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Viruses are entities that are too small to be seen with a light microscope, 
multiply only in living cells, and have the ability to cause disease. All 
viruses are parasitic in cells and cause a multitude of diseases to all forms 
of living organisms, from single-celled plants or animals to large trees and 
mammals. Some viruses attack man and/or animals and cause diseases 
such as influenza, polio, rabies, small pox, and warts,- others attack 
plants; and still others attack microorganisms, e.g., bacteria and myco
plasmas. The total number of viruses known to date is well over a 
thousand, and new viruses are described almost every month. More than 
half of all known viruses attack and cause diseases of plants. One virus 
may infect one or dozens of different species of plants, and one plant may 
be attacked by one or many different viruses. A plant may also commonly 
be infected by more than one virus at the same time. 

Although viruses are agents of disease and share with other living 
organisms genetic functions and the ability to reproduce, they also be
have as chemical molecules. At their simplest, viruses consist of nucleic 
acid and protein, with the protein wrapped around the nucleic acid. 
Although viruses can take any of several forms, they are mostly either rod 
shaped or polyhedral, or variants of these two basic structures. There is 
always only RNA or only DNA in each virus and, in most plant viruses, 
only one kind of protein. Some of the larger viruses, however, may have 
several different proteins, each probably having a different function. 

Viruses do not divide and do not produce any kind of specialized 
reproductive structures such as spores, but they multiply by inducing 
host cells to form more virus. Viruses cause disease not by consuming 
cells or killing them with toxins, but by upsetting the metabolism of the 549 



550 PLANT DISEASES CAUSED BY VIRUSES 

cells which, in turn, leads to the development by the cell of abnormal 
substances and conditions injurious to the functions and the life of the 
cell or the organism. 

characteristics 
of plant viruses 

Plant viruses differ greatly from all other plant pathogens not only in size 
and shape, but also in the simplicity of their chemical constitution and 
physical structure, methods of infection, multiplication, translocation 
within the host, dissemination, and the symptoms they produce on the 
host. Because of their small size and transparency of their bodies, viruses 
cannot even be viewed and detected by the methods used for other 
pathogens. Viruses are not cells, nor do they consist of cells. 

DETECTION 

When a plant disease is caused by a virus, individual virus particles 
cannot be seen with the light microscope, although some virus-
containing inclusions or crystals may be seen in virus-infected cells. 
Examination of sections of cells or of crude sap from virus-infected plants 
under the electron microscope may or may not reveal viruslike particles. 
Virus particles are not always easy to find under the electron microscope, 
and even in the rare cases in which such particles are revealed, proof that 
the particles are a virus, and that this virus causes the particular disease, 
requires much additional work and time. 

A few plant symptoms, such as oak-leaf patterns on leaves and chloro
tic or necrotic ring spots, can be attributed to viruses with some degree of 
certainty. Most other symptoms caused by viruses resemble those caused 
by mutations, nutrient deficiencies or toxicities, insect secretions, by 
other pathogens, and other factors. The determination, therefore, that 
certain plant symptoms are caused by viruses involves the elimination of 
every other possible cause of the disease, and the transmission of the 
virus from diseased to healthy plants in a way that would exclude trans
mission of any of the other causal agents. 

The present methods for detection of plant viruses involve primarily 
the transmission of the virus from a diseased to a healthy plant by 
budding, grafting, or by rubbing with plant sap. Certain other methods of 
transmission, such as by dodder or insect vectors, are also used to demon
strate the presence of a virus. Most of these methods, however, cannot 
distinguish whether the pathogen is a virus, mycoplasma or rickettsia
like bacterium; only transmission through plant sap is presently consid
ered as proof of the viral nature of the pathogen. The most definitive proof 
of the presence of a virus in a plant is provided by its purification, electron 
microscopy, and/or serology. 
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MORPHOLOGY 

Plant viruses come in different shapes and sizes, but they are usually 
described as elongate (rigid rods or flexuous threads), as rhabdoviruses 
(bacilluslike), and as spherical (isometric or polyhedral) (Figs. 202, 203, 
and 204). 

Some elongated viruses like tobacco mosaic virus and barley stripe 
mosaic virus, have the shape of rigid rods with measurements about 15 x 
300 nm and 20 x 130 nm, respectively. Most of the elongated viruses 
appear as long, thin, flexible threads that are usually 10 to 13 nm wide 
and range in length from 480 nm (potato virus X) to 2000 nm (tristeza 
virus). Many of the elongated viruses seem to occur in particles of differ
ing lengths, and the number given usually represents the length that is 
more common than any other. 

The rhabdoviruses are short, bacilluslike rods, approximately three to 
five times as long as they are wide, as in the cases of potato yellow dwarf 

FIGURE 202. 
Electron micrographs of the various shapes of plant viruses. (A) Rod shaped 
(tobacco mosaic). (B) Flexuous thread (maize dwarf mosaic). (C) Isometric (cowpea 
chlorotic mottle). (D) Rhabdovirus (broccoli necrotic yellows). (Photo D from Lin 
and Campbell, Virology 4 8 : 3 0 - 4 0 , 1972.) 
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FIGURE 203. 
Electron micrograph of alfalfa mosaic virus showing the various sizes of the five 
components of this virus, x 168,000. (Photo courtesy Ε. M. J. Jaspars, Univ. of 
Leiden, The Netherlands.) 

virus which measures 75 x 380 nm, wheat striate mosaic virus (65 x 270 
nm), and the lettuce necrotic yellows virus (52 x 300). 

Most, and probably all, spherical viruses are actually polyhedral, rang
ing in diameter from about 17 nm (tobacco necrosis satellite virus) to 60 
nm (wound tumor virus). Tomato spotted wilt virus seems to have a 
flexible, spherical shape 70 to 80 nm in diameter. 

Many plant viruses consist of more than one component. Thus, to
bacco rattle virus consists of two rods, a long one measuring 195 x 25 nm 
and a shorter one varying in length from 43 to 110 x 25 nm; alfalfa 
mosaic virus consists of five components measuring 58 x 18, 54 x 18, 42 
x 18, 30 x 18, and 18 x 18 nm (Fig. 203). Also, many isometric viruses 
have two or three different components of, usually, the same size but 
different weights as they contain different amounts of nucleic acid. In all 
the above cases more than one of the components must be present in the 
plant for the virus to multiply and perform in its usual manner. 

