips 
of the stylets and aphids rarely become infective after the stylets pene
trate beyond the first layer of cells (Bradley and Ganong, 1955). The 
stylet tips are well-adapted for carrying virus-containing sap, and van 
Hoof (1958) suggested that virus might be acquired more readily from 
epidermis than from parenchyma because aphids pierce the epidermis 
through the cell wall, but the parenchyma through the intercellular 
spaces. Both he and Bradley found that aphids could acquire virus from 
the parenchyma, so the suggestion of Bawden et al. (1954) that non-
persistent virus occurs predominantly in epidermal cells may not be the 
only reason for the effectiveness of short acquisition feeds. 

Although many nonpersistent viruses are transmitted by several 
species of aphid, there is still considerable vector specificity. Thus Myzus 
ornatus Laing, Myzus ascalonicus Done, and Aulacorthum solani (Kltb.) 
transmit dandelion yellow mosaic virus and not lettuce mosaic, whereas 
M. persicae transmits lettuce mosaic virus but not dandelion mosaic 
(Kassanis, 1947). Even when several species can transmit, some do so 
more readily than others. The cause of such differences has not been 
determined although the presence of different virus inhibitors in the 
aphid's saliva or different abilities to adsorb viruses onto the stylets have 
been postulated (Watson and Roberts, 1940). 

Aphid populations are usually heterogeneous and individual vectors 
often differ in their efficiency; some strains of M. persicae are very poor, 
some very good vectors of a particular virus, but it is not known whether 
an efficient strain for one virus would also be efficient for others (Stubbs, 
1955; Bjorling and Ossiannilsson, 1958). Not all individuals of the leaf 
hopper Cicadulina mbtta Naude transmit maize streak virus. Those that 
cannot (the inactive) pick up the virus while feeding on an infected 
plant, but virus does not get into their blood. Inactive insects become 
able to transmit virus after their intestine is pierced by a needle to allow 
virus to enter the blood (Storey, 1933). Attributes of the virus particles 
that are changeable seem to determine transmissibility by a given species 
of aphid. The spinach strain of cucumber mosaic virus was transmitted 
readily by M. persicae during 1945-1954, but not at all in 1957, although 
it was still transmitted as regularly by 2 other species of aphids as in 
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earlier years. Other strains of this virus were as readily transmitted by 
M. persicae in 1955 (Badami, 1957). Other viruses have ceased to be 
insect-transmitted after being propagated by mechanical transmission 
for several years (Black, 1953), and an instance of gaining transmissi-
bility is provided by potato C virus, which was not aphid-transmitted 
when derived from potatoes in 1945 and 1955, although apparently 
closely related to the aphid-transmitted Y virus. After propagation by 
mechanical inoculation in Nicotiana glutinosa L. and N. tabacum L. 
for 10 years it could be transmitted by M. persicae. However, when 
passed through potato and back to tobacco, it ceased to be aphid-
transmitted. This suggests that the attributes of a virus that allow it to 
be insect-transmitted can be affected by the host plant in which it is 
multiplying (Watson, 1956). 

2. Bacteria 

Unlike viruses, very few of which are carried externally as con
taminants by insects, most insect-transmitted bacteria are carried inci
dentally. A few insects, which probably have been long associated with 
the bacteria concerned, appear to have a symbiotic relationship with 
them, and still fewer seem specially modified morphologically to carry 
bacteria and ensure their survival. 

Like all bacteria carried incidentally Erwinia amylovora, which 
causes fireblight of apples and pears, is not dependent on insects, as 
both primary and secondary infections occur by rain splash. Neverthe
less, insects play a prominent part in dissemination, and primary infec
tion occurs when flies, ants, and others carry bacteria from bark canker 
exudate to the blossoms (Thomas and Ark, 1934). Bees and wasps carry 
bacteria from flower to flower on their mouth parts, but infection occurs 
only when the sugar concentration of the nectar is low (Keitt and 
Ivanoff, 1941). Aphids, bugs, and bark beetles carry the bacteria ex
ternally and infect shoots when feeding, but bacteria may live for several 
days in the intestines of flies, and eggs may be contaminated as they are 
laid; bacteria can persist also in puparia and contaminate emerging 
adults. 

Larvae of cabbage root fly (Erioischia brassica Bouche) carry 
Erwinia carotovora (L . R. Jones) Holland, both externally and internally; 
bacteria are acquired from fly eggs which are contaminated as they are 
laid or from decaying plant material or the soil, and they can over
winter in the pupae. They cause stump and heart rot of cabbages and 
other brassicas (Johnson, 1930). Similar pathogens cause soft rot of 
onions, carried by the onion fly (Delia antiqua Meig.) and celery rot, 
transmitted by two leaf miners (Leach, 1927). 
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Erwinia tracheiphila (E . F. Smith) Holland, which causes bacterial 
wilt of cucurbits, is apparently entirely dependent on the beetles Dio-
brotica vittata Fabr. and D. duodecimpunctata Oliv. for overwintering 
and transmission (Rand and Enlows, 1920). The beetles are particularly 
effective vectors because during feeding they wound the vascular bundles 
to which the bacteria are largely confined. 

Lepidoptera have seldom been described as vectors of plant path
ogens, but the moth Cactobrosis fernaldialis (Hulst) is the main vector 
of the bacterium Erwinia carnegieana Lightle et al., which destroys giant 
cacti in Arizona. Bacteria can be isolated from adult moths, and egg 
surfaces and larvae carry them externally and internally. Larvae move 
away from severely diseased tissues and carry the pathogen through the 
cork, which would otherwise seal off the necrotic area (Boyle, 1949). 
When potato tubers are cut into "seed pieces," the formation of cork 
prevents entry of Erwinia atroseptica (van Hall) Jennison, causing 
"blackleg," or seals off necrotic lesions, but insects that feed on the 
potato below ground aid its entry, and by burrowing in the tubers, 
prevent the formation of wound cork (Bonde, 1939a). Some of these 
insects have a symbiotic relationship with the bacteria: species of Delia 
develop normally on infected tubers, but not on sterile ones (Leach, 
1931). The bacteria occur in many cultivated soils, but are unable to 
penetrate undamaged roots or tubers. Bacterial rot of apples, caused by 
Pseudomonas melophihora Allen and Riker, follows feeding by the apple 
maggot (Rhagoletis pomonella Walsh). Bacteria are carried externally 
and internally by the adults; apples are inoculated when the eggs are 
laid, and the bacteria are carried in by the burrowing larvae, which 
prefer rotting tissues (Allen et al., 1934). 

A close symbiotic relationship has been reported between the olive 
fly (Dacus oleae Rossi) and several bacteria, including Pseudomonas 
savastonoi (E . F. Smith) Stevens, which causes the olive knot disease 
(Petri, 1910; Stammer, 1929). Anatomical modification of the adult 
insects ensures the perpetuation of bacteria through successive genera
tions: the anal tract of the female contains bacteria in several sacs, 
opposite which is a slit in the membrane separating the tract from the 
vagina. When an egg passes along the vagina, the slit opens and the egg 
presses against the openings of the sacs; some bacteria enter the micro-
pyle and later the developing embryo. They are inserted into oviposition 
wounds, which, according to Petri, are the source of most olive knot in 
Italy. The insect is not present in California, and there the bacteria 
spread more slowly. 

These examples illustrate two important facts. First, few bacteria 
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cause systemic infection. Insect vectors often not only make the initial 
infection, as with viruses, but also often spread the bacteria from place 
to place over plants. Second, many bacteria are carried internally by 
insects, a fact which may be of evolutionary significance in helping to 
tide them over unfavorable periods. 

3. Fungi 

Some fungi differ from viruses and bacteria because they can actively 
penetrate plant epidermis. Others depend on natural openings such as 
stomata, while still others, such as bacteria, enter through wounds. 
Relatively few fungi are spread by insects, but some are so well-adapted 
to insect transmission that they may have been associated for a long time. 

Some insects, especially pollinators which feed without wounding 
the plant, act merely as vectors of fungi, but the pathogen is often well-
adapted for this form of spread. For instance, Botrytis anihophUa Bond., 
spread by bees, sporulates only on the anthers of red clover, and 
Usttiago violacea (Pers.) Roussel, spread by nocturnal moths, replaces 
the pollen of campions, pinks, and other Caryophyllaceae with sticky 
smut spores; the petals are unaffected and the flowers remain attractive 
to insects. Mycelium penetrates the ovary but does not destroy the 
developing seed, which later produces a systemically infected plant 
whose flowers all produce spores. A small hymenopteran, Blastophaga 
psenes ( L . ) , ensures an unusual method of pollination called caprification 
and causes an internal rot of figs by carrying spores of Fusarium 
moniliforme var. fici Caldis from infected to healthy fruits (Caldis, 
1927). The adult male insects emerge from their galls and penetrate to 
the female insects in their galls in the male inedible figs. The fertile 
females emerge through the eye of the fig and so collect pollen from 
the staminate flowers. Male figs, some of which may be infected with 
the fungus, are hung on female trees when the insects are due to 
emerge; these enter the receptacles of the female edible figs to oviposit, 
pollinating and inoculating the fruit with fungus while doing so. They 
cannot oviposit in the female fig, however, because the styles are much 
longer than those of the male flowers. Without pollination the fruit of 
some varieties drops before it is mature. 

Some insects carry fungi on their mouth parts and introduce them 
into plants when feeding. Nematospora gossypii (Ashby and Now.), 
causing stigmatomycosis of cotton, probably depends entirely on cotton 
stainers and related bugs (Dysdercus spp.) which introduce into the 
bolls needle-like ascospores that are thin enough to allow passage 
through the stylet canals to and from the stylet pouches of the insect 
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(Frazer, 1944). Plant bugs are noted for the injury they cause when 
feeding, and Leach (1940) suggests that the necroses may not all be 
caused by toxic saliva, but may often be caused by associated fungi of 
the Nematospora type. 

