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I. INTRODUCTION 

This review deals mainly with agents that cause viruses to lose their 
biological properties and that interfere with the establishment and repli
cation of viruses in plants. Several chemical and physical agents that 
inactivate or totally destroy the characteristic properties and structure 
of viruses in vitro (1) will not be discussed. Bawden (2) divided in
hibitors of plant viruses into two categories, those that prevent the initia
tion of infection in plants when inoculated to leaves simultaneously 
with viruses, and those that retard the rate of virus multiplication when 
applied to leaves already infected. Substances of the first category were 
called "inhibitors of infection" and those of the second, "inhibitors of 
virus increase." This separation was based on the method by which 
the effect of inhibitor was demonstrable and not on the chemical nature 
of the substance concerned. However, there are agents that fall into 
both categories; i.e., they can act as inhibitors of infection as well as 
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of virus increase. Nevertheless, the division is useful in explaining the 
effect of inhibitors on plant viruses. 

Most of the work on inhibitors has been done with viruses that are 
readily sap transmissible; i.e., infection is achieved by rubbing the inocu
lum on the leaves. Several of these viruses cause local lesions in certain 
plants and therefore provide a method that can be used to assay the 
virus concentration in solutions treated in different ways (3). With im
provement in the local-lesion method, principally by statistical pro
cedures (4, 5 ) , it is possible to determine the concentration of virus 
in an inoculum precisely and thus to establish the degree of inhibition 
quantitatively. In this respect, however, studies on the effect of inhibitors 
on plant viruses have been rather one-sided. Most plant viruses, in 
nature, are transmitted by insects, but there has been very little work 
on antiviral chemicals that can prevent multiplication of insect-trans
mitted viruses. Several chemicals, when applied to foliage, can prevent 
virus infection of plants inoculated mechanically (6), but the same 
chemicals are not as effective against viruses transmitted by insects 
(7-9). Unfortunately, very few published reports deal with the use of 
inhibitors of infection as a practical means for controlling the plant 
diseases caused by viruses, although their potentialities are quite obvious. 

There is some justification for including the effect of inhibitors on 
mycoplasmas together with viruses in this review in spite of the fact 
that these two types of pathogen have very little in common. For many 
years "yellows" type of plant diseases were believed to be caused by 
viruses, although the causal agent had not been isolated and morphologi
cally identified. In 1967, Doi et al. (10) provided electron micrographic 
evidence which suggested that such diseases may be caused by organisms 
resembling mycoplasmas, and not by viruses. This was the first time 
that mycoplasmas were implicated as agents of plant disease. Since then, 
association of such organisms with several other plant diseases that are 
economically important throughout the world has been demonstrated 
(11). Mycoplasma cells, localized in the sieve elements of phloem cells 
of diseased plant tissues, are highly pleomorphic, ranging from 75 to 
1100 nm in size and from spherical to filamentous in shape (12). All 
forms are bound by a single unit membrane, have no cell walls (which 
accounts for their plasticity and fragility), and contain ribosomelike 
granules. Large forms also show a central nuclear area with DNA-like 
fibrils. Since antibiotics of the tetracycline group are known to be effec
tive against diseases caused by mycoplasma in mammals and avian 
species, several studies concerning the effect of such antibiotics on plant-
pathogenic mycoplasmas will be discussed briefly. 
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II. SUBSTANCES THAT INTERFERE WITH ESTABLISHMENT 
OF VIRUS INFECTION 

Many substances have been shown to interfere with the ability of 
viruses to infect susceptible plants. Most of these are common compon
ents of biological systems, although only a few have been characterized 
chemically. The presence of such inhibitors in higher plants has often 
led to erroneous conclusions about host range and transmissibility of 
certain viruses. Moreover, purification of some viruses present in plants 
containing a high concentration of inhibitors is often complicated because 
some inhibitors may inactivate the virus irreversibly. Substances that 
inhibit virus infection are often most effective when mixed with the 
virus in vitro or when applied to leaves immediately before, or soon 
after, inoculation. When mixed with the inoculum, the inhibitory effect 
can usually be nullified by removal or dilution of the inhibitor. Also, 
infectivity is reduced immediately after the inhibitor is added to the 
virus suspension, but prolonging the contact of virus with inhibitor does 
not further decrease infectivity. It should be realized, however, that 
the presence of viral inhibitors in plants does not necessarily affect the 
spread of viruses in nature. Such inhibitors do not appear to be effective 
in preventing infection of the species in which they occur and, more 
important, they seem to function only when transmissions are by 
mechanical inoculation. In nature, most viruses are transmitted by insect 
vectors whose ability does not seem to be affected by the presence of 
viral inhibitors in susceptible plants. 

It is not intended in this section to list the large number of inhibitors 
described in the literature. Rather, an attempt will be made to discuss 
the effect of certain compounds, isolated from higher plants and micro
organisms, that are chemically characterized and that interfere with 
the establishment of virus infection. 

A. From Higher Plants 

Indications of the presence of substances in plant sap that may prevent 
viruses from infecting susceptible plants came from the early work on 
pokeweed plant, Phytolacca decandra (13-15). Pokeweed juice has been 
shown to contain one of the most potent inhibitors of virus infection. 
Later, it was demonstrated that sap from several other plant species 
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also contains inhibitors, but they tend to be less effective than those 
from pokeweed. It seems a general characteristic of these inhibitors, 
however, that they do not inhibit infection of viruses in the host species 
of their origin. For example, cucumber mosaic virus can be transmitted 
by sap inoculation from infected pokeweed to healthy pokeweed but 
not to tobacco (13, 14). Similarly, sugar beet mosaic virus can be trans
mitted mechanically from infected to healthy beet plants but not to 
tobacco (16). There are several examples of similar behavior of inhibitors 
present in other plants (17-20). 

Kassanis and Kleczkowski (21) isolated a viral inhibitor from Phyto
lacca esculenta and reported it to be a glycoprotein containing about 
15% nitrogen and 12% carbohydrate; it was present in pokeweed leaves 
at concentrations of about 100 mg/liter of sap. The inhibitor combines 
with tobacco mosaic virus under appropriate conditions and precipitates 
the virus in the form of paracrystalline threads. It also reduces the 
infectivity of several other viruses, but infectivity of such mixtures can 
be regained by dilution. Wyatt and Shepherd (22) obtained highly puri
fied preparations of the inhibitor from P. americana and showed it to 
be a basic protein with a very low content of carbohydrate. The small 
protein, with a molecular weight of 13,000, consists of 116 amino acid 
residues. Its inhibiting capacity can be abolished by succinylation of 
its free amino groups. The compound shows remarkable similarity in 
chemical composition, molecular weight, and biological potency to ribo-
nuclease present in various plant species and to pancreatic ribonuclease. 
However, no enzymatic activity of the protein inhibitor could be demon
strated against yeast or viral RNA. 