The surface of both the elongated and the spherical viruses consists of 
a definite number of protein subunits, which are spirally arranged in the 
elongated viruses, and packed on the sides of the polyhedral particles of 
the spherical viruses (Fig. 204). In cross sections, the elongated viruses 
appear as hollow tubes with the protein subunits forming the outer coat 
and the nucleic acid, also spirally arranged, embedded between the inner 
ends of two successive spirals of the protein subunits. The spherical 
viruses may or may not be hollow, the visible shell consisting of the 
protein subunits, with the nucleic acid inside the shell and arranged in a 
yet unknown manner. 
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FIGURE 204. 
Relative shapes, sizes, and structures of some representative plant viruses. (A) An 
elongate virus appearing as a flexuous thread. (B) A rigid rod-shaped virus. (B-l) 
Side arrangement of protein subunits [PS) and nucleic acid (NA) in viruses A and 
Β. (B-2) Cross section view of the same viruses. HC = hollow core. (C) A short, 
bacillus-like virus. (C-l) Cross-section view of such a virus. (D) A polyhedral 
virus. (D-l) An icosahedron, representing the 20-sided symmetry of the protein 
subunits of the polyhedral virus. 

T h e rhabdoviruses, pota to ye l low dwarf virus, l e t t u c e n e c r o t i c yel
lows, e t c . are provided w i t h an outer envelope or m e m b r a n e bearing 
surface project ions . Inside the m e m b r a n e is t h e nucleocapsid , consist ing 
of hel ical ly arranged n u c l e i c acid and assoc ia ted protein subunits . 

COMPOSITION AND STRUCTURE 

E a c h plant virus consis ts of at least a n u c l e i c acid and a protein. S o m e 
viruses consis t of m o r e t h a n o n e size of n u c l e i c acid and proteins , and 
s o m e of t h e m c o n t a i n additional c h e m i c a l c o m p o u n d s , s u c h as 
poly a m i n e s , lipids, or specific e n z y m e s . 
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The proportions of nucleic acid and protein vary with each virus, 
nucleic acid making up 5 to 40 percent of the virus and protein making up 
the remaining 60 to 95 percent. The lower nucleic acid and the higher 
protein percentages are found in the elongated viruses, while the spheri
cal viruses contain higher percentages of nucleic acid and lower percent
ages of proteins. The total weight of the nucleoprotein of different virus 
particles varies from 4.6 million molecular weight units (bromegrass 
mosaic virus) to 39 million (tobacco mosaic virus) to 73 million (tobacco 
rattle virus). The weight of the nucleic acid alone, however, ranges only 
between 1 and 3 million (1-3 x 106) molecular weight units per virus 
particle, compared to 0.5 x 10 9 for mycoplasmas, 1 x 10 9for spiroplasmas, 
and more than 1.5 x 10 9 for bacteria. 

COMPOSITION AND 
STRUCTURE OF VIRAL PROTEIN 

Viral proteins, like all proteins, consist of amino acids. The sequence of 
amino acids within a protein is dictated by the genetic material, which in 
viruses is either deoxyribonucleic acid (DNA) or ribonucleic acid (RNA), 
and determines the nature of the protein. 

The protein components of plant viruses are composed of repeating 
subunits. The amino acid content and sequence is constant for the identi
cal protein subunits of a virus, but may vary for different viruses, different 
strains of the same virus, and even for different proteins of the same virus 
particle. The content and partial sequences of amino acids are known for 
the proteins of several viruses, but only for the protein of tobacco mosaic 
virus (TMV) and of turnip yellow mosaic virus (TYMV) is the complete 
sequence of amino acids known. Thus, the protein subunit of TMV 
consists of 158 amino acids in a constant sequence. Similarly, the protein 
subunit of TYMV has 189 amino acids. 

In TMV the protein subunits are arranged in a helix containing I 6 V 3 

subunits per turn (or 49 subunits per three turns). The central hole of the 
virus particle down the axis has a diameter of 40 A, while the maximum 
diameter of the particle is 180 A. Each TMV particle consists of approxi
mately 130 helix turns of protein subunits. The nucleic acid is packed 
tightly between the helices of protein subunits. In the rhabdoviruses the 
helical nucleoproteins are enveloped in a membrane. 

In the polyhedral plant viruses the protein subunits are tightly packed 
in arrangements that produce 20, or some multiple of 20, facets and form 
a shell. Within this shell the nucleic acid is folded or otherwise or
ganized. 

COMPOSITION AND 
STRUCTURE OF VIRAL 
NUCLEIC ACID 

The nucleic acid of most plant viruses consists of RNA. To date only 
three plant viruses (cauliflower mosaic, dahlia mosaic, and carnation 
etched ring) have been shown to contain DNA. Both RNA and DNA are 
long, chainlike molecules consisting of hundreds or, more often, 
thousands of units called nucleotides. Each nucleotide consists of a ring 
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compound called the base attached to a 5-carbon sugar [ribose (I) in RNA, 
deoxyribose (II) in DNA], which in turn is attached to phosphoric acid. 
The sugar of one nucleotide reacts with the phosphate of another nuc
leotide, and this is repeated many times, thus forming the RNA or DNA 
strand. In viral RNA, one of only four bases can be attached to each ribose 
molecule. These bases are adenine, guanine, cytosine, and uracil. The 
first two, adenine and guanine, are purines, while cytosine and uracil are 
pyrimidines. The chemical formulas of the bases and one of their possible 
relative positions in the RNA chain, are shown in structure (III). DNA is 
similar to RNA with two small, but very important differences: the oxygen 
of the sugar hydroxyl is missing; and the base uracil is replaced by the base 
methyluracil, better known as thymine (IV). 

The sequence and the frequency of the bases on the RNA strand vary 
from one RNA to another, but they are fixed within a given RNA and 
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determine its properties. RNA, whether in RNA viruses or in healthy 
cells, is usually found as single strands, although in several viruses it exists 
as double-stranded RNA. Of course, DNA exists always as a double-
stranded helix, except in single-stranded DNA viruses. 

the biological 
function of viral components 
—coding 

Although apparently each virus produces its own distinct protein coat, 
the only known function of the protein is to provide a protective sheath
ing for the nucleic acid of the virus. Protein itself has no infectivity, 
although its presence generally increases the infectivity of the nucleic 
acid. In inoculations with intact virus particles (virions) the protein does 
not seem to assist or to affect the nucleic acid either in its functions or its 
composition, since inoculations with nucleic acid alone can cause infec
tion and lead to synthesis of new nucleic acid and also of new protein, 
both being identical with those of the original virus. The synthesis, 
composition, and structure of the protein, on the other hand, depend 
entirely on the nucleic acid component which alone is responsible for the 
synthesis and assembly of both the RNA and the protein. 