Other fungi are carried into the plant by boring insects; the bark 
beetles that carry Ceratostomella ulmi Buism., causing Dutch elm dis
ease, are mainly in the genus Scolytus, and the fungus sporulates freely 
in their egg galleries. Adults are covered by, and ingest, spore-containing 
slime with which they inoculate the twigs of healthy trees, upon which 
they prefer to feed before breeding beneath the bark of trees that have 
been weakened by the fungus during previous years (Clinton and Mc-
Cormick, 1936). Several brown- and blue-stain diseases of conifers are 
caused by species of Ceratostomella and related fungi, which stain but 
do not rot the wood and are similarly transmitted by bark beetles 
(Craighead, 1928). These beetles (Ips and Dendroctonus spp.) breed 
only in trees that are dead or weakened by other agents; they do not 
weaken trees by inoculating them with fungus, as do Scolytus. When 
they attack living trees, however, the fungus blocks the transpiration 
stream and the trees soon die. Although fungi are ingested by the larvae, 
Leach (1940) considers them unimportant as food, but important be
cause they weaken the tree, decrease its water content, and make it 
more suitable for beetles. Three species of scolytids infest different parts 
of white fir (Abies concolor Lindl. and Gord.) in California; the fungus 
Spicaria anomola (Corda) Harz. is associated with those at the top of 
the tree and in the branches, and causes a light brown stain. Tricho-
sporicum symbioticum Wright causes a darker stain and is associated 
with a third species at the bottom of the tree, although both fungi will 
grow anywhere on the tree when inoculated. Both kill the cambium as 
they advance, as do many scolytid-carried fungi, preventing an inflow 
of resin into the brood galleries of the beetles (Wright, 1938). 

The importance of these beetle vectors to the lumber industry was 
demonstrated by Verrall (1941) . Since chemical fungicide treatment of 
lumber became common, dispersal of air-borne spores has become unim
portant, but the ambrosia beetles that attack hardwoods and the bark 
beetles that attack softwoods are undeterred by the protective surface of 
chemicals and inoculate the timber below it. Boring insects are not con
fined to wood. Larvae of the corn borer, Pyrausta nubilalis Hiibn., dis
tribute several pathogenic fungi and bacteria within maize plants. They 
weaken adjoining tissues and make them more susceptible to fungal 
attack, and their frass provides medium for fungal development (Chris-
tensen and Schneider, 1950). 

A fungus that enters through feeding wounds is Chilonectria cucurbi-
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tula (Curr.) Sacc, which causes burn blight of pines. Numerous spores 
exude whenever mature perithecia are moistened, and they are common 
on the foliage of attacked trees. Adult spittle insects (Aphrophora 
saratogensis Fitch) are contaminated as they crawl about on small 
twigs near the tops of trees during the autumn, and the fungus enters 
through their feeding punctures. The next year the fungus girdles the 
twigs, then moves down the cortex, killing the tree during the next 
3 years (Gruenhagen et ah, 1947). Wasps and other insects spread 
Sclerotinia fructigena Aderh. and Ruhl. when they feed, for spores 
usually enter only through wounds. The fungus spreads rapidly through 
fruit, causing brown rots of apples, pears, plums, and peaches, and 
sporulates on the surface, so the insects readily become contaminated. 

Feeding is not the only way in which insects wound plants, and 
some fungi are introduced when eggs are deposited in plant tissues. 
Urocerus gigas ( L . ) and Sirex cyaneus F., the wood wasps, inoculate 
Stereum sanguinolentum (FT.) Fr. in conifers and cause heart rot (Cart-
wright, 1938). The insects are well adapted for this, and carry the fungus 
in sacs at the anterior end of the ovipositor, so the egg is contaminated 
as it is laid. Larvae eat hyphae and carry the fungus in their hypo-
pleural organs (Parkin, 1942). A less intimate relationship exists be
tween crickets of the genus Oecanthus and Leptosphaeria coniothyrium 
(Fuckel.) Sacc, causing tree-cricket canker of apple and cane blight of 
raspberry (Gloyer and Fulton, 1916). The female eats a small hole in 
the bark, deposits her egg, and then closes the hole, either with a fecal 
pellet or a chewed piece of bark, usually diseased. Spores and hyphae of 
this and many other fungi are carried internally and externally by the 
insects and contaminate the wound. 

In an entirely different category of vectors are the fungus feeders, 
mainly Diptera and Coleoptera, which feed on the sweet sticky secre
tions that contain the spores; they are contaminated by these, and later 
leave them on healthy flowers or plants. Examples are the Sphacelia 
stage of the ergot fungus, Claoiceps purpurea (Fr . ) Tul., and the pycnio-
spores of thistle rust. Wind-borne ascospores of C. purpurea infect rye 
and other Gramineae in spring; the fungus invades the ovary and de
velops conidia (Sphacelia) in a secretion which is seemingly attractive 
to insects. Several insects visit rye to feed on the pollen and secretion, 
and are contaminated externally, or they ingest the spores, which may 
be excreted or regurgitated later on a healthy spikelet. Craigie (1927) 
showed the importance of flies in producing "hybrids" of rust fungi by 
carrying pycniospores from one pycnidium to another. 

Fungus feeders that have caused considerable economic loss during 
recent years are the nitidulid and scolytid beetles that spread the oak 
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wilt fungus, Endoconidiophora fagacearum Bretz. This fungus forms 
mycelial mats under the bark, which splits above them; beetles are 
attracted, presumably by the odor, and both they and their larvae feed 
on the fungus. The fungus is heterothallic, and the beetles serve as 
spermatization agents by transmitting endoconidia from mats of one type 
to those of the other, thus stimulating the production of perithecia and 
ascospores. The two thallus types are rarely intermingled and depend 
on insects for cross fertilization. The insects also inoculate fresh wounds 
with spores as they walk over them (Jewell, 1956; Dorsey and Leach, 
1956). 

B. Geographical Distribution 

The spread of plants around the world has widely distributed many 
pathogens and vectors; these are not always carried simultaneously to a 
new area, and a pathogen introduced alone will not spread unless a 
"local" insect can act as a vector. Thus tristeza disease of citrus trees 
became prevalent in South America soon after infected trees were 
imported from South Africa because Aphis citricidus Kirk, an efficient 
vector, was already prevalent. As this aphid does not occur in Cali
fornia, tristeza spreads less rapidly there than in South America (Wal
lace et al, 1956). 

Viruses may be introduced into a new area unwittingly in insect-
free and apparently healthy plants, and may then be transmitted by new 
vectors to plants which react with a severe disease. A newly intro
duced insect may also cause trouble by transmitting an indigenous virus 
from plants which are little affected to others which react severely. 

The discovery of Dutch elm disease in the Netherlands in 1919 and 
the rapidity with which it assumed the status of a major disease suggests 
that the fungus had not long been associated with bark beetles, which 
had been known for centuries to infest weakened trees. It was probably 
not widespread in Europe earlier because the disease is obvious and 
also, when Scolytus multistriatus Marsh, was taken to the United States 
before 1909, the fungus was not introduced. A later introduction in the 
1920's included the pathogen, and this beetle is now the most important 
vector in the United States (Leach, 1940). Ceratostomella ulmi might 
have replaced less efficient fungi with which the beetles were originally 
associated although, as there are nonpathogenic strains, a pathogenic 
one may have arisen by mutation. Similarly, saprophytic fungi are always 
associated with nitidulid beetles in wounds on healthy oak trees where 
they serve as food for both adults and larvae. They have not been found 
without the beetles, with which they are apparently symbiotic. Jewell 
(1956) suggested that Endocondiophora fagacearum had recently be-
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come a symbiont, for oak wilt does not occur in many areas where both 
oaks and beetles abound. 

As in organisms, mutation in viruses, coupled with geographical 
isolation, appears to lead to the development of distinct strains. Thus 
Brazil, Argentina, and North America have their characteristic strains 
of beet curly top virus, each with a different species of leaf hopper as 
vector (Smith, 1957). A strain of curly top similar to the North American 
strain occurs in Turkey, and Bennett and Tanrisever (1957) postulated 
that the virus originated in Europe and was carried with beet to several 
parts of the New World, where it acquired different vectors. 

Some polyphagous insects are restricted to a few plants during part 
of the year; thus Myzus persicae overwinters only on Prunus spp. in 
many areas and on horticultural crops in others. Although the aphids 
cannot acquire potato viruses from such plants and some fly long dis
tances, the potato virus diseases are often most prevalent in crops near 
peach orchards or gardens because aphid vectors are most numerous 
there (Davies, 1939; Davis and Landis, 1951). 

Changes in cropping can affect the number of vectors in a specific 
area: millions of Prunus seratina Ehrh. were planted in the north Neth
erlands as forest shade trees during the 1940's and proved to be excellent 
winter hosts for M. persicae in an area where peach is scarce (Hille Ris 
Lambers, 1955). This species also increased greatly in the Imperial 
Valley of California when the amount of sugar beet was increased. This 
in turn increased the incidence of cantaloupe mosaic in melons even 
though the aphids do not colonize the melons (Dickson et aL, 1949). 
Leaf hopper vectors of beet curly top virus multiplied greatly during 
the depression of the 1920's on the weeds of abandoned farms in the 
western United States. The natural sagebrush, and well-cultivated grass, 
are not favorable covers for hoppers, but overgrazing during this period 
turned many ranges into semidesert in which the hoppers flourished 
(Piemeisel, 1932). 

Predators and parasites play a major part in altering an insect popula
tion from one year to another and also from one area to another. It is 
often difficult to assess their influence because so many insects are 
involved. Few studies have been made in the detail attempted by Hille 
Ris Lambers (1955) , who found that the aphid-predator-parasite-hyper-
parasite population in a potato crop included over 50 species. After 
aphids have become numerous on crops such as potato, they often sud
denly disappear. Hansen (1950) and Hille Ris Lambers noted that this 
decrease occurs earlier when aphids are more numerous than usual, 
and they attributed this to insect enemies. While agreeing that parasites 
and predators always help to determine the ultimate size of the popula-
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tion, other workers consider the major cause of the decline to be the 
departure of winged aphids (Moericke, 1941; Doncaster and Gregory, 
1948). As potato plants mature they become less suitable sources of 
food for aphids, most of which become winged and fly away. This often 
occurs when parasites and predators are most numerous, so remaining 
aphids are quickly eliminated. Occasionally, however, the enemies are 
very numerous early, when aphids are colonizing the potatoes, and then 
a large summer aphid population may fail to develop (Broadbent and 
Tinsley, 1951). In many parts of Europe there is a tendency toward a 
biennial rhythm, a year with many aphids being followed by one with 
few, because predators and parasites multiply greatly in seasons when 
aphids are numerous during the summer, and may then overwinter and 
help prevent the aphid infestation from developing the following spring. 
Only when their enemies have decreased in number from lack of food 
can the aphids again multiply unchecked (Hille Ris Lambers, 1955). 

The influence of parasite distribution over a wider area was noted 
by Stubbs (1956) , who contrasted the rapid spread of carrot motley 
dwarf virus in Australia, where the vector, CavarieUa aegopodii (Scop.) 
is very numerous, with the slow spread in California, where the aphids 
are few because they are severely parasitized. He suggested that the 
vector is more in equilibrium with its environment in California than 
in Australia, where it may have been introduced rather recently. 