Rice plants, Oryza sativa, contain one or more inhibitors that have 
been shown to prevent infection by 12 of the 15 viruses tested (23). 
These inhibitors could be isolated from all parts of the plants. The 
extracts inhibited infection with tobacco mosaic virus if applied to the 
lower surface of bean leaves when the virus was inoculated on the upper 
surface. If applied to leaves and immediately washed off with water and 
inoculated with the virus, they prevented infection for as long as 2 days 
after the treatment. However, the inhibitors did not interfere with estab
lishment of virus infection in all susceptible hosts. Inhibition occurred 
with bean plants, in some cases with cowpea plants, and in one in
stance with Nicotiana tabacum, but not with many of the other hosts 
tested. Moreover, there appeared to be varietal specificity, since one 
virus (bean yellow mosaic) was inhibited on Pinto beans but not on 
the variety Topcrop. Thermal inactivation studies suggested the presence 
of at least two inhibitors in plant extracts, one labile above 60°C and 
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the other stable at 100°C. Further studies suggested that one of the 
inhibitors, isolated from rice polish, is a protein with a molecular weight 
of more than 13,000 (24). 

A compound was isolated from Nicotiana tabacum var. Turkish 
Samsung that inhibited the infection by tobacco mosaic virus of N. 
tabacum var. 'Xanthi-nc' and 'Maryland Mammoth' but not N. glutinosa 
or Chenopodium amranticolor (25). It was noted that incubation of 
the plant extract at 38-40°C for 18 hours resulted in a substantial in
crease in the amount of inhibitor present. The inhibitor was confined to 
the supernatant after centrifugation of the extracts at 10,000 g. How
ever, if the supernatant fluid was centrifuged at 140,000 g, both the pellet 
and the supernatant showed some inhibition of virus infection, but when 
the two fractions were recombined, the full potency of the inhibitor was 
regained. Chemical and physical properties of the inhibitor suggested it 
to be a heat-stable protein with a molecular weight of more than 40,000. 
Its inhibitory capacity was destroyed by proteolytic enzymes such as 
trypsin and chymotrypsin (crystalline), suggesting the presence of pep
tide bonds necessary for its activity as a virus inhibitor. 

It was demonstrated several years ago (18, 19) that sap from Dianthus 
caryophyllus plants (carnation) contains a highly potent inhibitor which 
interferes with the mechanical transmission of tobacco mosaic and 
tobacco ring spot viruses. Later, it was shown to be active against com
binations of at least 14 viruses and 20 different plant species (26), al
though there was marked variation in susceptibility among different 
plant species. Ragetli and Weintraub (27, 28) purified the inhibitor 
and characterized it chemically. It prevented infection of Nicotiana 
glutinosa by either intact tobacco mosaic virus or the infectious RNA 
obtained from the virus. Purified preparations showed a 15,000-fold in
crease in activity (per unit dry matter) as compared to its biological 
activity in the crude sap, which contained about 7 mg of inhibitor per 
liter. The minimum concentration of the purified preparation that com
pletely suppressed the local-lesion development of 0.06% tobacco mosaic 
virus on N. glutinosa was about 0.66 /xg /ml. Below this value, however, 
activity rapidly dropped to zero. The inhibitor was liable to heat de-
naturation, indicating its protein nature. Acid hydrolysis yielded 14 
amino acids, none of which contained sulfur. Its activity remained un
changed after treatment with four proteolytic enzymes, namely, papain, 
trypsin, leucine aminopeptidase, and carboxypeptidase. Further work 
suggested that free amino groups, probably the e-amino groups of lysine, 
were responsible for its biological activity. 

An extract from flowers of red clover (Trifolium pratense) inhibited 
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the infection of Gomphrina globosa by red clover vein mosaic virus (29). 
The extract inhibited infection when mixed with the virus or when ap
plied to the leaves before inoculation with the virus. Application of 
extract after the leaves were inoculated did not interfere with the estab
lishment of the virus infection. The extract contained no protein, but 
it did contain lipids, glucose, galactose, and xylose. Each sugar inhibited 
infection when mixed with the virus and inoculated on G. globosa plants. 

Unlike animal cells, some plants contain high concentrations of 
phenolic compounds that can react directly with certain groups in pro
teins by hydrogen bonding. They also may be oxidized to highly reactive 
quinones that can become covalently linked to protein through —SH 
groups and free amino groups. Difficulty in transmitting viruses from 
rosaceous plants presumably is due to the presence of phenols in such 
plants. This type of inhibitor is rather different from the type described 
above because the tannins have been shown to prevent infection of all 
plants. It has been suggested that such substances be termed "absolute 
inhibitors" to distinguish them from "relative inhibitors," whose ability 
to inhibit virus infection depends on the plant species to which inocula
tion is made (18). The extracts prepared from different parts of straw
berry plants in water liberate enough tannins to precipitate all proteins 
(SO). Also, the supernatant fluid contains enough tannins to precipitate 
added tobacco mosaic virus and render it noninfective. Tannic acid has 
been shown to inactivate intact tobacco mosaic virus as well as its R N A 
in vitro, but the viral RNA is much more sensitive than the virus (SI). 
It was also demonstrated that the inactivation of viral R N A was not 
due to the presence of contaminating nucleases, because the infectivity 
could be completely restored by incubation of noninfective R N A with 
caffeine. The importance of oxidized phenols in causing loss of infectivity 
of several viruses in crude sap (32) and of the formation from poly
phenols of quinones that inactivate viruses is well illustrated (33, 34). 

Many plants that are hypersensitive to virus infection and produce 
necrotic local lesions in inoculated leaves may produce a substance in 
uninfected parts of the plant which inhibits the infection of several 
viruses. This substance, produced only in virus-infected plants, has been 
termed an "antiviral factor" by Sela and Applebaum (35). Ross (36, 
37) reported local and systemic acquired resistance in a variety of 
tobacco hypersensitive to tobacco mosaic virus infection. This resistance, 
developed in virus-free parts of the plant, was indicated by the occur
rence of fewer and smaller lesions after inoculation with the virus. Partial 
resistance, both local and systemic, was also induced by inoculation 
with the protein of noninfectious tobacco mosaic virus (38, 39). Systemic 
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resistance developed in plants of Datura stramonium inoculated with 
tobacco mosaic virus and in Gomphrina globosa inoculated with potato 
virus X {39). When an agent, isolated from uninfected apical halves 
of D. stramonium leaves that had been inoculated on their basal halves 
with tobacco mosaic or tobacco necrosis viruses, was added to tobacco 
mosaic virus, it interfered with the establishment of infection in Nico-
tiana glutinosa, N. tabacum, and D. stramonium plants (40). The anti
viral factor (AVF) was later separated by column chromatography and 
shown to consist of protein and RNA {41)« When purified AVF obtained 
from N. glutinosa leaves was applied to leaves previously infected with 
either tobacco mosaic or cucumber mosaic viruses, it decreased the pro
duction of viruses markedly, providing evidence for its in vivo action 
{42). Further studies of AVF revealed its active component to be R N A 
and it retained its activity after being stored for several months at 4 -
10°C {43.) The AVF differs from interferon {44) by the fact that it is 
not host specific and its activity is associated with R N A rather than 
with proteins. 