Infectivity of viruses in most cases is strictly the property of their 
nucleic acid, which in most plant viruses is RNA. Some viruses require 
and carry within them an RNA transcriptase enzyme in order to multiply 
and infect. The capability, however, of the viral RNA to reproduce both 
itself and its specific protein, indicates that the RNA carries the genetic 
determinants of the viral characteristics. The expression of each inherited 
characteristic depends on the sequence of nucleotides within a certain 
area (cistron) of the viral RNA which determines the sequence of amino 
acids in a particular protein, either structural or enzyme. This is called 
coding and seems to be identical in all living organisms and the viruses. 

The code consists of coding units called codons. Each codon consists of 
three adjacent nucleotides and determines the position of a given amino 
acid. 

The amount of RNA, then, contained in each virus indicates the 
approximate length of, and the number of nucleotides in, the viral RNA. 
This in turn determines the number of codons in each RNA and, there
fore, the number of amino acids that can be coded for. Since the protein 
subunit of viruses contains relatively few amino acids (158 in TMV), the 
number of codons utilized for its synthesis is only a fraction of the total 
number of codons available (158 out of 2130 in TMV). The remaining 
codons are presumably involved in the synthesis of several other proteins, 
either structural or enzymes, and it is these proteins that are apparently 
responsible to a large extent for the diseased conditions produced in many 
virus infections of plants. 
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virus infection 
and virus synthesis 

Plant viruses enter cells only through wounds made mechanically or by 
vectors, or by deposition into an ovule by an infected pollen grain. 

The nucleic acid (RNA) of the virus is first freed from the protein coat. 
It then induces formation by the cell of enzymes called RNA-
polymerases (= RNA-synthetases = RNA-replicases). These enzymes, in 
the presence of the viral RNA acting as a template and of the nucleotides 
that compose RNA, produce additional, RNA. The first new RNA pro
duced is not the viral RNA but a strand that is a mirror image of the virus, 
and which, as it is formed, is temporarily connected to the viral strand 
(Fig. 205). Thus, the two form a double-stranded RNA that soon separates 
to produce the original virus RNA and the mirror image (-) strand, the 
latter then serving as a template for more virus (+ strand) RNA synthesis. 

The replication of some single-stranded RNA viruses that have parts of 
their RNA in two or more virus particles, of some rhabdoviruses, and of 
some double-stranded RNA viruses differs considerably from the above. In 
viruses in which the different RNA segments are present within two or 
more virus particles, all or most of the particles must be present in the 
same cell for the virus to replicate and for infection to develop. In the 
single-stranded RNA rhabdoviruses the RNA is not infectious because it is 
the (- ) strand. This RNA must be transcribed by the virus-carried enzyme 
called transciptase into a (+) strand RNA in the host and the latter RNA 
then replicates as above. In the double-stranded RNA isometric viruses, 
the RNA is segmented within the same virus, is noninfectious and depends 
for its replication in the host on a transciptase enzyme also carried within 
the virus. 

As soon as new viral nucleic acid is produced it induces the host cell to 
produce the protein molecules that will be the protein subunits and that 
will form the protein coat of the virus. Apparently, only a part of the viral 
RNA strand is needed to participate in the formation of the viral protein. 
Since each amino acid on the protein subunit molecule is "coded" by 
three nucleotides of the viral RNA, for TMV, whose RNA consists of 
6400 nucleotides and its protein of 158 amino acids, only 474 nucleotides 
are required to code the arrangement of the amino acids in the protein 
subunit. 

Protein synthesis in healthy cells depends on the presence of amino 
acids and the cooperation of ribosomes, messenger RNA, and transfer 
RNAs. Each transfer RNA is specific for one amino acid which it carries 
toward and along the messenger RNA. Messenger RNA, which is pro
duced in the nucleus and reflects part of the DNA code, determines the 
kind of protein that will be produced by coding the sequence in which 
the amino acids will be arranged. The ribosomes seem to travel along the 
messenger RNA and to provide the energy for the bonding of the prear
ranged amino acids to form the protein (Fig. 206). 

For virus protein synthesis, the part of the viral RNA coding for the 
viral protein plays the role of messenger RNA. The virus utilizes the 



FIGURE 205. 
Hypothetical schematic representation of viral RNA replication. 

FIGURE 206. 
Schematic representation of the basic functions in a living cell. 
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FIGURE 207. 
Sequence of events in virus infection and biosynthesis. CW = cell wall, R = 
ribosome, Ν = nucleus, η = nucleolus, Ρ = polyribosome (polysome), Pp = 
protein subunit, VP = viral particle, ι Ι Amin o acid, « 4 — Viral RNA replicase, 
eooocB Transfer RNA, •v/v/v. or VR Viral RNA. 

amino acids, ribosomes, and transfer RNAs of the host, but it becomes 
its own blueprint (messenger RNA), and the protein formed is for exclu
sive use by the virus as a coat (Fig. 207) or other functions. 

During virus synthesis, parts of its nucleic acid also become involved 
with synthesis of proteins other than the viral coat protein. Some of these 
proteins are enzymes, either of the kinds already present in the host cell 
or entirely new, which may activate or initiate in the cell chemical 
reactions that, in turn, may affect the physiological functions of the cell. 

When new virus nucleic acid and virus protein subunits have been 
produced, the nucleic acid seems to organize the protein subunits around 
it, and the two are assembled together to form the complete virus parti
cle, the virion. 

The site or sites of the cell in which virus RNA and protein are synthe
sized and in which these two components are assembled to produce the 
virions have not yet been determined with absolute certainty. Studies 
with TMV suggest that the virus RNA, after it is freed from the protein 
coat, moves into the nucleus and possibly the nucleolus, where it rep
licates itself. The new virus RNA is then released into the cytoplasm, 
where it serves as a messenger RNA and, in cooperation with the ribo-
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somes and transfer RNAs, produces the virus protein subunits. The 
assembly of virions follows, also in the cytoplasm. In other viruses, the 
synthesis of viral nucleic acid and protein, as well as their assembly into 
virions, seems to take place in the nucleus, from which the virus particles 
are then released into the cytoplasm. 