C. Seasons, Climate and Weather 

Geographical differences in vector populations are usually determined 
by the differences in climate if the requisite plant hosts and the vector 
have been widely distributed. Climate affects the seasonal cycles of 
insects, but their numbers and activity also differ from one year to 
another because of differences in weather. The optimum temperature 
for aphid reproduction is about 26° C. Consequently they are more 
numerous in continental than in maritime climates, and in warm, dry 
summers than in cool, wet ones (Jamalainen, 1948). Cultural practices 
vary from one country to another, so it is difficult to relate the incidences 
of virus diseases in different parts of Europe, for example, to differences 
in aphid numbers, although differences in the same area can be related 
to the vectors (Steudel, 1950). Weather plays a large part in regulating 
outbreaks of aphids; rain and cold restrict larval development and, 
consequently, the number of adults. Fewer winged aphids develop in 
wet weather, and because these seldom fly when it is cool, fewer new 
colonies are founded than when the weather is warm and dry (Broad-
bent, 1949; Markkula, 1953). 

In temperate climates emphasis tends to be placed on the regulating 
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effect of cold weather, but aphids are soon killed when temperatures rise 
a few degrees above the optimum (Broadbent and Hollings, 1951). Van 
der Plank (1944) found that M. persicae forsakes potatoes in Africa, and 
viruses cease to spread when the mean daily maximum temperature 
reaches 32° C. The adverse effect of a hot climate on aphids is also used 
to produce virus-free lettuce seed (Grogan et al, 1952). 

In an arid climate rain may have an effect opposite to that in a 
cool one: outbreaks of Pierce's disease of grapevines in California are 
most severe during wet periods because host plants of the leaf hopper 
vectors grow best then (Winkler, 1949). 

Humidity also determines the loss in celery from the bacterium 
Erwinia carotovora: the larval leaf miners that inoculate plants remain 
in the outer leaves during wet weather, and soft rot causes relatively 
little loss, but when it is hot and dry, the flies deposit eggs near the heart 
of the plant. Larvae search for a moist place when they hatch, and enter 
the young leaves, causing heart rot (Leach, 1927). 

Some fungi produce spores in a gelatinous matrix only during very 
humid or wet weather; spores of Sphaerella linarum and others that are 
carried as contaminants on animals' bodies can only be spread, there
fore, when the foliage is wet, a condition when infection, too, is more 
likely to occur than when it is dry, for most spores need a high humidity 
to germinate and infect. 

The seasonal cycle of insects depends on the climate, which often 
differs considerably in regions not widely, separated; in Great Britain, 
for example, most aphids occur on potatoes during July in the southern 
half of the country, during August in northern England, and during 
September in parts of Scotland. The production of seed tubers free from 
leaf roll and Y viruses in Scotland was unwittingly based on this. The 
principal vector of these potato viruses, and of many others of economic 
importance in Europe and elsewhere, is Myzus persicae; most potential 
vectors are usually present in England during July and early August, 
but virus is not necessarily spread mostly at this time, except from one 
crop to another. A rapid increase in disease incidence often depends on 
the activity of vectors within crops when plants are very susceptible to 
infection, such as when relatively few aphids colonize potato crops in 
the spring. 

The time of maximum population of some aphids depends on their 
plant hosts as well as on climate. Thus the strawberry aphid Penta-
trichopus fragaefolii (Cock.) is most numerous in late summer on first-
year plants, but in late May or June on older ones (Dicker, 1952). 
Winged forms are numerous only when the population is maximal, and 
most virus spread coincides with their activity. On the other hand the 
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apterae (wingless forms) are also numerous at these times. On that 
account Posnette and Cropley (1954) could not determine which were 
principally responsible for the spread of virus to adjacent plants. The 
growth of plants in a crop may so modify the microclimate that the 
vectors can no longer breed on them. Circulifer tenellus infests beet and 
spreads curly top virus within the crop only when the plants are young 
because the environment is too humid for the leaf hoppers when the 
plants cover the soil (Romney, 1943). 

Many insects are more active and may carry virus farther when it 
is warm than when it is cool. Bald (1937) recorded a close positive 
correlation between temperature, thrips activity, and the number of 
plants showing spotted wilt 12 days later. In Florida aphids carry pepper 
veinbanding mosaic virus to peppers only within 150 ft. of the source 
when the temperature averages 62° C , but much farther at higher 
temperatures (Simons, 1957). In addition to its effect on movement high 
temperature may affect the insect's infectivity and the plant's suscepti
bility: M. persicae is a more efficient vector of potato leaf roll virus when 
reared on infected plants at 27° C. than at 22° C , and the resistance of 
the potato is lower at 27° C. (Webb, 1956). 

D. Availability of the Pathogen and Susceptibility of the Host 

Virus in an infected plant may be more readily available to a vector 
at one time than at another. Young plants are usually the best sources 
of virus because the concentration of many viruses decreases as the 
plants cease to grow rapidly: thus M. persicae transmits potato leaf roll 
virus to few test plants when the source is old, glasshouse-grown infected 
plants, but readily from very young ones (Kassanis, 1952). 

The distribution of virus within the plant can determine when insects 
acquire virus and on which parts of the plant they need to feed to do so. 
Many viruses can be acquired by insects some days before a newly 
infected plant shows symptoms, for example, cauliflower mosaic (Severin 
and Tompkins, 1948). Kato (1957) found, however, that Y virus can be 
recovered by aphids from potato only after symptoms show. Aphids can 
acquire potato leaf roll virus from the lower leaves of full-grown potato 
plants much more readily than from the rest of the plant (Kirkpatrick 
and Ross, 1952), suggesting that virus concentration is not always 
greatest in the youngest, fast-growing leaves. That unequal distribution 
is sometimes an attribute of the virus, not of the host, was shown when 
the spread of 2 viruses in cauliflower crops was studied. Both cauli
flower mosaic virus and cabbage black ring spot virus are transmitted 
mainly by M. persicae and B. brassicae, and both viruses spread readily 
when the infected source plants are young; but when they are old, cab-
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bage black ring spot virus spreads less readily than mosaic virus, which 
occurs in high concentration in all the new leaves produced by infected 
plants, whereas ring spot virus accumulates mainly in the older, lower 
leaves, and even there is localized in the parts that show symptoms. 
Only in recently infected plants does ring spot virus occur in young 
leaves in sufficient concentration to be acquired by aphids. As most 
aphids alight on the upper parts of plants, they are more likely to acquire 
cauliflower mosaic virus than ring spot virus (Broadbent, 1954). 
Different plant species also differ in their effectiveness as sources 
of the same virus. Thus, although pepper is a better host plant than 
chard for M. persicae and is more susceptible to southern cucumber 
mosaic virus, aphids acquire virus more readily from chard than from 
pepper (Simons, 1955). Not only does the host affect insect-transmissi-
bility, but the virulence of a virus may be changed by passage through 
different hosts; Wallace and Murphy (1938) reported that beet curly top 
virus is less virulent in sugar beet after passage through its wild hosts. 

A host plant need not be susceptible to infestation by the vector to 
be susceptible to infection by a virus; nevertheless, colonizing insects 
are usually more prevalent in crops than transient visitors, so it is not 
unreasonable to consider the colonizers first when seeking vectors. It is 
true that insects are often more active within a crop when they vainly 
seek a suitable host plant, but colonizers have to be active at some 
period if they are to find new hosts, and their potentiality as vectors 
often depends on the readiness with which they move again after land
ing on a host plant. M. persicae was identified early as the principal 
vector of potato leaf roll and Y viruses; experiments showed that M. 
solanifolii and Aphis nasturtii are also efficient vectors of Y virus, and 
A. nasturtii of leaf roll, but field studies show that almost all the 
spread of the persistent leaf roll virus can be attributed to M. persicae, 
perhaps because of the relative inactivity of A. nasturtii after settling 
on the plants (Bawden and Kassanis, 1947; Loughnane, 1943; Broad-
bent, 1950; Hollings, 1955). 

These conclusions are confirmed by the distribution of the virus 
diseases in Scandinavia. Μ. persicae is confined to the southern coastal 
areas of Norway and Sweden and so is leaf roll. A. nasturtii and M. 
solanifolii, however, occur further north, where Y virus spreads (Lihnell, 
1948). In brassica crops, also, in Britain, the colonizing M. persicae and 
B. brassicae seem to be the only important vectors of cauliflower mosaic 
virus although at least 20 other noncolonizing species can transmit the 
virus (Broadbent, 1957). 

Many workers doubted if an insect species could be the important 
vector of a virus when it is rarely numerous on the crop because they 
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failed to appreciate the importance of the winged forms. Some viruses, 
usually nonpersistent ones, are spread mainly by noncolonizing insects 
which bring virus with them from the plants they have just left, or 
acquire it from infected plants within the crop as they move from plant 
to plant seeking suitable hosts, as M. persicae spreads cantaloupe mosaic 
among melon crops in California (Dickson et al, 1949). It is often 
difficult to find which of the insects that infest or transiently feed on 
plants spread a virus; or, if more than one species can transmit, it is 
difficult to assess their relative importance. The principal vector may be 
the least prevalent insect pest, as is the case in the citrus groves of 
California where the main vector of tristeza virus, Aphis gossypii 
(Glover), forms only about 3% of the aphids visiting trees (Dickson 
et al, 1956). 

Even among vector species it cannot be assumed that all the insects 
that feed or breed on a diseased plant will be infective. Obviously, the 
more plants that are infected in a crop, the greater will be the propor
tion of potential vectors that become infective although almost nothing 
is known about the proportions or numbers of infective aphids in crops. 
The proportion differs with different viruses and vectors, depending on 
the time insects take to become infective and the time they remain so. 
Between 10 and 24% of winged M. persicae and B. brassicae bred on 
cauliflowers infected with cauliflower mosaic virus are infective when 
they leave the plants; a similar proportion of M. persicae, but fewer than 
5% of B. brassicae, are infective when bred on plants infected with cab
bage black ring spot virus. 

Several factors affect the susceptibility of host plants to both insects 
and pathogens; the most important are variety, age, growth conditions, 
and population density. Different varieties of crop plants differ not only 
in the ease with which they become infected, but also in the extent to 
which the virus multiples in them and so in the readiness with which 
insects become infective when feeding on them. Varieties may react 
differently to different viruses; for example, resistance of potatoes to 
virus Y is not correlated with resistance to leaf roll virus although trans
mitted by the same aphids (Bawden and Kassanis, 1946). Apparent 
varietal differences in susceptibility may sometimes be caused by differ
ential feeding by the vectors; thus varieties of lettuce, which experi
mentally are equally susceptible to yellows virus, contract the disease to 
different extents in the field (Linn, 1940). 