B. From Microorganisms 

Some fungal products have been shown to inhibit infection by plant 
viruses. Gupta and Price {45) tested cultural filtrates from 49 species 
of fungi and found that 40 decreased the number of local lesions produced 
on plant hosts by southern bean mosaic, tobacco mosaic, and tobacco 
necrosis viruses. Extracts prepared from Trichothecium roseum and 
Neurospora sitophila were most effective. These authors also suggested 
that the inhibitor substance is not proteinaceous because its activity 
was not destroyed by boiling. Bawden and Freeman {46) showed that 
filtrates of T. roseum actually contain two heat-stable components that 
inhibit infection of the above-mentioned viruses. The most active com
ponent was identified as a polysaccharide containing about 1.4% nitrogen 
and D-galactose as the main sugar. The other was identified as tricho-
thecin. It has the molecular formula C 1 9 H 2 4 O 5 and is the isocrotonyl 
ester of the ketone alcohol trichothecolone {47). It is also effective when 
sprayed on leaves up to 2 days before and 1 day after inoculation with 
viruses. The relative efficiency of the two inhibitors was dependent on 
host species and not on the virus. For example, the polysaccharide in
hibited viral infection to a greater extent in Nicotiana glutinosa than 
in French bean, whereas the opposite was true for trichothecin. It also 
retarded the accumulation of red clover mottle virus in French bean 
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leaves floated in trichothecin solution (100 ppm) 2 days after inoculation 
with the virus (48). Trichothecin, however, proved to be phytotoxic at 
such concentrations. Polysaccharides isolated from Rhizobium species 
and from fruiting bodies of several fungi belonging to basidiomycetes 
also inhibit infection in N. glutinosa by tobacco mosaic virus (46). 

As mentioned in the introduction of this section, very few chemicals 
have been shown to interfere with the establishment of viruses in plants 
when inoculated by means of insect vectors. I t is possible that viruses 
are introduced in the leaf by insects at a place where they are protected 
from antiviral chemicals, and/or they are established in plants faster 
than viruses inoculated mechanically. Trichothecin, however, was reported 
to protect most plants when sprayed with the inhibitor and then inocu
lated by means of aphids carrying potato virus Y (7). With a concentra
tion of only 3 ppm of trichothecin, almost complete prevention of virus 
transmission was achieved, and no obvious injury to the leaves was 
observed. Shanks and Chapman (9), however, obtained only about 50% 
reduction of infections in plants that were sprayed with trichothecin at 
10 ppm and then inoculated with the same virus by means of infective 
aphids. Increasing the concentration of the inhibitor to 20 ppm did not 
increase the amount of virus control. Also, trichothecin had no effect 
on the transmission of cabbage virus Β by aphids. This discrepancy 
in results with trichothecin against potato virus Y could have been due 
to physiological differences in the plants used by these workers. There 
is some indication that the inhibitory effect of trichothecin is due to 
changes in host susceptibility to viruses (49). Therefore, the effectiveness 
of the chemical must depend, in part at least, on host physiology at 
the time of inoculation (9). 

An inhibitor of infection by potato virus X is produced in the leaves 
and stems of potato plants infected with the late blight fungus Phyto-
phthora infestans (50). It was demonstrated that the mycelium of this 
fungus contains a polysaccharide that completely inhibited local-lesion 
development in Nicotiana tabacum but not in many other hosts (51, 
52). The inhibitory effect was most pronounced when the polysaccharide 
was mixed with the virus or when applied to leaves just before viral 
inoculation. The inhibitory effect of this polysaccharide was also demon
strated against four other viruses, but for their complete inhibition a 
concentration of more than 1000 ppm of the inhibitor was required 
whereas only 100 ppm was needed for potato virus X inhibition. Re
cently, this polysaccharide has been characterized as a water-soluble 
β-(1 -»3) - l inked D-glucan with an average degree of polymerization 
of 23 glucose units with a single branching point. The linkage of the 
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branching glucose residue was not determined. The molar ratios of 
methyl sugars were tetramethylglucose, 2.14; trimethylglucose, 22.6; and 
dimethylglucose, 1.00, corresponding to one branching point in the mole
cule {53). 

Recently, a substance produced by the myxomycete Physarum poly-
cephalum Schw. was shown to prevent the infection of bean and tobacco 
leaves by tobacco mosaic virus {54). It also reduced tobacco ring spot 
infection in cowpeas but not that of southern bean mosaic virus in beans. 
The inhibitor was most effective if applied by spraying the leaves either 
before or soon after virus inoculation, and it is suspected to be a poly
saccharide with a molecular weight between 35,000 and 55,000. 

Heat-killed bacterial cells {Pseudomonas syringae), when injected into 
the intracellular spaces of Nicotiana tabacum, caused a significant reduc
tion in the number of local lesions produced by tobacco mosaic virus 
in the treated plants {55). The injection was effective up to 7 days 
before, and up to 2 days after, inoculation with the virus. Cell-free 
supernatant fluid obtained after centrifugation of bacterial cultures was 
ineffective, but preparations of disrupted bacteria did decrease the num
ber of lesions. The virus was not inactivated in vitro by bacterial 
preparations, and the effect in vivo was greatly reduced by actinomycin D . 

C. Enzymes 

That enzymes may inhibit the infectivity of viruses was first reported 
by Vinson and Petre {56) and Lojkin and Vinson {57). These authors 
found that the infectivity of tobacco mosaic virus was reduced by the 
addition of trypsin and papain, but not by emulsin and pepsin. They 
suggested that the virus was hydrolyzed by the two enzymes. However, 
Stanley {58) demonstrated that infectivity of the virus can be regained 
either by diluting the mixtures or by digestion with pepsin and that 
infectivity is lost at pH values at which trypsin is not proteolytically 
active. Trypsin also was shown to inhibit infection of a wide variety 
of susceptible hosts by several other viruses but was more effective in 
preventing infection of French bean than of Nicotiana glutinosa. Bawden 
and Pirie {59) found that when trypsin was added to potato virus X 
and the mixture immediately inoculated to plants, infectivity of the 
virus was decreased, but if the mixture was incubated at pH values 
at which trypsin is proteolytically active, viral infectivity was com
pletely destroyed. Later, it was demonstrated that trypsin combines with 
both tobacco mosaic and potato X viruses but the virus-enzyme complex 
is readily dissociated on dilution (60). 
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Pancreatic ribonuclease (RNase) inactivates naked infectious viral 
RNA rapidly, but usually much higher enzyme concentrations are re
quired for inhibition of the intact virus. Loring (61) showed that inhibi
tion of tobacco mosaic virus infectivity by RNase was reversible. In 
the absence of salt, tobacco mosaic virus formed a noninfective complex 
with the enzyme which separated from solution as long fiberlike particles. 
The virus-enzyme complex was readily dissociated by dilution to give 
fully active virus, and there appeared to be no enzymatic breakdown 
of the virus. According to Casterman and Jeener (62), tobacco mosaic 
virus infection was inhibited when leaves of Nicotiana tabacum were 
infiltrated under vacuum with a solution containing RNase, either before 
or up to 2 hours after inoculation. 