The first intact virions appear in plant cells approximately 10 hours 
after inoculation. The virus particles may exist singly or in groups and 
may form amorphous or crystalline inclusion bodies within the cell areas 
(cytoplasm, nucleus, nucleolus) in which they happen to be. 

translocation and 
distribution of viruses 
in plants 

For infection of a plant by a virus to take place, the virus must move from 
one cell to another and must multiply in most, if not all, cells into which 
it moves. In their movement from cell to cell, viruses follow the path
ways through the plasmodesmata connecting adjacent cells (Fig. 208). 
Viruses, however, do not seem to move through parenchyma cells unless 
they infect the cells and multiply in them, thus resulting in continuous 
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FIGURE 208. 
Mechanical inoculation and early stages in the systemic distribution of viruses in 
plants. 
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and direct cell-to-cell invasion. In leaf parenchyma cells the virus moves 
approximately 1 mm, or 8 to 10 cells, per day. 

Although some viruses appear to be more or less restricted to cell-to-
cell movement through parenchyma cells, a large number of viruses are 
known to be rapidly transported over long distances through the phloem. 
Transport of viruses in the phloem apparently occurs in the sieve tubes, 
in which they can move as rapidly as 15 cm in the first 6 minutes. 
However, most viruses require 2 to 5 or more days to move out of an 
inoculated leaf. Once the virus has entered the phloem, it moves rapidly 
in the phloem toward growing regions (apical meristems) or other regions 
of food utilization in the plant, such as tubers and rhizomes (Fig. 209). For 
example, when potato virus is introduced into the basal leaves of young 
potato plants, it moves rapidly up the stem, but when plants already 
forming tubers are similarly inoculated, the virus does not move upward 
for more than 30 days while it moves downward into the tubers. Once in 
the phloem, the virus spreads systemically throughout the plant and 
reenters the parenchyma cells adjacent to the phloem through plas-
modesmata. 

The distribution of viruses within plants varies with the virus and the 
plant. The development of local lesion symptoms has been considered as 
an indication of the localization of the virus within the lesion area (Fig. 
210); although this is probably true in some cases, in several diseases the 
lesions continue to enlarge and, sometimes, development of systemic 
symptoms follows, indicating that the virus continued to spread beyond 
the borders of the lesions. 

In systemic virus infections, some phloem-translocated viruses seem 
to be limited to this tissue and to a few adjacent parenchyma cells. These 
include such diseases as potato leaf roll, cereal yellow dwarf, etc. Viruses 
causing mosaic-type diseases are not generally tissue-restricted, although 
there may be different patterns of localization. Mosaic virus-infected 
plant cells have been estimated to contain between 100,000 and 
10,000,000 virus particles per cell. Systemic distribution of some viruses 
is quite thorough and may involve all living cells of a plant. Other 
viruses, however, seem to leave segments or gaps of tissues that are virus 
free. Some viruses invade newly produced apical meristematic tissues 
almost immediately, while in other cases growing points of stems or 
roots of affected plants apparently remain free of virus. 

symptoms caused 
by plant viruses 

The most common and sometimes the only kind of symptoms produced is 
reduced growth rate of the plant, resulting in various degrees of dwarfing 
or stunting of the entire plant. Almost all viral diseases seem to cause 
some degree of reduction in total yield, and the length of life of virus-
infected plants is usually shortened. These effects may be severe and 
easily noticeable, or they may be very slight and easily overlooked. 
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FIGURE 209. 
Schematic representation of the direction and rate of translocation of a virus in a 
plant. (Adapted from G. Samuel (1934) Ann. Appl. Biol. 2 1 : 9 0 - 1 1 1 . ) 

The most obvious symptoms of virus-infected plants are usually those 
appearing on the foliage, but some viruses may cause striking symptoms 
on the stem, fruit, and roots, with or without symptom development on 
the leaves (Fig. 211 A, B). In almost all virus diseases of plants occurring in 
the field, the virus is present throughout the plant (systemic infection) 
and the symptoms produced are called systemic symptoms. In many 
plants inoculated artificially with certain viruses, and probably in some 
natural infections, the virus causes the formation of small, usually necro-
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FIGURE 210. 
Local lesions caused by two strains of a virus (tobacco ringspot) on mechanically 
inoculated leaves (cowpea). 

tic lesions only at the points of entry (local infections), and the symptoms 
are called local lesions. Many viruses may infect certain hosts without 
ever causing development of visible symptoms on them. Such viruses are 
usually called latent viruses, and the hosts are called symptomless car
riers. In other cases, however, plants that usually develop symptoms 
upon infection with a certain virus may remain temporarily symptomless 
under certain environmental conditions (e.g., high or low temperature), 
and such symptoms are called masked. Finally, plants may show acute or 
severe symptoms soon after inoculation that may lead to death of the 
host; if the host survives the initial shock phase, the symptoms tend to 
become milder (chronic symptoms) in the subsequently developing parts 
of the plant, leading to partial or even total recovery. On the other hand, 
symptoms may progressively increase in severity and may result in 
gradual (slow) or quick decline of the plant. 

The most common types of plant symptoms produced by systemic 
virus infections are mosaics and ringspots. 

Mosaics, characterized by light-green, yellow, or white areas inter
mingled with the normal green of the leaves or fruit, or of whitish areas 
intermingled with areas of the normal color of flowers or fruit. Depending 
on the intensity or pattern of discolorations, mosaic-type symptoms may 
be described as mottling, streak, ring pattern, line pattern, veinclearing, 
veinbanding, chlorotic spotting, etc. 

Ringspots, characterized by the appearance of chlorotic or necrotic 
rings on the leaves and sometimes also on the fruit and stem. In many 
ringspot diseases the symptoms, but not the virus, tend to disappear after 
onset and to reappear under certain environmental conditions. 

A large number of other less common virus symptoms have been 
described (Fig. 2 1 1 ) and include stunt (e.g., tomato bushy stunt), dwarf 



564 PLANT DISEASES CAUSED BY VIRUSES 

Cucumber mosai c o n 
Tobacco mosai c s q u a s h Peppe r Cucumbe r 

Pear rin g patter n  M a i z e d w a r f m 0 S a i c Tuli p breakin g Tobacc o P ^ g f " * * El m ringspo t 

Veinclearing vei n bandin g Vei n necrosi s Potat o lea f rol l Grape fa n lea f Tomat o shoestrin g 
(Cue. mosai c virus ) 

FIGURE 211. 
Kinds of symptoms caused by viruses in plants. 