Susceptibility to infection often decreases with increasing age of 
plants, and so, other things being equal, incidence of a disease may 
depend on the age of the crop when infective vectors are active (Broad-
bent et al, 1952). Beet is most susceptible and intolerant to the leaf-
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hopper-transmitted curly top virus when in the cotyledon stage (Wallace 
and Murphy, 1938); and Hansen (1950) and Steudel (1952) found that 
numbers of aphids per beet plant and the incidence of yellows increased 
with successively later sowings. Cereal yellow dwarf virus severely 
affects only plants infected young, so normally it is of economic im
portance in California in barley, but not in the earlier-sown oats and 
wheat (Oswald and Houston, 1953). Few plants show such extreme 
resistance as cassava, however, for although Bemisia spp. feed on mature 
leaves, they infect only the immature ones with mosaic virus (Storey and 
Nichols, 1938). 

Some fungi infect only during limited periods, for example, the 
fungus causing Dutch elm disease spreads readily only during late spring 
and early summer (Parker et ah, 1941). Similarly, nitidulid beetles infect 
healthy trees with the oak wilt fungus only during May and early June, 
partly because the beetles are attracted to wounds at this time to lay 
eggs and partly because trees are susceptible only in the spring (Jewell, 
1956). 

Most workers, who have studied the influence of plant nutrition on 
the incidence of virus diseases, have found that the best fed plants are the 
most likely to become infected. Dung and several inorganic fertilizers 
increase the incidence of both leaf roll and rugose mosaic in potato 
crops, and aphids also multiply faster on plants treated with dung, sul
fate of ammonia, and superphosphate, but less on those treated with 
muriate of potash (Broadbent et al, 1952). Response to fertilizers varies 
with the species of aphid, A. nasturtii showing little response to the 
treatments. 

Some plants may be more acceptable to the vectors and more sus
ceptible to virus at one temperature than at another. Narcissi are rarely 
colonized by aphids, and their viruses usually spread slowly, but when 
retarded bulbs are grown to flower in late summer instead of in spring 
they are colonized by Aphis fabae, and viruses spread rapidly (van 
Slogteren and Ouboter, 1941). 

Storey (1935) was one of the first plant pathologists to realize that 
density of the plant population can affect disease incidence: close plant
ing of groundnuts and delayed weeding are practiced by the peasants in 
East Africa, and greatly decrease the incidence of rosette. Van der 
Plank and Anderssen (1944) obtained some control of spotted wilt virus, 
which is brought into tobacco fields soon after transplanting, by in
creasing the density of plants to 2 or 3 per "hill" and by removing the 
surplus plants after most of the virus had been brought in. Most insects 
that bring virus into a crop land at random, so a greater proportion of 
plants is visited when they are widely spaced than when they are 
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crowded together; consequently, beet yellows, beet mosaic, and cauli
flower mosaic incidences are lessened by decreasing the distance between 
rows or between plants in the row (Blencowe and Tinsley, 1951; Steudel 
and Heiling, 1954; Broadbent, 1957). 

Plant size can also affect the spread of viruses because big plants are 
more likely to be visited by vectors than are small ones, and once in
fected, the larger plants form bigger reservoirs of virus. In cauliflower 
seedbeds 30% of the large seedlings were infected with cauliflower 
mosaic virus, in contrast to 15% of medium sized seedlings, and 5% of 
small ones (Broadbent, 1957). 

Finally, some vectors multiply more rapidly on infected plants than 
on healthy ones (Carter, 1939); Hijner and Cordon, 1955). Several 
species of leaf hoppers that complete their nymphal stages on celery or 
aster infected with aster yellows virus die when transferred to healthy 
plants, but live on diseased ones (Severin, 1946); to this extent the in
sects "use" the virus to create a satisfactory source of food for themselves. 

E. Introduction of Pathogens into Crops 

Persistent viruses must sometimes be carried by insects over hundreds 
of miles, but it can rarely be proved that this happens and that no local 
virus sources exist. Occasionally, circumstantial evidence of spread over 
moderate distances is obtained; for instance, in 1951 M. persicae were 
numerous on leaf roll infected potatoes in the southwest Netherlands, 
and following southwest winds during the summer dispersal many aphids 
were trapped about 60 miles to the northeast, where both aphids and 
virus disease had been scarce; the subsequent outbreak of leaf roll 
suggested that the aphids had taken virus with them (Hille Ris Lambers, 
1955). Because of the difficulty of obtaining evidence, most of the records 
refer to virus brought into crops from nearby sources. Macrosteles 
fascifrons (Stal) move into lettuce crops from the borders of fields, 
taking yellows virus acquired from weeds with them; few moved more 
than 200 ft. during 4 weeks. The rate of vector dispersion, as measured 
by the incidence of yellows at different distances from the source, differs 
from one plot to another, probably depending on plant susceptibility, 
disturbing cultivations, and the weather (Linn, 1940). 

Nonpersistent viruses will rarely be carried far. Observations on the 
spread of pepper veinbanding mosaic virus from infected Sohnum 
gracile showed a steep gradient in incidence of infective peppers, falling 
from 90% plants infected at 6 ft. to 10% at 50 ft. Nevertheless, a few plants 
become infected at distances up to 1000 ft. (Simons, 1957). In similar 
experiments with celery Wellman (1937) found that southern celery 
mosaic virus was carried by aphids from weeds to over 85% of plants up 
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to 30 ft. away but to only 4% at 120 ft. Distances differed from year to 
year, but no plant was infected during 3 years in plots 240 ft. away from 
the source. Storey and Godwin (1953) found that most plants infected 
with cauliflower mosaic virus occur in the first 50 rows adjacent to dis
eased crops. Such gradients of disease, from a high incidence in outer 
rows to a low one within a crop, often serve to show that a pathogen is 
spreading into a crop from a nearby source. 

Taylor and Johnson (1954) studied the deposition of winged Aphis 
fabae and their subsequent multiplication on bean crops: the sides facing 
the wind had more colonies than the center or other edges of the crop. 
Thus gradients of virus disease parallel the activity of the vectors. When 
such gradients occur with persistent viruses, the vectors must have stayed 
in the area where they first landed; with nonpersistent ones, however, 
such gradients are more to be expected because vectors would lose their 
infectivity while feeding on plants near the edges of fields and would 
not infect plants at the center even if they later moved there. Trees, tall 
hedges, and buildings to the windward side shelter crops from aphids, 
but on the leeward side cause aphids to land, and lettuce mosaic is often 
more prevalent in parts upwind to such obstructions (Broadbent et al., 
1951). Van der Plank (1948) pointed out the possible significance of 
crop perimeters in affecting the incidence of virus disease in crops cover
ing different areas; the perimeter forms a greater proportion of a small 
than of a large field, and he reported that whereas maize streak virus 
often infects the whole crop in small fields, many plants in large fields 
escape infection. 

The danger that a virus will be introduced into a crop is greater 
where insect host plants and virus sources are numerous than where they 
are few. Perennial plants are more dangerous than annuals, because once 
they are systemically infected, they usually remain potential sources of 
virus, but biennials can be almost as important as perennials in retaining 
virus from one year to another. Schlosser (1952) suggested that sugar 
beet viruses probably originated in the wild Beta maritima L., common 
on the coasts of Britain, and spread throughout Europe during the last 
30 years. There can be little certainty about this kind of observation, 
however, because virus diseases are often overlooked until they are 
looked for critically. 

Many annual weeds are potential sources of virus, but they are 
usually of little significance. Thus beet yellows virus infects Chenopodium 
album L. and C. murale L. in beet and spinach fields, but it rarely 
spreads from them to cultivated plants (Bennett and Costa, 1954). How
ever, several economically important viruses in the United States are 
carried to cultivated crops by leaf hoppers from weeds, some of which 
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are annuals. Lucerne dwarf virus, which also causes Pierce's disease of 
grapevines, can be transmitted from many species of naturally infected 
plants, and infective leaf hoppers are found in such different habitats as 
cultivated valleys, high mountains, deserts, and seashores (Freitag and 
Frazier, 1954). 

One of the most studied diseases is curly top of beet, transmitted to 
several crop plants in western United States by the leaf hopper Circulifer 
tenellus, often during transient feeding when the insects move from 
overwintering hosts in the desert and foothills to cultivated valleys. Virus 
persists in some overwintering hoppers, and the insects breed on the 
virus-susceptible Russian thistle and wild mustard in the deserts during 
the summer and fall (Wallace and Murphy, 1938). Severin (1939) found 
75 species of plants, several perennial that become naturally infected 
with curly top virus. Three perennials are food plants of the hoppers in 
uncultivated areas, and virus is carried from them to annuals which 
germinate after early rains. During 5 years with such rain up to 42% of 
the subsequent hoppers were infective, whereas during 2 years without 
early rain, the proportion was less than 6%. 

A few aphid-transmitted viruses, too, seem to depend on weeds for 
their survival: celery yellow spot virus is not transmitted by mechanical 
inoculation or by several species of aphids from celery to celery, but 
Rhopalosiphum conii (Dvd.) (=Hyadaphis xylostei Schrank) from 
symptomless infected Conium maculatum L. transmit virus to celery and 
hemlock (Freitag and Severin, 1945). Cereal yellow dwarf virus is trans
mitted by the 5 species of aphid that infest cereals in California. Rain 
delays the sowing of the cereals, but encourages the growth and subse
quent heavy aphid infestation of grasses, many of which are susceptible 
to the virus. When drought follows, infective aphids move from the 
drying grasses into young grain fields (Oswald and Houston, 1953). 
Simons et al. (1956) described an interesting relationship between tomato 
and pepper crops and weeds infected with potato virus Y in Florida. 
Different strains of the virus occur in three widely separated areas, but 
not in two others only 50 miles away where suitable weed hosts and 
vectors are present. Potatoes were, or still are, grown in the affected 
areas, but not in the free ones, and as the distribution of diseased tomato 
and pepper crops bears no obvious relationship to potato crops, the 
authors suggest that the virus was introduced with potatoes and per
sisted in weeds. 

Although it is realized that wild plants are often sources of virus 
from which epidemics may begin, very little is known about the incidence 
of disease in them in most parts of the world. A few workers have started 
to survey the vegetation of prescribed area for virus diseases: Mac-
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Clement and Richards (1956) in Canada, testing with mechanical inocu
lation only, found about one plant in ten infected, many with viruses 
common in cultivated crops. This suggests that a large proportion of 
wild plants may be infected with one virus or another. In many areas of 
Britain, however, there is no evidence that susceptible weeds play a 
significant part in the epidemiology of common virus diseases of such 
crops as potatoes, brassicas, and lettuce. Infected tubers or seedlings, or 
plants in older crops are the main sources, and virus is spread from one 
crop to another when vectors seek alternative hosts. As they fly or are 
blown over a distance they tend to be dispersed, and the greater the 
distance between crops, the greater is the dispersion; consequently, 
crops near a virus source usually become more heavily infected than 
those farther away. Virus spread is greatly retarded, also, when sus
ceptible crops are separated from one another by immune plants, 
especially if the intervening plants are suitable hosts for the vectors. 