It seems that the protein of small isometric viruses only partially 
protects the R N A from enzymatic degradation, while with others the 
protein coat appears to provide greater protection. For example, the 
Q strain of cucumber mosaic virus (about 28 nm in diameter) lost over 
90% of its infectivity when incubated with only 0.01 /xg/ml of pancreatic 
RNase at pH 7.2 (63). It was demonstrated that 30-50% of the viral 
RNA was released from the virus after incubation with RNase for 1 
hour. When the incubation time was prolonged, the protein shell collapsed 
and precipitated from solution. Cowpea chlorotic mottle and necrotic 
ring spot viruses have also been shown to be susceptible to RNase at 
comparatively low concentrations of enzyme (64, 65). 

It has been shown that RNase inhibits the infection of several other 
viruses, such as potato X (66), tobacco necrosis (67), and tomato acuba 
mosaic (68) viruses. Adding the enzyme to the virus inoculum produced 
the maximum effect. The degree of inhibition was dependent on relative 
concentration of virus, on concentration of RNase, and possibly on 
enzyme activity. If the enzyme was first applied to the upper surfaces 
of leaves, the inhibitory action was greatest shortly after virus inocula
tion. The enzyme was less effective when applied to the lower surfaces 
of leaves (68). 

The effects of four preparations of pancreatic RNase protein (non-
treated enzyme, carboxymethylated, oxidized, and hydrolyzed protein) 
on infection of bean leaves by tobacco mosaic virus were reported by 
Nene and Thornberry (69). Both nontreated enzyme and carboxy
methylated RNase (shown to be enzymatically inactive) inhibited viral 
infection of the leaves; however, the oxidized and hydrolyzed prepara
tions were ineffective. Furthermore, only a slight decrease in the inhibi
tory capacity of RNase occurred with a decrease in hydrogen ion concen
tration from pH 1.5 to 11.5. 
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D. Miscellaneous 

Black (70) found that extracts of insects (leafhoppers, aphids, and 
mosquitoes) decreased the infectivity of tobacco mosaic virus. Extracts 
prepared from one species of leafhopper reduced the number of infections 
caused by six different viruses. It should be realized, however, that the 
presence of inhibitors in extracts of insects does not affect the ability 
of an insect to transmit viruses. Although none of the inhibitors from 
insects were identified, there was some evidence to link a protein or 
proteins with the inhibiting action. Extracts from caterpillars were shown 
to inhibit infections of tobacco necrosis virus (71). Such extracts may 
contain more than one inhibitor, since boiling the juice was found to 
decrease but not completely abolish their inhibitory capacity. Saliva 
from aphids has also been shown to inhibit infection by several viruses 
(for example, tobacco mosaic, cucumber mosaic, tobacco etch, alfalfa 
mosaic, and turnip mosaic) when infectivity tests were made by 
mechanical inoculation (72, 73). The inhibition, however, may be in
fluenced by the strain of virus or by the species of aphid from which 
the saliva is obtained. The inhibitory substance in aphid saliva was 
highly heat stable and could be precipitated with alcohol. When passed 
through a DEAE-cellulose column, several fractions were found to be 
capable of inhibiting the infectious capacity of tobacco mosaic virus 
on Nicotiana glutinosa. Ultraviolet absorption spectra of these fractions 
suggested that they contained protein and nucleic acid (72). 

Yeast RNA has been shown to inhibit infection of N. glutinosa by 
tobacco mosaic virus (74). The extent of inhibition, when yeast R N A 
was applied with the virus, was dependent on the concentrations of both 
virus and yeast RNA. It was ineffective if applied to leaves 24 hours 
after viral inoculation. Intercellular injection of N. tabacum leaves with 
yeast-RNA-induced resistance against the virus, and interference was 
highest if the plants were inoculated with the virus 5-6 days after injec
tion. This induced interference could be reduced significantly if the anti
biotics actinomycin D or puromycin were injected into the leaves shortly 
after introduction of yeast RNA. 

E. Mechanism of Inhibition of Infection 

It is quite apparent from the foregoing discussion that many proteins 
and polysaccharides can interfere with establishment of infection of 
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susceptible plants when a mixture of virus and inhibitor is mechanically 
inoculated. The following suggestions have been made to explain the 
mechanism of inhibition of infection, (a) The inhibitors interact and 
combine with viruses in vitro and thus affect the virus particles, (b) In
hibitors present at the time of inoculation in a virus suspension may 
compete for receptor sites, postulated to be in the epidermal region of 
the leaves, and thereby prevent entry of the virus particles, (c) They 
may act by altering the host plant metabolism in such a way as to 
make the cells resistant to infection, (d) Inhibitors such as ribonuclease 
may attack the incoming viral R N A after it is uncoated from its protein. 

The criteria used to determine whether an inhibitor affects the virus 
or the host plant are not well defined. Combination between viruses 
and inhibitors, however, may not have biological significance because 
the protein inhibitors carry electrical charges opposite to that of the 
virus between pH 4 and 7 and, therefore, they may be expected to 
combine. Moreover, many substances have been shown to combine with 
and precipitate viruses in vitro without being strong inhibitors (75). 
Also, if inhibition is a result of combination with the virus only, then 
one would expect that, for complete neutralization of infectivity, a given 
weight of virus would require a certain minimum quantity of inhibitor. 
That this is not true was demonstrated by Kassanis and Kleczkowski 
(21), who found that the infectivity of tobacco mosaic virus at 0.001 
mg/ml is neutralized by 0.00276 mg/ml of inhibitor from Phytolacca, 
but if the virus concentration is increased 10,000 times, the concentration 
of the inhibitor has to be increased only 8 times to neutralize the virus 
infectivity completely. As pointed out by Bawden (2), combination of 
viruses with such inhibitors in vitro, therefore, may be irrelevant to 
inhibition of infection. 

The fact that the effect of most inhibitors can be nullified by dilution 
or by separation of the virus from the virus-inhibitor mixture and that 
the inhibitory effect is usually host specific suggests that inhibitors act 
on the host rather than on the virus. It was demonstrated that the 
polysaccharide inhibitor isolated from Phytophthora infestans was not 
translocated from the site of application of Nicotiana tabacum leaves, 
in which it inhibits infection by potato virus X (52). Also, inhibition 
did not occur if the polysaccharide was either applied remote from the 
virus or injected intercellularly, suggesting that the inhibitor and virus 
must occupy the same site to be effective. This hypothesis of competitive 
inhibition is further strengthened by the findings that inhibition decreases 
rapidly if the virus is inoculated at various intervals preceding the ap
plication of the inhibitor, whereas no change in inhibition occurs when 
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the order of application is reversed (52). However, Mayhew and Ford 
(54) suggested that the polysaccharide inhibitor produced by the 
myxomycete Physarum polycephalum alters tobacco mosaic virus 
directly. Electron microscopic studies by these authors indicated that 
the inhibitor coats the virus protein, which, they argued, interferes with 
the normal coat "stripping" of the virus, thus preventing its replication 
in host cells. 