(e.g., barley yellow dwarf), leaf roll (e.g., potato leaf roll), yellows (e.g., 
beet yellows), streak (e.g., tobacco streak), pox (e.g., plum pox), enation 
(e.g., pea enation mosaic), tumors (e.g., wound tumor), pitting of stem 
(e.g., apple stem pitting), pitting of fruit (e.g., pear stony pit), and flatten
ing and distortion of stem (e.g., apple flat limb). These symptoms may be 
accompanied by other symptoms on other parts of the same plant. 

physiology of 
virus-infected plants 

Plant viruses do not contain any enzymes, toxins, or other substances 
considered to be involved in the pathogenicity of other types of patho
gens, and yet cause a variety of symptoms on the host. The viral nucleic 
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FIGURE 211 (continued) 

acid (RNA) seems to be the only determinant of disease, but the mere 
presence of RNA or complete virus in a plant, even in large quantities, 
does not seem to be sufficient reason for the disease syndrome, since 
some plants containing much higher concentrations of virus than others 
may show milder symptoms than the latter or they may even be symp
tomless carriers. This indicates that viral diseases of plants are not due 
primarily to depletion of nutrients that have been diverted toward syn
thesis of the virus itself, but to other more indirect effects of the virus on 
the metabolism of the host. These effects are brought about probably 
through the virus-induced synthesis of new proteins by the host, some of 
which are biologically active substances (enzymes, toxins, etc.) and can 
interfere with the normal metabolism of the host. 

Viruses generally cause a decrease in photosynthesis through a de
crease in chlorophyll per leaf, in chlorophyll efficiency, and in leaf area 
per plant. Viruses usually cause a decrease in the amount of growth-
regulating substances (hormones) in the plant, frequently by inducing an 
increase in growth-inhibiting substances. A decrease in soluble nitrogen 
during rapid virus synthesis is rather common in virus diseases of plants, 
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and in the mosaic diseases there is a chronic decrease in the levels of 
carbohydrates in the plant tissues. 

Respiration of plants is generally increased immediately after infection 
with a virus, but after the initial increase the respiration of plants in
fected with some viruses remains higher, while with other viruses it 
becomes lower than that of healthy plants, and with still other viruses it 
may return to normal. 

The amounts of nonvirus nitrogenous compounds in diseased plants 
seem to be generally lower than those found in healthy plants, probably 
because the virus, which in some virus-host systems may account for 33 
to 65 percent of the total nitrogen in the plant, is formed at the expense of 
the normal levels of nitrogenous compounds in the plant. When the 
plant, however, is provided with high nitrogen nutrition, the amount of 
total nitrogen in diseased plants may be higher than that in healthy 
plants, especially after completion of the phase of rapid virus synthesis. 

It appears, therefore, that many of the functional systems of the plant 
are directly or indirectly affected by virus infection. Certain degrees or 
types of such metabolic derangements can probably be tolerated by the 
plant and do not cause any symptoms, while others probably have a 
deleterious effect on the host and contribute to symptom development. 
The effects of virus on nitrogenous compounds, on growth regulators, and 
on phenolics, have often been considered to be the immediate causes of 
various types of symptoms, since the first two are so profoundly involved 
in anything concerned with plant growth and differentiation, and since 
the oxidized products of phenolics may themselves, because of their 
toxicity, be responsible for the development of certain kinds of necrotic 
symptoms. 

transmission 
of plant viruses 

Plant viruses rarely, if ever, come out of the plant spontaneously. For this 
reason, viruses are not disseminated as such by wind or water, and even 
when they are carried in plant sap or debris they generally do not cause 
infections unless they come in contact with the contents of a wounded 
living cell. Viruses, however, are transmitted from plant to plant in a 
number of ways such as vegetative propagation,- mechanically through 
sap ; and by seed, pollen, insects, mites, nematodes, dodder, and fungi. 

TRANSMISSION OF 
VIRUSES BY VEGETATIVE 
PROPAGATION 

Whenever plants are propagated vegetatively by budding or grafting, by 
cuttings, or by the use of tubers, corms, bulbs, or rhizomes, any viruses 
present in the mother plant from which these organs are taken will almost 
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always be transmitted to the progeny (Fig. 2 1 2 ) . Considering that almost 
all fruit and many ornamental trees and shrubs are propagated by bud
ding, grafting, or cuttings, and that many field crops, e.g., potatoes, and 
most florist's crops are propagated by tubers, corms, or cuttings, this 
means of transmission of viruses is the most important for all these types 
of crop plants. Transmission of viruses by vegetative propagation not only 
makes the new plants diseased, but in the cases of propagation by budding 
or grafting, the presence of a virus in the bud or graft may result in 
appreciable reduction of successful bud or graft unions with the rootstock 
and, therefore, in poor stands. 

Transmission of viruses may also occur through natural root grafts of 
adjacent plants, particularly trees, the roots of which are often intermin
gled and in contact with each other. For several tree viruses, natural root 
grafts are the only known means of tree-to-tree spread of the virus within 
established orchards. 

MECHANICAL TRANSMISSION 
OF VIRUSES THROUGH SAP 

Mechanical transmission of plant viruses in nature by direct transfer of 
sap through contact of one plant with another is uncommon and rela
tively unimportant. Such transmission may take place between closely 

By buddin g B y graftin g / 1 
By cutting s 

Through natura l roo t graft s Throug h dodde r 

FIGURE 212. 
Transmission of viruses, mycoplasmalike organisms, and other pathogens by 
vegetative propagation, natural root grafts, and through dodder. 
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spaced plants following a strong wind that could cause the leaves of 
adjacent plants to rub together and, if wounded, to exchange some of their 
sap, and thus transmit any virus present in the sap (Figs. 213 and 214). 
Potato virus X (PVX) seems to be one of the viruses most easily transmit
ted that way. When plants are wounded by man during cultural practices 
in the field or greenhouse and some of the virus-infected sap adhering to 
the tools, hands, or clothes is accidentally transferred to subsequently 
wounded plants, virus transmission through sap may be rapid and wide
spread and, as in the case of TMV on tobacco and tomato, may result in 
very serious losses. Virus-infected sap transferred from plant to plant on 
the mouthparts or body of animals feeding on and moving among the 
plants may on rare occasions lead to virus transmission. 

The greatest importance of mechnical transmission of plant viruses 
stems from its indispensability in studying almost every facet of the 
viruses that cause plant diseases, since all investigations of virus outside 
the host are dependent on the ability to demonstrate and measure the 
infectiousness of the material. 