The economic importance of spread of virus from one crop to another 
depends largely upon the age and purpose of the healthy crop. Insects 
usually fly away from maturing crops, and if other susceptible crops in 
the area are at a similar stage and are to be harvested soon, infection will 
probably cause little loss. However, if young susceptible crops, plants for 
vegetative propagation, or biennials for seed the next year are being 
grown, infection may have serious consequences. Spread of virus from 
one crop to another is particularly important in potatoes; in many parts 
of the world aphids disperse from them in midsummer, about 2 months 
before the crop is harvested. Other crops of the same age are visited and 
infected with virus even if not colonized by the aphids. The plants are 
usually too old to show symptoms, but seed tubers are infected and give 
poor yields the next year. In some countries a high proportion of the crops 
are infected, and so much virus is carried into new stocks that it is un
profitable to keep them for a second year. In Britain and the United 
States, however, most commercial potato crops are now fairly healthy, 
so virus spread from one crop to another is not great. Many horticultural 
crops such as lettuce are grown in small plots in Britain, and serious 
losses occur when lettuce mosaic virus is carried by aphids from matur
ing to young crops and there is no break in the succession of crops 
(Broadbent et al., 1951). The susceptible crop need not be colonized by 
the vectors, for aphids can infect most bean plants adjacent to clover 
fields with yellow bean mosaic although they rarely breed on them 
(Crumb and McWhorter, 1948). 

If biennials to be kept for seed become infected, they may form an 
important source of virus for the annual crop: a cycle of infection begins 
that can only be broken by growing the seed plants elsewhere, as was 
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done with cabbage seed in the United States and cauliflower seed in 
England (Pound, 1946; Glasscock and Moreton, 1955). Much work has 
been done on beet seed crops, for yellows virus not only halves the 
yield of sugar beet seed, but the plants can be a major source of virus 
for the root crops. Watson et al. (1951) found that distance from a seed 
crop within a seed area has a pronounced effect on the incidence of 
mosaic in sugar beet crops but not of yellows: mosaic is usually confined 
to fields within 100 yd. of a seed crop. Virus is carried to the seed plants 
from the root crops during the autumn, and the vectors (M. persicae) 
also overwinter on them, carrying yellows to young root crops for miles 
around in the spring. Healthy seed crops are now produced in Britain by 
spraying stecklings with appropriate insecticides or raising them in cover 
crops or away from root crops. 

F. Spread within Crops 

Plants become infected and act as sources of inoculum within crops 
because (1 ) they grow from infected seed, ( 2 ) they grow from infected 
tubers or some other plant part either planted or remaining from a 
previous crop, ( 3 ) they become infected in the seedbed and are later 
transplanted, or (4 ) they are infected by incoming vectors. If virus is 
not brought into a crop from outside, the number of plants that becomes 
infected is often directly proportional to the number of initially infected 
plants, so the health of the crop at the beginning of the season is im
portant (Broadbent et al, 1951; Zink et al., 1956). 

Spread of viruses by insects within crops is usually over short dis
tances, often to neighboring plants, more often along rows than across 
them, and sometimes in the direction of the prevailing wind (Murphy 
and Loughnane, 1937; Doncaster and Gregory, 1948). Spread often 
results in foci of infected plants around those initially infected, whether 
the virus is persistent or nonpersistent, or the vectors are aphids, beetles, 
or other insects. There has been much discussion about the relative 
importance of winged and wingless forms of aphids as vectors. Many 
workers have assumed that virus is spread from one crop to another by 
winged aphids, but that subsequent spread to nearby plants within the 
crop is by wingless ones (e.g., Davies and Whitehead, 1935; Kloster-
meyer, 1953; Ronnebeck, 1954). Direct observation of the movements of 
small insects is difficult, and has rarely been attempted. Those who 
watch flying aphids record that they fly laterally from plant to plant, or 
over short distances, or they fly upward and are swept away by the 
wind (Bj0rnstad, 1948; Dickson et al., 1949). Others have shown that 
wingless aphids walk from plant to plant in potato crops (Davies, 1932; 
Czerwinski, 1943), particularly when their leaves are in contact. Weather 
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greatly affects the movement of wingless aphids, which move most often 
when it is hot, and especially when plants wilt (Spencer, 1926). 

Experiments on the time when viruses spread in potato crops show 
that much of the season's spread occurs early, when the colonizing winged 
aphids are active and before a wingless population develops (Murphy 
and Loughnane, 1937; Doncaster and Gregory, 1948; Bj0rnstad, 1948; 
Broadbent et al., 1950). Doncaster and Gregory thought that wingless 
aphids might be responsible for the further spread of virus within the 
crop when the plants touch each other, because winged aphids rarely col
onize potatoes during the summer dispersal. But it cannot be assumed 
that the winged ones do not visit potatoes because they do not colonize 
them, so they might also spread virus later in the season. The very sig
nificant correlation between trapped M. persicae and the spread of both 
leaf roll and Y viruses suggests that most spread is by winged forms 
(Broadbent, 1950; Hollings, 1955). The lower correlation coefficient for 
rugose mosaic (Y) agrees with the evidence from Scandinavia that 
M. persicae is not the only vector of this virus. 

Watson and Healy (1953) used statistical methods to relate trap 
catches or field counts of aphids to the spread of beet yellows and 
mosaic viruses in sugar beet crops, and concluded that winged M. 
persicae are most important in spreading beet yellows virus, despite the 
usual predominance of Aphis fabae on the plants. It is probable that 
winged forms of both M. persicae and A. fabae spread beet mosaic virus 
from sources outside the crop, but little within it. Winged A. fabae are 
apparently not concerned in spreading yellows virus, presumably because 
they often remain on the first plant they colonize, whereas Μ. persicae 
moves from one plant to another for a few days, depositing nymphs in 
small batches. 

Additional evidence that the winged forms are primarily responsible 
for spreading virus in potato crops was obtained by surrounding healthy 
plants with sticky boards to prevent aphids from walking away from 
adjacent infected plants (Broadbent and Tinsley, 1951). But some of the 
most conclusive evidence has come from experiments with insecticides. 
Emilsson and Castberg (1952) controlled aphids with parathion, but did 
not control the spread of potato Y virus, and Schepers and associates 
(1955) sprayed potatoes frequently with nicotine, preventing the devel
opment of any wingless aphids, yet there was considerable spread of 
both leaf roll and Y viruses, and the distribution of infected plants in 
sprayed and unsprayed plots was similar. Later trials with demeton, 
when no wingless forms developed, had little effect on virus Y, but the 
spread of leaf roll virus was greatly decreased. It was stopped, and that 
of Y virus decreased to about half with insecticides in Britain when virus 
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was not introduced from outside the crop. Presumably aphids visit fewer 
plants in a crop treated with insecticide, and infect fewer with Y virus 
before they are killed; they die before becoming infective with leaf roll 
virus. Steudel and Heiling (1954) assumed that demeton affects the 
wingless forms only, and that much of the spread must be by wingless 
forms because spraying decreases the incidence of beet yellows. However, 
as most winged M. persicae visit several plants, spraying with a per
sistent insecticide will decrease the number visited and the incidence of 
yellows whether spread is by wingless or winged forms or both. 

One of the reasons why some aphid species are important vectors 
whereas others, equally efficient in laboratory tests, are not, is that some 
lose their power of flight more readily than others. Young winged forms 
of some species are much more active than older ones because the wing 
muscles degenerate after the aphids find suitable hosts and start to 
reproduce (Johnson, 1953). The more suitable the host, the sooner the 
aphids settle and lose the power to fly, so aphids that are apparently 
well-adapted to their hosts, such as Aphis fabae on beet, are unlikely to 
be able to fly by the time they become infective with beet yellows 
whereas M. persicae, which does not colonize so readily, will still move 
occasionally from plant to plant. When aphids are newly mature, even 
host plants are visited and abandoned several times, and so good 
colonizers can be efficient vectors of nonpersistent viruses. 

Although the evidence suggests that wingless aphids are of little 
importance as vectors, they do walk from one plant to another, and in 
hotter climates than northern Europe may move frequently and con
tribute largely to the spread of persistent viruses (Bald et al., 1950). 
Walking aphids might not be expected to transmit nonpersistent viruses 
readily because they are seldom infective after spending some hours 
undisturbed on an infected plant (Watson, 1938); however, many were 
infective after a short period of walking and probing on infected plants* 
and presumably those which walk off a plant have spent some time walk
ing on it first (Bradley, 1953). More information has been obtained on 
this by catching winged and wingless aphids soon after they voluntarily 
leave cauliflower plants infected with cabbage black ring spot virus or 
cauliflower mosaic virus and placing them singly on young seedlings. 
Similar proportions of winged and wingless aphids transmit virus. We 
cannot conclude, therefore, that wingless forms do not spread virus if 
they move, but only that they move infrequently in cool climates, as 
Fisken (1957) found in Scotland, and then perhaps inoculate adjacent 
plants, many of which have been infected already by winged forms. 

Relatively little work has been done on the epidemiology of insect-
borne fungi or bacteria. Rankin et al. (1941) surveyed 3000 square 
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miles of New York state for Dutch elm disease and found at least 
100,000 dead and dying trees. More than a third of Scolytus multistriatus 
beetles collected from elms carried Ceratostomella ulmi, but despite the 
prevalence of the pathogen and vectors, spread was slow, suggesting that 
the beetle is an inefficient vector or that other factors present limit 
infection. Two such factors are that beetles readily infect trees during 
June and early July, but usually fail to do so later, and infection often 
fails to become systemic (Parker et al., 1941). Local spread of the 
disease from isolated infected elms was also studied by Zentmyer et al. 
(1944) . Three-quarters of new infections occurred within 100 ft. of the 
source, and the maximum distance was presumed to be 180 ft., although 
the authors state that beetles sometimes carry fungus more than 2 miles. 
Spread was much more rapid than in New York, 40% of all trees within 
75 ft. of the source becoming infected during 2 years. Statistical analysis 
showed that the probability that a tree would become infected decreased 
directly with the logarithm of the distance from the source; this result 
applies to the spread of most pathogens, whether insect- or air-borne. 
Zentmyer et al. postulated that wind influences local spread as well as 
long distance because more trees were infected to leeward of the source 
of inoculum. The distribution of trees makes this argument extremely 
dubious, however, because there were several trees within 30 ft. of the 
source to leeward, none to windward. 