Trichothecin can prevent infections when sprayed on certain plants 
some hours after they are inoculated with viruses (46, 4?)· Its ability 
to act later than other substances may be due to the nature of the 
molecule; being relatively small it can diffuse through cells, whereas 
the large molecule inhibitors cannot penetrate uninjured leaf cells. Unlike 
other inhibitors of infection, trichothecin when concentrated causes visi
ble injury to some plants in which it also inhibits viral infection. It 
could be argued, therefore, that this type of inhibitor interfere with 
the metabolism of leaves and causes physiological changes in the host 
cells making them unsuitable for virus establishment or multiplication. 
Higher concentrations of trichothecin may simply kill the cells wounded 
at the time of inoculation, thus eliminating points of entry for the virus. 

The mode of action of the antiviral factor, produced only in infected 
plants, is still obscure; however, AVF does not seem to interfere with 
the initial stages of virus infection, as described above for other inhibi
tors. Also, AVF is quite active in vivo in suppressing infectivity of 
some viruses within the cells (42). Presumably, its antiviral effect is 
not on virus particles because it does not appear to exhibit any virus 
specificity. Sela et al. (43) suggested that AVF may act as an anti
metabolite to the biosynthesis of viral R N A and may block some sites 
of action essential for virus multiplication. 

The separation of nucleic acid from its protein coat is an essential 
and initial step in viral replication processes. Since pancreatic ribo-
nuclease destroys the infectivity of free R N A of plant viruses, Casterman 
and Jeener (62) suggested that RNase inhibits infection by enzymati-
cally degrading viral R N A inside host cells during the initial phases 
of leaf infection. For inhibition of tobacco mosaic virus in Nicotiana 
tabacum to be effective, leaves had to be infiltrated in vacuo with 
a solution of RNase either before or within 2 hours after virus inocula
tion. Infection was not inhibited if inoculated leaves were submerged 
in RNase solution without the vacuum treatment. The authors suggested 
that infiltration in vacuum was necessary for RNase to penetrate beyond 
the epidermal cells of the leaves and to fill intercellular spaces. Daft 
(68), working with tomato aucuba mosaic virus in N. glutinosa leaves, 
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found that RNase was most effective when the enzyme was mixed with 
the virus inoculum but that its effectiveness was reduced if applied later 
when, presumably, free virus nucleic acid was available. Since the cellu
lose wall of a plant cell seems to be impermeable to the passage of 
even the smallest protein molecules, Nene and Thornberry (69) con
sidered it unlikely that the RNase protein molecule containing 124 amino 
acid residues would be able to pass from intercellular spaces across the 
cell wall into cellular protoplasm where virus replication presumably 
occurs. If this is true, then RNase present in the intercellular spaces 
after being infiltrated under vacuum should not come in contact with 
viral RNA. Moreover, carboxymethylated RNase, which was inactive 
enzymatically, was shown to inhibit infection of tobacco mosaic virus 
in bean leaves (69), suggesting that the RNase was acting on the host 
by inducing metabolic changes, rather than on the virus nucleic acid. 

Interference by yeast R N A with the establishment of infection by 
tobacco mosaic virus may occur in two ways, depending upon the method 
of application (74)- When yeast R N A is incorporated into the virus 
inoculum and this mixture inoculated on leaves, it may compete with 
the virus for receptor sites in a way described above for protein and 
polysaccharide inhibitors. However, when yeast R N A was injected into 
leaves and then inoculated with the virus at various intervals, at least 
3 days were required for the development of local interference which 
was sensitive to actinomycin D and puromycin. Since actinomycin D 
is thought to inhibit DNA-primed RNA synthesis by becoming bound 
to cellular D N A and since puromycin inhibits protein synthesis, it was 
hypothesized that for the development of yeast-RNA-induced interfer
ence the transcription and translation mechanisms of the cell have to 
operate, probably producing a protein that interferes with virus infection 
(74)- Similar mechanisms may be involved in the development of inter
ference phenomena exhibited by heat-killed bacteria against tobacco 
mosaic virus (55). 

III. INHIBITORS OF VIRUS INCREASE 

Several chemicals have been reported to inhibit multiplication of plant 
viruses, but many of them may be inhibitors of infection rather than 
of virus replication because experiments reported do not always differ
entiate between the two types of inhibitors. Lindner et al. (76) tested 
233 chemicals (including inorganic salts, dyes, antibiotics, purine and 
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pyrimidine derivatives) for their ability to inhibit multiplication of 
tobacco mosaic virus in cucumber cotyledons and found 27 to be quite 
effective. In this section we shall discuss only those inhibitors of virus 
increase that have been studied in some detail. 

A. Compounds Affecting the Early Stages of Virus Replication 

Actinomycin D (AMD) has been shown to inhibit DNA-dependent 
RNA synthesis by preventing the template function of D N A and also 
the multiplication of D N A viruses (77). All plant viruses contain RNA 
with the exception of cauliflower mosaic, which contains D N A (78). 
Synthesis of this virus was shown to be completely suppressed in infected 
plants by treatment with A M D at a concentration of 100 /xg/ml (79). 
It has been reported, however, that R N A viruses are both inhibited 
and unaffected by the antibiotic. Lockhart and Semancik (80) demon
strated the effect of A M D on multiplication of cowpea mosaic virus 
in etiolated hypocotyls of cowpeas. At various intervals after virus inocu
lation, hypocotyl tissues were cut into small pieces and incubated at 
30°C for 40 hours in darkness in a culture solution containing 5-10 
μ-g/ml of AMD. At this concentration, the antibiotic inhibits the in
corporation of

 3 2
P in host RNA by 75-85%. Clarified extracts of treated 

hypocotyls were then assayed for virus content in a local-lesion host. 
The results showed that A M D reduced the virus yield if it was applied 
shortly after inoculation. The degree of inhibition, however, decreased 
with increase in time between virus inoculation and A M D treatment, 
and after 18-20 hours the antibiotic had no effect on virus multiplication. 
By contrast, if lower concentrations of A M D (0.1-1.0 /*g/ml) were used 
both at early and at late stages of infection, yield of the virus was 
increased slightly. It was also demonstrated that the number of lesions 
produced by the virus was not affected by addition of A M D (10 ju.g/ml) 
to the inoculum prior to inoculation, showing that the antibiotic does 
not interfere with establishment of virus infection. This time-dependent 
pattern of inhibition by A M D at certain concentrations has also been 
demonstrated for cowpea chlorotic mottle virus (81). Inhibition of bean 
pod mottle virus by AMD, however, seems to be host dependent, because 
the antibiotic at 10 fig/ml inhibited virus multiplication in Pencil Pod 
Wax variety of bean hypocotyl tissues, but in Cherokee Wax variety 
A M D at the same concentration stimulated virus multiplication (81). 

Some workers have reported that A M D inhibits the multiplication 
of tobacco mosaic virus at early stage of infection in cowpea hypocotyl 
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(81) and in tobacco leaf (82, 83) tissues, while others found it to be 
ineffective in tobacco leaves (84, 85). The reason or reasons for such 
discrepancies are not known. 

The effects of A M D on multiplication of plant viruses (containing 
RNA) are very similar to those reported for influenza virus (86) and 
poliovirus (87). Pons (86) suggested that inhibition of influenza virus 
by A M D could be due to its effect on the stability of the replicating 
form of the virus. A similar mechanism of inhibition by A M D can be 
postulated for plant viruses, at least in certain host-virus combinations, 
if we assume that they also replicate in a manner suggested for RNA-
containing animal viruses. The possibility, however, that A M D interferes 
with some host plant function involved in the early steps of virus replica
tion, and not with a virus-specific function, cannot be ruled out (80). 