For mechanical transmission of a virus from one plant to another, 
tissues of the infected plant believed to contain a high concentration of 
the virus, i.e., young leaves and flower petals, are ground with a mortar 
and pestle or with some other grinder (Fig. 213). Breakage of the cells 

Virus-injected Youn g disease d Disease d leave s Leave s groun d i n Straine d infecte d Infecte d Infecte d sa p picke d u p 
plant leave s collecte d an d buffe r o r buffe r wit h pestl e sa p sa p o n fingers , gauz e pad , 

water place d i n glas s rod , brus h etc . 
mortar 

Cotyledons, primar y leaves , Infecte d sa p rubbe d o n health y Inoculate d plant s Inoculate d Loca l lesion s 
or regula r leave s ar e duste d plant s wit h fingers,gauz e pad , mus t i n som e case s plant s kep t i n 
with abrasiv e powde r glas s rod , brush,etc . b e rinse d wit h greenhous e o r Symptom s develo p i n 

water immediatel y growt h chambe r 2 t o 2 1 day s 

FIGURE 213. 
Typical mechanical or sap transmission of plant viruses. 
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results in release of the virus in the sap. Sometimes a buffer solution, 
usually phosphate buffer, is added for stabilization of the virus. The 
expressed sap is then strained through cheesecloth and is centrifuged at 
low speeds to remove tissue fragments, or at alternate low and high 
speeds if concentration or purification of the virus is desired. The crude or 
partially purified sap is then applied to the surface of leaves of young 
plants which have been previously dusted with an abrasive such as 
600-mesh Carborundum added to aid in wounding of the cells. Applica
tion of the sap is usually made by gently rubbing the leaves with a 
cheesecloth or gauze pad dipped in the sap, with the finger, a glass 
spatula, a painter's brush, or with a small sprayer. In successful inocula
tions, the virus enters the leaf cells through the wounds made by the 
abrasive or through broken leaf hairs and initiates new infections. In 
local-lesion hosts, symptoms usually appear within 3 to 7 or more days, 
and the number of local lesions is proportional to the concentration of the 
virus in the sap. In systemieally infected hosts, symptoms usually take 10 
to 14 or more days to develop. Sometimes the same plants may first 
develop local lesions and then systemic symptoms. In mechanical trans
mission of viruses, the taxonomic relationship of the donor and receiving 
(indicator) plants is unimportant, since virus from one kind of plant, 
whether herbaceous or a tree, may be transmitted to dozens of unrelated 
herbaceous plants (vegetables, flowers, or weeds). 

Although viruses are almost always transmitted by budding or graft
ing, several viruses, especially of woody plants, have not yet been trans
mitted mechnically. The possible reasons for this failure seem to be that 
some viruses are not present in high enough concentration in the donor 
plant, they are unstable in sap or are quickly inactivated by inhibitory 
substances released or formed upon grinding of the cells, and also because 
some viruses, e.g., those causing yellows-type diseases, apparently re
quire that they be introduced into specific tissues (phloem) if they are to 
cause infection. 

SEED TRANSMISSION 

About one hundred viruses have been reported to be transmitted by seed. 
As a rule, however, only a small portion (1 to 30 percent) of the seeds 
derived from virus-infected plants transmit the virus, and the frequency 
varies with the host-virus combination (Fig. 214). In a few cases, e.g., 
tobacco ringspot virus in soybean, the virus may be transmitted by 
almost 100 percent of the seeds of infected plants, and in others, seed 
transmission may be quite high, e.g., 28 to 94 percent in squash mosaic 
virus in muskmelon, 50 to 100 percent in barley stripe mosaic virus in 
barley. Even within a species, however, different varieties or plants inocu
lated at different stages of their growth may vary in the percentages of 
their seeds that transmit the virus. 

In most seed-transmitted viruses, the virus seems to come primarily 
from the ovule of infected plants, but several cases are known in which 
the virus in the seed seems to be just as often derived from the pollen that 
fertilized the flower. 
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*~ Throug h natura l lea f contac t an d rubbin g Throug h handlin g 
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in bloo m infecte d tree . int o flowe r o f health y flowe r t o th e res t tre e no w infecte d 

Virus i n polle n tre e o f th e tre e wit h th e viru s 

FIGURE 214. 
Virus transmission through direct contact, handling, seed, and pollen. 

POLLEN TRANSMISSION 

Virus transmitted by pollen may infect not only the seed and the seedling 
that will grow from it, but more important, it can spread through the 
fertilized flower and down into the mother plant, which thus becomes 
infected with the virus (Fig. 214). Such plant-to-plant transmission of 
virus through pollen is known to occur, for example, in stone fruit 
ringspot virus in sour cherry. 

Although pollination of flowers with virus-infected pollen may result 
in considerably lower fruit set than is produced with virus-free pollen, 
transmission of pollen-carried virus from plant-to-plant is apparently 
quite rare or it occurs with only a few of the viruses. 

INSECT TRANSMISSION 

Undoubtedly the most common and economically most important 
means of transmission of viruses in the field is by insect vectors. Mem
bers of relatively few groups of insects, however, can transmit plant 
viruses (Fig. 215). The order Homoptera, which includes both aphids 
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Aphid 
(wingless) 

Aphid feedin g o n 
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(winged) 
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Thrips Beetle 
Grasshopper 

FIGURE 215. 
Insect vectors of plant viruses. Insects in second row also transmit mycoplasmas 
and rickettsialike bacteria. 

(Aphidae) and leafhoppers (Cicadellidae or Jassidae), contains by far the 
largest number and the most important insect vectors of plant viruses. 
Certain species of several other families of the same order also transmit 
plant viruses, but neither their numbers nor their importance compare 
with the Aphidae and Cicadellidae. Among these families are the white 
flies (Aleurodidae), the mealy bugs and scale insects (Coccoidae), and the 
treehoppers (Membracidae). A few insect vectors of plant viruses belong 
to other orders, such as the true bugs (Hemiptera), the thrips (Thysanop-
tera), the beetles (Coleoptera), and the grasshoppers (Orthoptera). The 
most important virus vectors, i.e., aphids, leafhoppers, and the other 
groups of H o m o p t e r a , as well as the true bugs, have piercing and sucking 
m o u t h p a r t S ; all the other groups of insect vectors have chewing mouth-
parts and virus transmission by the latter is much less common. 