Little is known about the movements of insect vectors within crops, 
except what can be postulated from the distribution of diseased plants. 
Direct studies of insect movement are likely now to become easier than 
they were, for we know more certainly what questions to ask, and can 
employ new techniques, such as marking insects or plants with radio
active isotopes, in answering them. 

R E F E R E N C E S 

Allen, T. C , J. A. Pinckard, and A. J. Riker. 1934. Frequent association of Phytomonas 
melophthora with various stages in the life cycle of the apple maggot, Rhago-
letis pamonelh. Phytopathology 2 4 : 228-238. 

Ark, P. A. 1944. Studies on bacterial canker of tomato. Phytopathology 3 4 : 394— 
400. 

Atanasoff, D. 1925. The Dihphospora disease of cereals. Phytopathology 1 5 : 11-40. 
Badami, R. S. 1957. Studies on the transmission and multiplication of cucumber 

mosaic virus. Ph.D. thesis. Univ. London. 
Bald, J. G. 1937. Investigations on 'spotted wilt' of tomatoes. III. Infection in field 

plots. Bull. Council Sci. Ind. Research Australia 1 0 6 : 1-32. 
Bald, J. G., and G. Samuel. 1931. Investigations on "spotted wilt" of tomatoes. 

Bull. Council Sci. Ind. Research Australia 5 4 : 1-24. 
Bald, J . G., D. O. Norris, and G. A. Helson. 1950. Transmission of potato virus 

diseases. VI. The distribution of the aphid vectors on sampled leaves and 
shoots. Australian J. Agr. Research 1 : 18-32. 



128 L . BROADBENT 

Bawden, F. C , and B. Kassanis. 1946. Varietal differences in susceptibility to potato 
virus Y. Ann. Appl. Biol. 3 3 : 46-50. 

Bawden, F. C , and B. Kassanis. 1947. The behaviour of some naturally occurring 
strains of potato virus Y. Ann. Appl. Biol. 3 4 : 503-516. 

Bawden, F. C , B. Kassanis, and F. M. Roberts. 1948. Studies on the importance and 
control of potato virus X. Ann. Appl. Biol. 3 5 : 250^-265. 

Bawden, F. G, Β. M. G. Hamlyn, and M. A. Watson. 1954. The distribution of 
viruses in different leaf tissues and its influence on virus transmission by aphids. 
Ann. Appl. Biol. 4 1 : 229-239. 

Bennett, C. W. 1934. Plant-tissue relations of the sugar beet curly-top virus. / . Agr. 
Research 4 8 : 665-701. 

Bennett, C. W., and A. S. Costa. 1954. Observation and studies of virus yellows of 
sugar beet in California. Proc. Am. Soc. Sugar Beet Technohgists 8 : 230-235. 

Bennett, G W., and A. Tanrisever. 1957. Sugar beet curly top disease in Turkey. 
Phnt Disease Reptr. 4 1 : 721-725. 

Bjorling, K., and F. Ossiannilsson. 1958. Investigations on individual variations in the 
virus-transmitting ability of different aphid species. Socker Handl. 1 4 : 1-13. 

Bj0rnstad, A. 1948. Virussjukdommer pa Potet i Norge. Nord Jordbrugsforskn. 1 9 4 8 : 
586-590. 

Black, L. M. 1950. A plant virus that multiplies in its insect vector. Nature 1 6 6 : 
852-353. 

Black, L. M. 1953. Viruses that reproduce in plants and insects. Ann. Ν. Y. Acad. 
Sci. 5 6 : 398-413. 

Blencowe, J. W., and T. W. Tinsley. 1951. The influence of density of plant popu
lation on the incidence of yellows in sugar beet crops. Ann. Appl. Biol. 3 8 : 
395-401. 

Bonde, R. 1939a. The role of insects in the dissemination of potato blackleg and 
seed-piece decay. /. Agr. Research 5 9 : 889-917. 

Bonde, R. 1939b. Bacterial wilt and soft rot of the potato in Maine. Maine Agr. 
Research Sta. Bull. 3 9 6 : 675-694. 

Boyle, A. M. 1949. Further studies of the bacterial necrosis of the giant cactus. Phyto
pathology 3 9 : 1029^-1052. 

Bradley, R. Η. E. 1953. Infectivity of aphids after several hours on tobacco infected 
with potato virus Y. Nature 1 7 1 : 755. 

Bradley, R. Η. E. 1954. Studies on the mechanism of transmission of potato virus Y 
by the green peach aphid, Myzus persicae (Sulz.) Can. J. Zool. 3 2 : 64r-73. 

Bradley, R. Η. E., and R. Y. Ganong. 1955. Evidence that potato virus Y is carried 
near the tip of the stylets of the aphid vector Myzus persicae (Sulz.) Can. J. 
Microbiol. 1 : 775-782. 

Broadbent, L. 1949. Factors affecting the activity of alatae of the aphids Myzus 
persicae (Sulzer) and Brevicoryne brassicae ( L . ) . Ann. Appl. Biol. 3 6 : 40^-62. 

Broadbent, L. 1950. The correlation of aphid numbers with the spread of leaf roll 
and rugose mosaic in potato crops. Ann. Appl. Biol. 3 7 : 58-65. 

Broadbent, L. 1954. The different distribution of two brassica viruses in the plant 
and its influence on the spread in the field. Ann. Appl. Biol. 4 1 : 174-182. 

Broadbent, L. 1957. "Investigations of Virus Diseases of Brassica Crops." Cambridge 
Univ. Press, London and New York. 

Broadbent, L., and M. Hollings. 1951. The influence of heat on some aphids. Ann. 
Appl. Biol. 3 8 : 577-S81. 

Broadbent, L., and T. W. Tinsley. 1951. Experiments on the colonization of potato 



4. DISPERSAL B Y A N I M A L S 129 

plants by apterous and by alate aphids in relation to the spread of virus diseases. 
Ann. Appl. Biol. 3 8 : 411^424. 

Broadbent, L., P. H. Gregory, and T. W . Tinsley. 1950. Roguing potato crops for 
virus diseases. Ann. Appl. Biol. 3 7 : 640-650. 

Broadbent, L., T. W. Tinsley, W. Buddin, and Ε. T. Roberts. 1951. The spread 
of lettuce mosaic in the field. Ann. Appl. Biol. 3 8 : 689-706. 

Broadbent, L., P. H. Gregory, and T. W. Tinsley. 1952. The influence of planting 
date and manuring on the incidence of virus diseases in potato crops. Ann. 
Appl. Biol. 3 9 : 509^24 . 

Caldis, P. D. 1927. Etiology and transmission of endosepsis (internal rot) of the 
fruit of the fig. Hilgardia 2 : 287-328. 

Carter, W. 1939. Populations of Thrips tabaci, with special reference to virus trans
mission. / . Animal Ecol. 8 : 261-276. 

Cartwright, K. St. G. 1938. A further note on fungus association in the Siricidae. 
Ann. Appl. Biol. 2 5 : 43CX-432. 

Cheo, C. C. 1946. A note on the relation of nematodes (Tylenchus tritici) to the 
development of the bacterial disease of wheat caused by Bacterium tritici. Ann. 
Appl. Biol. 3 3 : 44ft-449. 

Christensen, J. J., and C. L. Schneider. 1950. European corn borer (Pyrausta 
nubilalis Hbn.) in relation to shank, stalk, and ear rots of corn. Phytopathology 
4 0 : 284-291. 

Christensen, J. J., L. Henderson, and M. Aragaki. 1953. Dissemination of Septoria 
linicola. Phytopathology 4 3 : 468. 

Clinton, G. P., and F. A. McCormick. 1936. Dutch elm disease—Graphium ulmi. 
Conn. Agr. Expt. Sta. Bull 3 8 9 : 701-752. 

Costa, A. S., D. M. de Silva, and J. E. Duffus. 1958. Plant virus transmission by a 
leaf-miner fly. Virology 5 : 145-149. 

Craighead, F. C. 1928. Interrelation of tree-killing bark beetles (Dendroctonus) and 
blue stains. /. Forestry 2 6 : 886-887. 

Craigie, J. H. 1927. Discovery of the function of the pycnia of the rust fungi. Nature 
1 2 0 : 765-767. 

Crosse, J. E., and R. S. Pitcher. 1952. Studies in the relationship of eelworms and 
bacteria to certain plant diseases. I. The etiology of strawberry cauliflower 
disease. Ann. Appl Biol. 3 9 : 475-486. 

Crumb, S. E., and F. P. McWhorter. 1948. Dusting beans against aphid vectors 
failed to give economic control of yellow bean mosaic. Plant Disease Reptr. 3 2 : 
169-171. 

Czerwinski, H. 1943. Untersuchungen und Beobachtungen xiber die Blattlaus My-
zodes persicae Sulz. als Verbreiter des Kartoffelabbaues auf dem Versuchsfeld 
des Instituts fur Acker-und Pflanzenbau Berlin-Dahlem und dem Versuchsgut 
Thyrow. Angew. Botan. 2 5 : 301-350. 

Davies, W. M. 1932. Ecological studies on aphides infesting the potato crop. Bull. 
Entomol. Research 2 3 : 535-548. 

Davies, W. M. 1939. Studies on aphides infesting the potato crop. VII. Report on a 
survey of the aphis population of potatoes in selected districts of Scotland (25 
July-6 Aug. 1936). Ann. Appl Biol. 2 6 : 116-134. 

Davies, W. M., and T. Whitehead. 1935. Studies on aphides infesting the potato 
crop. IV. Notes on the migration and condition of alate Myzus persicae Sulz. 
Ann. Appl. Biol. 2 2 : 549^556. 

Davis, E. W., and B. J. Landis. 1951. Life history of the green peach aphid on 



130 L. BROADBENT 

peach and its relation to the aphid problem on potatoes in Washington. / . Econ. 
Entomol 44: 586-590. 

Day, M. F. 1955. The mechanism of the transmission of potato leaf roll virus by 
aphids. Australian J. Biol. Sci. 8 : 498-513. 

Day, M. F., H. Irzykiewicz, and A. McKinnon. 1952. Observations on the feeding of 
the virus vector Orosius argentatus (Evans), and comparisons with certain other 
Jassids. Australian J. Sci. Research B 5 : 128-142. 

Dicker, G. H. L. 1952. Studies in population fluctuations of the strawberry aphid, 
Pentatrichopus fragaefolii (Cock.). Ann. Rept. East Mailing Research Sta. Kent 
1951: 166-168. 

Dickson, R. C , J. E. Swift, L. D. Anderson, and J. T. Middleton. 1949. Insect vec
tors of cantaloupe mosaic in California's desert valleys. / . Econ. Entomol. 42: 
770-774. 