Blasticidin S (BcS), a puromycinlike antibiotic, is known to inhibit 
protein synthesis by blocking transfer of amino acids from aminoacyl 
transfer RNA's to polypeptide (88). Otake et al. (89) determined its 
chemical formula as C i 7H 2 6 0 5N 8 and suggested the following struc
ture ( I ) : 

Blasticidin S 

(I) 

It has been shown that BcS inhibits the multiplication of some plant 
viruses provided the antibiotic is applied at early stages of the infection 
process. Hirai and Shimomura (90) reported the effect of BcS on multi
plication of tobacco mosaic virus in Nicotiana tabacum leaves. Leaf 
discs, removed from leaves immediately after virus inoculation, were 
floated for various periods at 25°C on solutions containing different con
centrations of the antibiotic and then transferred to a dish containing 
water. After 5 days, the amount of virus produced in leaf discs treated 
and untreated with the antibiotic was determined. Results showed that 
1 or 2 day treatment with BcS (0.05 ppm) inhibited virus multiplication 
by 54%. If the concentration of BcS was increased to 0.2 ppm, the 
virus production decreased by 90% although the antibiotic was phyto-
toxic at this level. The rate of incorporation of

 1 4
C-labeled amino acids 

into proteins was not inhibited by BcS irrespective of whether the leaves 
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were infected, but the amounts of normal and virus proteins were reduced 
considerably. In addition, BcS increased the incorporation rate of 
[

1 4
C] uracil into nucleic acids of both infected and noninfected leaves. 

The amount of host R N A was unaffected but that of viral R N A was 
reduced. Later experiments showed that maximum inhibition of virus 
multiplication occurred only when BcS was applied 6-12 hours after 
inoculation and that the antibiotic mainly inhibited synthesis of 30 S 
RNA (which also involves viral RNA) but not of 16 S ribosomal RNA 
(91). Hirai et al. (92) demonstrated clearly that BcS specifically in
hibited viral RNA synthesis. Since even a short pretreatment of leaves 
with the antibiotic caused extensive inhibition of protein synthesis, the 
authors concluded that BcS inhibits synthesis of a protein, probably 
a viral R N A polymerase, necessary for viral RNA synthesis. 

Kummert and Semal (93) studied the effect of BcS on bromegrass 
mosaic virus multiplication in barley leaves. These authors also measured 
the virus-induced R N A polymerase activity in cell-free leaf extracts, 
as determined by incorporation of tritiated uridine 5'-triphosphate 
( [

3
H ] U T P ) in the presence of actinomycin D. Results showed that virus 

synthesis was inhibited when BcS was applied 2 hours after inoculation 
and that this was correlated with inhibition of virus-induced R N A poly
merase production in infected leaves. The antibiotic added in vitro to 
the [

3
H ] U T P incorporating system had no effect on virus multiplication. 

Their results also suggested that a virus-induced R N A polymerase sys
tem is involved in the inhibitory process by BcS, as proposed for tobacco 
mosaic virus (92). 

Very few substances have been known to effectively inhibit the ability 
of insect vectors to transmit viruses. Rice stripe virus is transmitted 
by the leafhopper Laodelphax striatellus and multiplies both in plants 
and in vector insects. It is also transmitted to progeny insects if the 
mother is carrying the virus. It was shown that BcS inhibited the trans
mitting ability of viruliferous hoppers after they were allowed to feed 
on detached rice stems infiltrated with the antibiotic at 40 ppm (94). 
It also reduced the rate of transovarial passage of the virus if the mothers 
were fed on BcS-treated plants. The [

1 4
C]BcS acquired by leaf hoppers 

after feeding on treated rice roots was distributed in sufficient quantity 
to inhibit virus multiplication in vector bodies, especially in the salivary 
glands, gut, and fat body tissues. However, BcS degraded in rice plants, 
2 days after the treatment, into compounds ineffective as virus inhibitors. 
The exact mechanism of BcS in reducing the transmitting ability of 
leafhoppers is not known. 

Guanidine salts have been reported to inhibit the cytopathic effect 
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and infectivity of some animal RNA viruses but, with the exception 
of tobacco necrosis virus, they have not been tested as inhibitors of 
plant viruses. Verma (95) found that 0.05 Μ guanidine carbonate 
(GC0 3) completely prevented infection in bean leaves if applied to 
leaves within 4 hours after virus inoculation. When G C 0 3 was mixed 
with the virus in vitro, it had no effect on virus infectivity. It was 
suggested that the chemical, after being introduced in the leaf cells in 
early stages of infection, may prevent synthesis of viral R N A and pro
tein, possibly by blocking the formation of virus-induced R N A poly
merase as suggested for some animal RNA viruses (96). 

B. Compounds Affecting the Late Stages of Virus Replication 

Several analogs of natural purines and pyrimidines inhibit multiplica
tion of some plant viruses, but the ones most studied are 2-thiouracil 
(II ) , 8-azaguanine (III) , and 5-fluorouracil (IV). 

0 0 ο 
11 II II 

H N ^ C H Η Ν "
Α

^ \ H N
/ C

^ C F 
I II I II C H I 11 

S ^
C H

 Η 2 Ν ^ Ν - ° ν 0 *
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^
C H 

Η Η Η 

2-Thiouracil 8-Azaguanine 5-Fluorouracil 

(II) (m) (IV) 

Commoner and Mercer (97) demonstrated that 2-thiouracil at very 
low concentration (10~

4
 M) almost completely inhibited the biosynthesis 

of tobacco mosaic virus in discs from infected tobacco leaves when floated 
in solutions containing the pyrimidine analog. Bawden and Kassanis 
(98) showed that, in addition to inhibiting tobacco mosaic virus, 
thiouracil also impeded the multiplication of potato virus X and Y, 
henbane mosaic virus, and tobacco necrosis virus in treated tobacco 
leaves. Synthesis of tobacco mosaic virus was also retarded in infected 
plants sprayed daily with solutions of thiouracil, but the extent of inhibi
tion in the sprayed leaves was less than in those that were floated in 
such solutions. However, when plants are sprayed with solutions of 
thiouracil their apical growth stops and young leaves become severely 
chlorotic, but they rarely show serious signs of injury if treated by 
flotation (99). Thiouracil inhibited multiplication of viruses most 
strongly when environmental conditions otherwise favored their multipli-
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cation. In most cases the rate of virus multiplication could be retarded 
by this compound at any time after leaves were inoculated. The virus 
present in the leaves at the time of treatment appears to remain un
affected and starts to multiply at a normal rate if the inhibitor is re
moved. Bawden and Kassanis (98) noted that thiouracil inhibited multi
plication of all the viruses they tested in tobacco leaves, but not tobacco 
necrosis virus in French bean leaves, and they stressed the importance 
of host plant in the inhibitory process. Francki (100) later reported 
that thiouracil inhibited multiplication of tobacco necrosis virus in both 
French bean and tobacco leaves, but the time course of inhibition was 
different in the two hosts. The degree of thiouracil inhibition of virus 
synthesis in French bean leaves decreased as the interval between inocu
lation and treatment increased, whereas the opposite was true with 
tobacco leaves. Evidently, thiouracil does not indiscriminately inhibit 
multiplication of all viruses in tobacco leaves, for according to Matthews 
(99) it is ineffective against lucerne mosaic virus in tobacco plants. 
Also, it failed to inhibit multiplication of red clover mottle virus in 
French beans (48) and several cereal viruses in monocotyledonous plants 
(101). However, when mixed with the inoculum, thiouracil prevented 
infection of certain viruses in French bean and tobacco leaves, but the 
concentration of the analog required to interfere with establishment of 
virus infection was much greater than that needed to inhibit virus 
multiplication. 