Insects with sucking mouthparts carry plant viruses on their stylets 
(style-borne or nonpersistent viruses) or they accumulate the virus in
ternally and, after passage of the virus through the insect tissues, they 
introduce the virus into plants again through their mouthparts (circula-
tive or persistent viruses). Some circulative viruses may multiply in their 
respective vectors and are then called propagative viruses. Viruses trans-
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mitted by insects with chewing mouthparts may also be circulative or 
they may be carried on the mouthparts. 

Aphids are the most important insect vectors of plant viruses and 
transmit the great majority of all stylet-borne viruses (Fig. 216). As a rule 
several aphid species can transmit the same stylet-borne virus and the 
same aphid species can transmit several viruses, but in many cases the vec
tor-virus relationship is quite specific. Aphids generally acquire the 
stylet-borne virus after feeding on a diseased plant for only a few seconds 
(30 seconds or less) and can transmit the virus after transfer to and feeding 
on a healthy plant for a similarly short time of a few seconds. The length 
of time aphids remain viruliferous after acquisition of a stylet-borne virus 
varies from a few minutes to several hours, after which they can no longer 
transmit the virus. In the few cases of aphid transmission of circulative 
viruses, aphids cannot transmit the virus immediately but must wait 
several hours after the acquisition feeding, but once they start to transmit 
the virus, they continue to do so for many days following the removal of 
the insects from the virus source. In aphids transmitting stylet-borne 
viruses, the virus seems to be borne on the tips of the stylets, it is easily 
lost through the scouring that occurs during probing of host cells, and it 
does not persist through the molt or egg. 

At least 10 plant viruses are transmitted by leafhoppers, including 
viruses with double-stranded RNA, bacilliform viruses, and small isomet
ric viruses. 

Leafhopper-transmitted viruses cause disturbances in plants that arise 
primarily in the region of the phloem. All leafhopper-transmitted viruses 
are circulatory, several are known to multiply in the vector (propagative), 
and some persist through the molt and are transmitted to a greater or 

FIGURE 216. 
A winged aphid vector of a plant virus (barley yellow dwarf) sucking up juices, and 
possibly virus, from an oat stem. (Photo courtesy Dept. Plant Pathol., Cornell 
Univ.) 
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lesser degree through the egg stage of the vector. Most leafhopper vectors 
require a feeding period of one to several days before they become vir-
uliferous, but once they have acquired the virus they may remain 
viruliferous for the rest of their lives. There is usually an incubation 
period of 1 to 2 weeks between the time a leafhopper acquires a virus and 
the time it can transmit it for the first time. 

Mites of the family Eriophyidae have been shown to transmit nine vi
ruses, including agropyron mosaic, currant reversion, wheat streak 
mosaic, peach mosaic, and fig mosaic viruses. These mites have piercing 
and sucking mouthparts (Fig. 217). Virus transmission by eriophyid mites 
seems to be quite specific, since each of these mites has a restricted host 
range and is the only known vector for the virus or viruses it transmits. 
Some of the mite-transmitted viruses are stylet borne, while others are 
circulatory and, of the latter, at least one persists through the molts. 

In addition to the eriophyid mites, one mite of the family Tet-
ranychidae (spider mites) has also been known to transmit a plant virus, 
potato virus Y. 

Approximately one dozen plant viruses have been shown to be transmit
ted by one or more species of three genera of soil-inhabiting, ectoparasitic 
nematodes (Fig. 217). Nematodes of the genera Longidorus and 

MITE TRANSMISSION 

NEMATODE TRANSMISSION 
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zoospores leav e ne w plan t an d 
plant transmit s viru s 

FIGURE 217. 
Transmission of plant viruses by nematodes, mites, and fungi. 
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Xiphinema are vectors of polyhedral-shaped viruses such as tobacco 
ringspot, tomato ringspot, raspberry ringspot, tomato black ring, cherry 
leaf roll, brome mosaic, grape fanleaf, and other viruses, while nematodes 
of the genus Trichodorus transmit two rod-shaped viruses, tobacco rattle, 
and pea early browning viruses. Nematode vectors transmit viruses by 
feeding on roots of infected plants and then moving on to roots of healthy 
plants. Larvae as well as adult nematodes can acquire and transmit 
viruses, but the virus is not carried through the larval molts or through 
the eggs, and after molting, the larvae or the resulting adults must feed on 
a virus source before they can transmit again. 

FUNGUS TRANSMISSION 

The root-infecting fungus Olpidium transmits at least four plant viruses, 
tobacco necrosis, cucumber necrosis, lettuce big vein, and tobacco stunt 
viruses. Four other fungi, Synchytrium, Polymyxa, Spongospora, and 
Pythium, transmit respectively, potato virus X, wheat mosaic virus, 
potato mop top virus, and beet necrotic yellow vein virus, and pea false 
leaf roll. Some of these viruses apparently are borne internally in, and 
others on, the resting spores and the zoospores, which upon infection of 
new host plants introduce the virus and cause symptoms characteristic of 
the virus they transmit (Fig. 217). 

DODDER TRANSMISSION 

Several plant viruses can be transmitted from one plant to another 
through the bridge formed between the two plants by the twining stems 
of the parasitic plant dodder [Cuscuta sp.)(Fig. 212). A large number of 
viruses have been transmitted in this way, frequently between plants 
belonging to families widely separated taxonomically. The virus is usually 
transmitted passively in the food stream of the dodder plant, being ac
quired from the vascular bundles of the infected plant by the haustoria of 
dodder and, after translocation through the dodder phloem, it is intro
duced in the next plant by the new dodder haustoria produced in contact 
with the vascular bundles of the inoculated plant. 

purification 
of plant viruses 

Isolation or, as it is usually called, purification of viruses is most com
monly obtained by ultracentrifugation of the plant sap. This involves 3 to 
5 cycles of alternate high (40,000 to 100,000 g or more) and low (3000 to 
10,000 g) speeds. Ultracentrifugation concentrates the virus and separates 
it from host cell contaminants. Several modifications of the ultracen
trifugation technique, particularly density-gradient centrifugation, are 
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FIGURE 218. 
Steps in the purification of plant viruses. 

presently employed in virus purification with excellent results (Fig. 218). 
In all these methods, the virus is finally obtained as a colorless pellet in a 
test tube and may be used for infections, electron microscopy and 
serology. 

serology of plant viruses 

When a virus protein or any other foreign protein (antigen) is injected into 
a mammal (rabbit, mouse, horse), or bird (chicken, turkey), it results in 
the appearance of substances (antibodies) in the blood serum which react 
specifically with the antigen injected. The virus and its antibody are 
brought together in several ways, the most common being the precipitin 
reaction. In this, the antibodies and antigens are mixed in solution (pre
cipitin test), or they meet at the interface between two solutions contain
ing each separately (ring interface test), or they diffuse toward each other 
through an agar gel and meet in a zone in suitable concentrations 
(Ouchterlony test). Sometimes the antigen is absorbed on the surface of a 
large particle such as a cell or plastid and these are precipitated by 
addition of antibodies (agglutination reaction). In all these tests the reac-
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FIGURE 219. 
Production of antisera and serological tests for identification of unknown 
pathogens. 

tion of antigen and antibody becomes visible either by precipitation of the 
two on the bottom of the test tube or by formation of a band at the 
interface where the two meet (Fig. 219). 