Dickson, R. C , M. McD. Johnson, R. A. Flock, and E. F. Laird. 1956. Flying aphid 
populations in southern California citrus groves and their relation to the trans
mission of tristeza virus. Phytopathology 46 : 204-210. 

Doncaster, J. P., and P. H. Gregory. 1948. The spread of virus diseases in the 
potato crop. Agr. Research Council Rept. 7: London, Η. M. S. O. 

Dorsey, C. K., and J. G. Leach. 1956. The bionomics of certain insects associated 
with oak wilt with particular reference to the Nitidulidae. /. Econ. Entomol. 
49: 219-230. 

Emilsson, B., and C. Castberg. 1952. Control of potato aphids by spraying with 
parathion and the effect on the spread of virus Y. Acta. Agr. Scand. 2 : 247-257. 

Fife, J. M., and V. L. Frampton. 1936. The pH gradient extending from the phloem 
into the parenchyma of the sugar beet and its relation to feeding behaviour of 
Eutettix tenellus. J. Agr. Research 53: 581-593. 

Fisken, A. G. 1957. Studies in the ecology of potato aphids in eastern Scotland with 
special reference to Myzus persicae (Sulzer). Ph.D. thesis. Univ. St. Andrews. 

Frazer, H. L. 1944. Observations on the method of transmission of internal boll 
disease of cotton by the cotton stainer-bug. Ann. Appl. Biol. 31 : 271-290. 

Freitag, J. H. 1936. Negative evidence on multiplication of curly-top virus in the 
beet leafhopper, Eutettix tenellus. Hilgardia 10: 305-342. 

Freitag, J. H. 1956. Beetle transmission, host range, and properties of squash mosaic 
virus. Phytopathology 46: 73-81. 

Freitag, J. H., and N. W. Frazier. 1954. Natural infectivity of leafhopper vectors of 
Pierce's disease virus of grape in California. Phytopathology 44: 7-11. 

Freitag, J. H., and Η. H. P. Severin. 1945. Transmission of celery-yellow-spot virus 
by the honeysuckle aphid, Rhopalosiphum conii (Dvd.). Hilgardia 16: 375-
384. 

Fukushi, T. 1934. Studies on the dwarf disease of rice plant. /. Fac. Agr. Hokkaido 
Imp. Univ. 37: 41-164. 

Gibbs, J. G. 1931. Dissemination of clubroot in the dung of farm stock. New Zealand 
J. Agr. 42: 193-198. 

Glasscock, Η. H., and B. D. Moreton. 1955. Cauliflower mosaic in East Kent. 
Agriculture (London) 62: 270-274. 

Gloyer, W. O., and Β. B. Fulton. 1916. Tree crickets as carriers of Leptosphaeria 
coniothyrium (Fckl.) Sacc. and other fungi. Ν. Ύ. State Agr. Expt. Sta. Geneva 
Ν. Y. Tech. Bull. 50: 3-22. 

Grogan, R. G., J. E. Welch, and R. Bardin. 1952. Common lettuce mosaic and its 
control by the use of mosaic-free seed. Phytopathology 42 : 573-578, 



4. DISPERSAL B Y A N I M A L S 131 

Gruenhagen, R. H., A. J. Riker, and C. A. Richards. 1947. Burn blight of jack and 
red pine following spittle insect attack. Phytopathology 3 7 : 757-772. 

Hansen, H. P. 1950. Investigations on virus yellows of beets in Denmark. Trans. 
Danish Acad. Tech. Sci. 1 : 1-68. 

Harrison, B. D. 1957. Transmission of leaf roll virus. Rept. Scot. Hort. Research Inst. 
1956 (1957), 30. 

Heald, F. D., and R. A. Studhalter. 1914. Birds as carriers of the chestnut-blight 
fungus. /. Agr. Research 2 : 405-422. 

Hijner, J. Α., and F. M. Cordon. 1955. De vergelingsziekte der Bieten. III. Enige 
onderzoekingen over de vermenigvuldiging van perzikbladluizen op Suiker-
bietenbladeren. Mededeel. Inst. Suikerbietenteelt Bergen-o-Z 2 3 : 251-270. 

Hille Ris Lambers, D. 1955. Potato aphids and virus diseases in the Netherlands. 
Ann. Appl. Biol. 4 2 : 355-360. 

Hollings, M. 1955. Aphid movement and virus spread in seed potato areas of England 
and Wales, 1950-53. Plant Pathol. 4 : 73-82. 

Houston, B. R., K. Esau, and W. B. Hewitt. 1947. The mode of vector feeding and 
the tissues involved in the transmission of Pierce's disease virus in grape and 
alfalfa. Phytopathology 3 7 : 247-253. 

Jamalainen, E. A. 1948. Potatisvirosernas betydelse i Finland. Nord. Jordbrugsforskn. 
1948: 568-570. 

Jewell, F. F. 1956. Insect transmission of oak wilt. Phytopathology 4 6 : 244-257. 
Johnson, B. 1953. Flight muscle autolysis and reproduction in aphids. Nature 1 7 2 : 

813. 
Johnson, D. E. 1930. The relation of the cabbage maggot and other insects to the 

spread and development of soft rot of Cruciferae. Phytopathology 2 0 : 857-872. 
Johnson, J. 1937. Factors relating to the control of ordinary tobacco mosaic. /. Agr. 

Research 5 4 : 239-273. 
Kassanis, B. 1947. Studies on dandelion yellow mosaic and other virus diseases of 

lettuce. Ann. Appl. Biol. 3 4 : 412-421. 
Kassanis, B. 1952. Some factors affecting the transmission of leaf-roll virus by 

aphids. Ann. Appl. Biol. 3 9 : 157-167. 
Kato, M. 1957. Recovery of Y-virus by aphids from infected potato plants. Bull. 

Natl. Inst. Agr. Sci. (lapan) C 3 2 : 65-88. 
Keitt, G. W., and S. S. Ivanoff. 1941. Transmission of fire blight by bees and its 

relation to nectar concentration of apple and pear. / . Agr. Research 6 2 : 
745-753. 

Keyworth, W. G. 1942. Verticillium wilt of the hop (Humulus lupulus). Ann. Appl. 
Biol. 2 9 : 346-357. 

Kirkpatrick, H. C , and A. F. Ross. 1952. Aphid-transmission of potato leaf-roll virus 
to solanaceous species. Phytopathology 4 2 : 540-547. 

Klostermeyer, E. C. 1953. Entomological aspects of the potato leaf roll problem in 
central Washington. Wash. State Coll. Agr. Expt. Sta. Tech. Bull. 9 : 1-42. 

Leach, J. G. 1927. The relation of insects and weather to the development of heart 
rot of celery. Phytopathology 1 7 : 663-667. 

Leach, J. G. 1931. Further studies on the seed-corn maggot and bacteria with special 
reference to potato blackleg. Phytopathology 2 1 : 387-406. 

Leach, J. G. 1940. "Insect Transmission of Plant Diseases." McGraw-Hill, New York. 
615 pp. 

Lihnell, D. 1948. Nagot om forekomsten och spridningen av virussjukdomar pa 
potatis i Sverige. Nord. Jordbrugsforskn. 1 9 4 8 : 571-577. 



132 L. BROADBENT 

Linn, Μ. B. 1940. The yellows disease of lettuce and endive. Cornell Univ. Agr. 
Expt. Sta. Bull. 742: 1-33. 

Loughnane, J. B. 1943. Aphis rhamni (Boyer), its occurrence in Ireland and its 
efficiency as a vector of potato viruses. Eire Dept. Agr. J. 40 : 291-298. 

MacClement, W. D., and M. G. Richards. 1956. Virus in wild plants. Can. J. Botany 
34: 793-799. 

Markham, R., and Κ. M. Smith. 1949. Studies on the virus of turnip yellow mosaic. 
Parasitology 39: 330-342. 

Markkula, M. 1953. Biologisch-okologische Untersuchungen iiber die Kohlblattlaus, 
Brevicoryne brassicae (L . ) (Hem., Aphididae). Ann. Zool. Soc. Zool. Botan. 
Fennicae Vanamo 15: 1-113. 

Martini, C. 1958. The transmission of turnip viruses by biting insects and aphids. 
Proc. 3rd Conf. Potato Virus Diseases, Wageningen-Lisse, 1958 pp. 106-113. 

Merriam, D., and R. Bonde. 1954. Farm machinery spreads spindle tuber. Maine 
Farm Research 1 ( 4 ) : 7-8. 

Moericke, V. 1941. Zur Lebensweise der Pfirsichlaus (Myzodes persicae Sulz.) auf 
der Kartoffel. Thesis. University Bonn. 

Murphy, P. A. and J. B. Loughnane. 1937. A ten year's experiment on the spread 
of leaf roll in the field. Sci. Proc. Roy. Dublin Soc. 21 : 567-579. 

Oswald, J. W., and B. R. Houston. 1953. Host range and epiphytology of the cereal 
yellow dwarf disease. Phytopathology 43 : 308-313. 

Parker, K. G., P. A. Readio, L. J. Tyler, and D. L. Collins. 1941. Transmission of the 
Dutch elm disease pathogen by Scolytus multistriatus and the development of 
infection. Phytopathology 31 : 657-663. 

Parkin, E. A. 1942. Symbiosis and siricid wood wasps. Ann. Appl. Biol. 29 : 268-
274. 

Petri, L. 1910. Untersuchungen iiber die Darmbakterien der Olivenfliege. Zentr. 
Bakteriol. Parasitenk. Abt. II 26 : 357-367. 

Piemeisel, R. L. 1932. Weedy abandoned lands and the weed hosts of the beet leaf 
hopper. U. S. Dept. Circ. 229: 1-23. 

Posnette, A. F., and R. Cropley. 1954. Field studies on virus diseases of straw
berries. II. Seasonal periods of virus spread. Ann. Rept. East Mailing Research 
Sta. Kent. 1953: 154-157. 

Posnette, A. F., and N. F. Robertson. 1950. Virus diseases of Cacao in West Africa. 
VI. Vector investigations. Ann. Appl. Biol. 37: 363-377. 

Pound, G. S. 1946. Control of virus diseases of cabbage seed plants in western 
Washington by plant bed isolation. Phytopathology 36 : 1035-1039. 

Rand, F. V., and Ε. M. A. Enlows. 1920. Bacterial wilt of cucurbits. U. S. Dept. 
Agr. Bull. 828: 1-43. 

Rankin, W. Η., K. G. Parker, and D. L. Collins. 1941. Dutch elm disease fungus 
prevalent in bark-beetle-infested elm wood. Phytopathology 31 : 19. 