Mercer et al. (102) extended the work to other pyrimidine analogs 
and found that 2-thiocytosine and 2-thiothymine were as effective as 
2-thiouracil in inhibiting multiplication of tobacco mosaic virus and 
that their inhibitory effect could be nullified by uracil but not by cytosine 
or thymine. They suggested that these three thiopyrimidines interfere 
with the metabolism of either cytosine or thymine. Four uracil deriva
tives, namely, 5-bromouracil, 6-hydroxyuracil, 6-methyl-2-thiouracil, 
and 6-propyl-2-thiouracil, were found to have no effect on virus 
multiplication. 

When tobacco leaves infected with tobacco mosaic virus were treated 
with thiouracil, the analog was incorporated into the uracil of viral 
RNA (103) and the virus formed in the presence of the analog was 
much less infectious than the normal virus (104)- The extent to which 
virus infectivity was reduced was correlated with the degree of replace
ment of uracil by thiouracil (105). Sedimentation behavior of viral RNA 
containing thiouracil was the same as that of normal RNA, indicating 
that size was not affected by the treatment. Normal length distribution 
of the virus particles also remained unaffected by the treatment (104). 
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Jeener (106) studied the serological behavior of the virus containing 
thiouracil and found that its capacity to precipitate specific antibodies 
was reduced, suggesting that thiouracil may alter the coat protein of 
the virus. If this is so, then the RNA polymerase formed in the leaves 
treated with the analog will also be abnormal, resulting in impaired 
function of the replicative RNA. As suggested by Matthews (107), the 
main mechanism by which thiouracil blocks virus synthesis may be its 
incorporation into the minus strand of the replicative structure, which 
is then unable to function in the production of viral R N A strands. 

Francki and Matthews (108) demonstrated that thiouracil suppressed 
the production of infective turnip yellow mosaic virus in Chinese cabbage 
plants (Brassica pekinensis). However, unlike the tobacco mosaic 
virus-tobacco system, the analog was not incorporated into the viral 
RNA in detectable amounts and had no effect on infectivity of the 
virus formed in its presence. In plants infected with this virus, two 
main types of virus particles are produced—infective polyhedral particles 
and noninfective empty protein shells. Thiouracil caused a marked in
crease in production of empty protein shells containing no RNA in spite of 
the fact that the total amount of virus protein (empty protein shell 
plus nucleoprotein) exceeded that in untreated leaves. No accumulation 
of free viral RNA equivalent to the excess of protein shells could be 
detected in treated leaves. The exact mechanism by which thiouracil 
stimulates the production of empty protein shell is not yet known. 
Similar effects by thiouracil have also been reported for Andean potato 
latent and dulcamara mottle viruses with small isometric particles (109). 

Recently, Kuhn (110) reported effects of thiouracil, quite different 
from those discussed above, on cowpea chlorotic mottle virus in soya 
bean plants, a host in which the virus produces local lesions. Treatment 
with the analog caused the lesion area to be enlarged by 8-75 times. 
Increased lesion area was noted when thiouracil treatment began at 
0, 12, and 24 hours after virus inoculation, but not at 48 hours. Also, 
the infectivity of virus in treated leaves was increased 33-38 times, as 
compared to that in untreated leaves, suggesting stimulation of virus 
biosynthesis. This stimulatory effect by thiouracil could be prevented 
by addition of uracil. These results suggest that thiouracil affects protein 
and RNA metabolic reactions in extremely different ways. 

Production of tobacco mosaic virus was inhibited when inoculated 
tobacco leaves were floated in solutions containing 5-fluorouracil (IV) 
(111). This analog was readily incorporated into the viral RNA, replac
ing uracil up to 47%. The base composition of the progeny of this 
substituted virus was normal and infectivity was not affected, as judged 
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by the number of local lesions produced, but its ability to promote syn
thesis of progeny virus in a systemic host was reduced. The amino acid 
composition of the analog-treated virus was the same as that of protein 
from untreated virus (112). Also, the ability of the protein of treated 
virus to form reconstituted virus with viral R N A was not affected. No 
changes in serological properties of fluoracil-treated virus could be de
tected (113). These results suggest that incorporation of 5-fluorouracil 
into the viral RNA does not lead to errors in reading the message for 
synthesis of specific coat protein. However, the exact mechanism by 
which this analog inhibits virus synthesis is not known. 

Matthews (114) found that spraying tobacco plants infected with 
alfalfa mosaic virus with 8-azaguanine retarded the rate of virus multi
plication. Also, this purine analog delayed systemic development of dis
eases caused by various other viruses such as tobacco mosaic, turnip 
yellow mosaic, and cucumber mosaic and slowed down virus production. 
Multiplication of potato virus X and Y and tomato spotted wilt virus, 
however, was not affected by the analog. Plants sprayed with the analog 
at concentrations up to 0.005 Μ showed no signs of injury, but at concen
trations around 0.01 Μ the compound caused slight stunting and distor
tion of young leaves. Chiu and Sill (101) were able to delay or prevent 
the systemic development of bromegrass mosaic virus in wheat plants 
by using 8-azaguanine at concentrations that were not phytotoxic. 
Cucumber seedlings could be protected against ring spot virus infection 
by 8-azaguanine (115). The degree of inhibition varied directly with 
the concentration of the analog used for spraying the plants. Plants 
treated both before and after virus inoculation were best protected 
against infection. The action of 8-azaguanine could be annulled if plants 
are sprayed with adenine, guanine, or hypoxanthine, but not by uracil 
or thymine (114), indicating that it interferes in some way with viral 
R N A synthesis. 

8-Azaguanine was shown to be incorporated into the RNA of tobacco 
mosaic and turnip yellow mosaic viruses, replacing guanine to the extent 
of a few percent of the residues (116-118). The substituted virus was 
found to be less infectious than the normal virus. It was suggested that 
the inhibitory effect of the analog could be due to the production of 
sterile particles. The analog, however, did not affect the proportion of 
empty protein shells produced in plants infected with turnip yellow 
mosaic virus (W7) Studies on bacterial transfer R N A containing 
8-azaguanine and in vitro studies with model compounds suggest that 
it may act by reducing the efficiency with which a messenger R N A 
can act as a template for protein synthesis (119-121). 
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IV. EFFECT OF TETRACYCLINES 
ON PLANT-PATHOGENIC MYCOPLASMAS 

At least 40 plant diseases are now suspected to be caused by myco
plasmas (11) and no doubt more will be added to this fast-growing 
list of diseases that were previously assumed to be viral in nature. It 
should be realized that proof of mycoplasma etiology for such diseases 
can be obtained only by culturing the pathogen in vitro in order to 
satisfy Koch's postulates. Such evidence, so far, has been reported for 
three different diseases (122-124), but the results have not yet been 
confirmed. It has been assumed, however, that other similar diseases are 
also caused by mycoplasmas. As yet, specific names have not been as
signed to these plant-pathogenic organisms and therefore, for conveni
ence, the various diseases they cause will be referred to by their common 
name followed by the term "mycoplasma." Most of these diseases are 
transmitted by leafhoppers but other insect vectors have also been re
ported. None have been transmitted by mechanical inoculation. Like 
viruses, mycoplasmas have been shown to multiply in their leafhopper 
vectors and to undergo an incubation period before they can be trans
mitted to plants. Evidence that these diseases may be caused by myco
plasmas, and not by viruses, came from the work of Doi et al. (10), 
who demonstrated the presence of such organisms in infected plant tis
sues. Later, mycoplasma cells were also visualized in tissues of leafhopper 
vectors (125> 126). Symptoms of such diseases have been suppressed 
in plants and adversely affected in vector tissues by antibiotics of the 
tetracycline group, such as oxytetracycline (V) and chlortetracycline 
(VI) , that are known to be effective against diseases caused by myco
plasmas in mammals and avian species. 

ο 
CONH2 

OH ο O H ο OH ο OH 

Oxytetracycline 

(V) 

Chlortetracycline 

(VI) 

Tetracycline treatment has become a standard procedure for indications 
of mycoplasmal etiology, and susceptibility of more than 20 different 
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plant diseases to such antibiotics have been reported. The mechanism 
by which these antibiotics interfere with multiplication of mycoplasmas 
is not yet known. For details covering various aspects of mycoplasma 
diseases in plants, readers are referred to a recent review {127). 

Ishii et al. (128) were first to study the effects of tetracycline on 
a plant disease suspected to be caused by a mycoplasma. They observed 
that symptoms of mulberry dwarf disease were remarkably suppressed 
by application of tetracycline and chlortetracyline. Kanamycin was 
found to be ineffective against the disease. It was suggested that the 
antibiotics inhibited the multiplication of a mycoplasma responsible for 
the disease. Later, Davis and Whitcomb (129) reported that application 
of four tetracyclines (chlortetracycline, tetracycline, oxytetracycline, and 
methacycline) at 50 or 100 ppm to plants infected with aster yellows 
mycoplasma produced remission of symptoms. Four methods of applying 
the antibiotics were root immersion, foliar sprays, vacuum infiltration, 
and hydroponic culture, and all were found to be effective. Remission 
of symptoms in infected plants treated with chlortetracycline was found 
to be correlated with inhibition of multiplication of aster yellows myco
plasma, as determined by infectivity bioassays. When healthy plants 
were first treated with the antibiotics and then inoculated through in
fective leafhoppers, the appearance of symptoms was either delayed or 
sometimes prevented. Chloramphenicol was found to be slightly effec
tive, but streptomycin, oleandomycin, kanamycin, tylosin, carbomycin, 
polymyxin, bacitracin, neomycin, sulfanilamide, penicillin, vancomycin, 
or cycloserine had no discernible effect on development of the disease. 

When plants infected with two strains of aster yellows mycoplasma 
were dipped for 45 seconds in solutions containing 100 ppm of tetra
cycline or chlortetracycline every third day for 6 weeks, remission of 
symptoms occurred in some plants (130). Also, fewer leafhopper vectors 
were able to acquire the mycoplasma when fed on antibiotic-treated 
plants than when fed on untreated diseased plants. Tylosin tartrate, 
an antibiotic with a macrolide structure, had little effect on symptom 
development, although this compound is extremely effective against cer
tain animal mycoplasmas. 

Sinha and Peterson (131) studied the effects of oxytetracycline on 
clover phyllody mycoplasma in aster plants. Immersing the roots of 
infected plants in solutions containing 100 ppm of the antibiotic for 
24 hours (root treatment) resulted in remission of symptoms in most 
plants. Fewer leafhoppers were able to acquire and transmit the myco
plasma when fed on the antibiotic-treated plants than when fed on in
fected but untreated plants, indicating that the relative concentration 
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of the pathogen in infected plants was reduced by the antibiotic. Healthy 
aster plants did not become infected when subjected to root treatment 
either immediately before or soon after inoculation by infective leaf-
hoppers. As the interval between inoculation and antibiotic treatment 
increased, the number of plants that became infected also increased. 
Oxytetracycline was shown, by microbiological assays, to be absorbed 
from solution by roots of aster plants and translocated to stems, petioles, 
and leaves. The antibiotic persisted in plants for more than 2 weeks 
after 1 day of root treatment, but its concentration gradually declined. 
Extending the treatment from 1 to 4 days increased the relative concen
tration of the antibiotic in the plants but not its length of persistence. 
Susceptibility of healthy plants to mycoplasma infection was dependent 
on the concentration of the antibiotic in them at the time of inoculation. 
Sinha and Peterson {131) also studied the effects of oxytetracycline 
on the mycoplasma cells found in infected plants. Aster plants showing 
well-developed symptoms of the disease were root-treated with the anti
biotic for 7 days. Similar plants left in a phosphate buffer served as 
controls. Examinations of ultrathin sections of infected tissues revealed 
that, although numerous mycoplasma cells were present in control plants, 
they occurred very infrequently in the antibiotic-treated plants and, 
of those present, many were incomplete or broken. Such disrupted myco
plasma cells were not observed in the controls. 

The effects of tetracyclines on aster yellows mycoplasma in leafhopper 
vectors have also been studied in several ways. Addition of the anti
biotics to inocula containing the mycoplasma prevented transmission 
by the vectors {132) Injection of antibiotics into the bodies of vector 
insects carrying the mycoplasma reduced their transmitting ability con
siderably. Antibiotics acquired by leafhoppers after feeding through 
membranes early in the incubation period also delayed or blocked their 
ability to transmit {130). Similar results have been reported for western 
X mycoplasma in leafhopper vectors {133). Leafhoppers that were caged 
on aster plants whose roots were immersed in oxytetracycline solution 
(100 ppm) accumulated active antibiotic in their bodies, the concentra
tion being dependent on length of feeding period {131). Clover phyllody 
mycoplasma in leafhoppers was inactivated, as determined subsequently 
by their transmitting ability, if they were caged on aster plants main
tained in oxytetracycline solution. The degree of inactivation was de
pendent on the length of time the leafhoppers were allowed to ingest 
the antibiotic through plants. Healthy leafhoppers that ingested the anti
biotic lived much longer than untreated ones. Examination of ultrathin 
sections of tissues of infective vectors that ingested the antibiotic showed 
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that mycoplasma cells were devoid of their internal structure (ribosome-
like granules and DNA-l ike fibrils). 
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