Ronnebeck, W. 1954. Erfolgsaussichten der chemischen Bekampfung von Virusuber-
tragern im Kartoffelfeld. Z. Pflanzenkrankh. u. Pflanzenschutz 61 : 113-129, 
184-196. 

Romney, V. E. 1943. The beet leafhopper and its control on beets grown for seed 
in Arizona and New Mexico. U. S. Dept. Agr. Tech. Bull. 855: 1-24. 

Schepers, Α., A. J. Reestman, and D. Hille Ris Lambers. 1955. Some experiments 
with Systox. Proc. 2nd Conf. Potato Virus Diseases, Lisse-Wageningen, 1954. 
pp. 75-83. 

Schlosser, L. A. 1952. Zur Frage der Wanderung europaischer Rubenvirosen. Phyto-
path. Z. 20: 75-82. 



4. DISPERSAL B Y A N I M A L S 133 

Sequeira, L. 1958. Bacterial wilt of bananas: dissemination of the pathogen and 
control of the disease. Phytopathohgy 4 8 : 64-69. 

Severin, Η. H. P. 1939. Factors affecting curly-top infectivity of the beet leaf-
hopper, Eutettix tenellus. HUgardia 1 2 : 497-530. 

Severin, Η. H. P. 1946. Longevity, or life histories, of leafhopper species on virus-
infected and on healthy plants. HUgardia 1 7 : 121-137, 

Severin, Η. H. P., and C. M. Tompkins. 1948. Aphid transmission of cauliflower 
mosaic virus. HUgardia 1 8 : 389-404. 

Simons, J . N. 1955. Some plant-vector-virus relationships of southern cucumber 
mosaic virus. Phytopathohgy 4 5 : 217-219. 

Simons, J. N. 1957. Effects of insecticides and physical barriers on field spread of 
pepper veinbanding mosaic virus. Phytopathohgy 4 7 : 139-145. 

Simons, J . N., R. A. Conover, and J. M. Walter. 1956. Correlation of occurrence of 
potato virus Y with areas of potato production in Florida. Phnt Disease Reptr. 
4 0 : 5 3 1 - 5 3 3 . 

Slykhuis, J. T. 1955. Aceria tulipae Keifer (Acarina: Eriophyidae) in relation to the 
spread of wheat streak mosaic. Phytopathohgy 4 5 : 116-128. 

Smith, Κ. M. 1931. Studies on potato virus diseases: IX. Some further experiments 
on insect transmission of potato leaf-roll. Ann. Appl. Biol. 1 8 : 141-157. 

Smith, Κ. M. 1957. "A Textbook of Plant Virus Diseases" 2nd ed. Churchill, London. 
Spencer, H. 1926. Biology of the parasites and hyperparasites of the aphids. Ann. 

Entomol. Soc. Am. 1 9 : 119-157. 
Stammer, H. J. 1929. Die Bakteriensymbiose der Trypetiden (Diptera). Z. Morphol. 

Oekol. Tiere 1 5 : 481-523. 
Staples, R., and W. B. Allington. 1956. Streak mosaic of wheat in Nebraska and its 

control. Nebraska Univ. Agr. Expt. Sta. Research Bull. 1 7 8 : 1-41. 
Steiner, G. 1942. Nematodes and the life association of the soil. Proc. Soil Sci. Soc. 

Fhrida 4 ( B ) : 7-10. 
Steudel, W. 1950. Uber Auftreten und Ausbreitung der virosen Riibenvergilbung im 

Eldorfer Versuchsfeld und die Beziehungen zum Massenwenchsel der Ubertrager 
in 2 Extremjahren. Nachrbl. Biol. Zent-Anst. Braunsweig 1 : 166-171. 

Steudel, W. 1952. Der Einfluss der Saatzeit auf Auftreten und Ausbreitung der 
Vergilbungskrankheit der Beta-ruben. Nachrbl. deut. Pflanzenschutzdienstes 
Stuttgart 4 : 40-44. 

Steudel, W., and A. Heiling. 1954. Die Vergilbungskrankheit der Rube. Mitt. biol. 
Bundesanstalt Land-u. Forstwirtsch. Berlin-Dahlem 7 9 : 1-132. 

Stewart, R. N., and A. F. Schindler. 1956. The effect of some ectoparasitic and 
endoparasitic nematodes on the expression of bacterial wilt in carnations. 
Phytopathohgy 4 6 : 219-222. 

Storey, Η. H. 1933. Investigations of the mechanism of the transmission of plant 
viruses by insect vectors. Proc. Roy. Soc. B 1 1 3 : 463-485. 

Storey, Η. H. 1935. Virus diseases of East African plants. III. Rosette disease of 
groundnuts. E. African Agr. J. 1 : 206-211. 

Storey, Η. H., and R. F. W. Nichols. 1938. Studies of the mosaic diseases of Cassava. 
Ann. Appl. Biol 2 5 : 790-806. 

Storey, I. F., and A. E. Godwin. 1953. Cauliflower mosaic in Yorkshire, 1950-1951. 
Phnt Pathol. 2 : 98-101. 

Stubbs, L. L. 1955. Strains of Myzus persicae (Sulz.) active and inactive with 
respect to virus transmission. Australian J. Biol Sci. 8 : 68-74. 

Stubbs, L. L. 1956. Motley dwarf virus disease of carrot in California. Phnt Disease 
Reptr. 4 0 : 763-764. 



134 L . BROADBENT 

Sylvester, E. S. 1956. Beet yellows virus transmission by the green peach aphid. 
J. Econ. Entomol. 4 9 : 789-800. 

Taylor, C. E., and C. G. Johnson. 1954. Wind direction and the infestation of bean 
fields by Aphis fabae Scop. Ann. Appl. Biol. 4 1 : 107-116. 

Thomas, Η. E., and P. A. Ark. 1934. Fire blight of pears and related plants. Calif. 
Agr. Expt. Sta. Bull. 5 8 6 : 3-43. 

Todd, J. M. 1958. Spread of potato virus X over a distance. Proc. 3rd Conf. Potato 
Virus Diseases, Wageningen-Lisse, 1958 pp. 132-143. 

van der Plank, J. E. 1944. Production of seed potatoes in a hot, dry climate. 
Nature 1 5 3 : 589-590. 

van der Plank, J. E. 1948. The relation between the size of fields and the spread 
of plant disease into them. Empire J. Expt. Agr. 1 6 : 134-142. 

van der Plank, J. E., and Ε. E. Anderssen. 1944. Kromnek disease of tobacco; a 
mathematical solution to a problem of disease. Bull. Dept. Agr. S. Africa 2 4 0 : 
1-6. 

van Hoof, H. A. 1958. An investigation of the biological transmission of a non-
persistent virus. Thesis, Wageningen. pp. 1-96. 

van Slogteren, E., and M. P. de B. Ouboter. 1941. Investigations on virus diseases 
of narcissus. Daffodil Yearbook 1 9 4 0 : 1-18. 

Verrall, A. F. 1941. Dissemination of fungi that stain logs and lumber. J. Agr. Re
search 6 3 : 549-558. 

Waite, Μ. B. 1891. Results from recent investigations in pear blight. Botan. Gaz. 
1 6 : 259. Quoted from Leach (1940) . 

Wallace, J. M., and A. M. Murphy. 1938. Studies on the epidemiology of curly top 
in southern Idaho, with special reference to sugar beets and weed hosts of the 
vector Eutettix tenellus. U. S. Dept. Agr. Tech. Bull. 6 2 4 : 1-46. 

Wallace, J. M., P. C. J. Oberholzer, and J. D. J. Hofmeyer. 1956. Distribution of 
viruses of tristeza and other diseases of Citrus in propagative material. Plant 
Disease Reptr. 4 0 : 3-10. 

Walters, H. J. 1952. Some relationships of three plant viruses to the differential 
grasshopper, Mehnoplus differentialis (Thos.). Phytopathology 4 2 : 355-362. 

Watson, M. A. 1938. Further studies on the relationship between Hyoscyamus virus 
3 and the aphis Myzus persicae (Sulz.) with special reference to the effects of 
fasting. Proc. Roy. Soc. B 1 2 5 : 144-170. 

Watson, M. A. 1956. The effect of different host plants of potato virus C in deter
mining its transmission by aphids. Ann. Appl. Biol. 4 4 : 599-607. 

Watson, Μ. Α., and M. J. R. Healy. 1953. The spread of beet yellows and beet 
mosaic viruses in the sugar-beet root crop. II. The effects of aphid numbers on 
disease incidence. Ann. Appl. Biol. 4 0 : 38-59. 

Watson, Μ. Α., and F. M. Roberts. 1939. A comparative study of the transmission 
of Hyoscyamus virus 3, potato virus Y and cucumber virus 1 by the vectors 
Myzus persicae (Sulz.), M. circumflexus (Buckton) and Macrosiphum gei 
(Koch). Proc. Roy. Soc. B 1 2 7 : 543-576. 

Watson, Μ. Α., and F. M. Roberts. 1940. Evidence against the hypothesis that cer
tain plant viruses are transmitted mechanically by aphides. Ann. Appl. Biol. 
2 7 : 227-233. 

Watson, Μ. Α., R. Hull, J. W. Blencowe, and Β. M. G. Hamlyn. 1951. The spread 
of beet yellows and beet mosaic viruses in the sugar-beet root crop. I. Field 
observations on the virus diseases of sugar beet and their vectors Myzus persicae 
Sulz. and Aphis fabae Koch. Ann. Appl. Biol. 3 8 : 743-764. 



4. DISPERSAL B Y ANIMALS 135 

Webb, R. E. 1956. Relation of temperature to transmission of the potato leafroll 
virus. Phytopathology 4 6 : 470. 

Wellman, F. L. 1937. Control of southern celery mosaic in Florida by removing 
weeds that serve as sources of mosaic infection. 17. S. Dept. Agr. Tech. Bull. 
5 4 8 : 1-16. 

Wilson, N. S., L. S. Jones., and L. C. Cochran. 1955. An Eriophyid mite vector of 
the peach-mosaic virus. Phnt Disease Reptr. 3 9 : 889-892. 

Winkler, A. J. 1949. Pierce's disease investigations. HUgardia 1 9 : 207-264. 
Wright, E. 1938. Further investigations of brown-staining fungi associated with 

engraver beetles (Scolytus) in white fir. / . Agr. Research 5 7 : 759-774. 
Zentmyer, G. Α., P. P. Wallace, and J. G. Horsfall. 1944. Distance as a dosage factor 

in the spread of Dutch elm disease. Phytopathohgy 3 4 : 1025-1033. 
Zink, F. W., R. G. Grogan, and J. E. Welch. 1956. The effect of the percentage 

of seed transmission upon subsequent spread of lettuce mosaic virus. Phyto
pathohgy 4 6 : 662-664. 