The uses of plant virus serology are numerous. Thus, it is used to 
determine relationships between viruses, to identify a virus causing a 
plant disease, to detect virus in foundation stocks of plants, and to detect 
symptomless virus infections. It can also be used to measure virus quan
titatively, to locate the virus within a cell or tissue, to detect plant 
viruses in insects, and to purify a virus. 

nomenclature and 
classification of plant 
viruses 

Naming of plant viruses usually has been based on the most conspicuous 
symptom they cause on the first host they have been studied in. Thus, a 
virus causing a mosaic on tobacco is called tobacco mosaic virus, while 

file:///proper
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the disease itself is called tobacco mosaic; another virus causing ringspot 
symptoms on tomato is called tomato ringspot virus, and the disease is 
called tomato ringspot, and so forth. Considering, however, the vari
ability of symptoms caused by the same virus on the same host plant 
under different environmental conditions, by different strains of a virus 
on the same host, or by the same virus on different hosts, it becomes 
apparent that this system of nomenclature leaves much to be desired. 

All viruses belong to the kingdom VIRA. Within the kingdom there are 
two virus divisions, DNA viruses and RNA viruses, depending on 
whether the nucleic acid of the virus is DNA or RNA. Viruses within 
each division are either helical or cubical (polyhedral). Within each sub
division there may be viruses possessing one or two strands of RNA or 
DNA, possessing or lacking a membrane around the protein coat, con
taining or lacking certain substances, having certain symmetry of helix in 
the helical viruses or number of subunits in the cubical (polyhedral) 
viruses, size of the virus, and, finally, any other physical, chemical, or 
biological properties. 

In many plant diseases assumed to be caused by viruses, no virus has 
yet been observed and it is possible that some of these diseases will be 
proven later to be caused by pathogens other than viruses or by as yet 
uncharacterized viruses. For those plant diseases, however, proven to be 
caused by viruses, a system of nomenclature and classification has been 
proposed (Fig. 220), in which the viruses are grouped according to the 
above-listed criteria, according to size and several additional criteria 
unique to plant viruses. The groups are named after a typical virus in the 
group and are accompanied by a cryptogram indicating whether the virus 
contains RNA (R) or DNA(D), single (1) or double stranded (2); the percent 
RNA or DNA and the molecular weight of the virus; whether the virus and 
its nucleocapsid are elongated (E) or spherical (S) ; and the kind of host(s) (S 
= plants) and of vector, if any. 

identification of plant viruses 
Once the cause of a disease has been established as a virus, a series of tests 
may be necessary to determine its identity. The host range of the virus, 
i.e., the hosts on which the virus induces symptoms and the kinds of 
symptoms produced, may help to differentiate this virus from several 
others. Transmission studies should indicate whether the virus is trans
mitted mechanically and to what hosts, or by insects and which insects, 
and so on; each new property discovered helping to further characterize 
the virus. If the virus is transmitted mechnically, certain properties of the 
virus such as its thermal inactivation point, i.e., the temperature required 
for complete inactivation of the virus in untreated crude juice during a 
10-minute exposure, its longevity in vitro, its dilution end point, i.e., the 
highest dilution of the juice at which the virus can still cause infection, 
may be used to narrow the possibilities to just a few viruses. If, at this 
stage, the identity of the virus is suspected, serological tests may be used 
and if they are positive, a tentative identification may be made. Examina
tion of the virus in the electron microscope, and inoculation of certain 
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FIGURE 220. 
Groups of plant viruses. 

plant species, is also usually sufficient for a tentative identification of the 
virus. 

In the viruslike diseases of woody (and other) plants in which no 
pathogens have been observed so far, identification of the pathogens, 
which are at present presumed to be viruses, is made strictly by indexing. 
The latter involves inoculation by grafting, etc. (Fig. 221) of certain plant 
species or varieties called indicators; these are sensitive to specific vi
ruses and upon inoculation with these viruses develop characteristic 
symptoms and vice versa, i.e., development of the characteristic symp
toms by an indicator identifies the virus with which the indicator was 
inoculated. 

economic 
importance of plant 
viruses 

Viruses attack all forms of plant life, from mycoplasmas, bacteria, fungi, 
and algae to herbaceous plants and trees. 
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FIGURE 221. 
Indexing for viral, mycoplasmal, and rickettsialike diseases. 

Plant virus diseases may damage leaves, stems, roots, fruits, seed, or 
flowers and may cause economic losses by reduction in yield and quality 
of plant products. Losses may be catastrophic or they may be very mild 
and insignificant. On a nationwide basis, viruses account for a considera
ble portion of the losses suffered annually from diseases by the various 
crops. 

The severity of individual virus diseases may vary with the locality, 
the crop variety, and from one season to the next. Some virus diseases 
have destroyed entire plantings of certain crops in some areas, e.g., plum 
pox, hoja blanca or rice, sugar beet yellows, and citrus tristeza. Most virus 
diseases, however, occur year after year on crops on which they cause 
small and unspectacular losses, sometimes without even inducing any 
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visible symptoms. For example, potato virus X, which used to be present 
in all potato plants grown in the U.S., reduces yields by about 10 percent 
although the potato plants show no obvious symptoms in the field. 

control of plant viruses 

The best way to control a virus disease is to keep it out of an area through 
quarantine, inspection, and certification systems. The existence of symp
tomless hosts, the incubation period following inoculation, and the ab
sence of obvious symptoms in seeds, tubers, bulbs, and nursery stock 
make quarantine sometimes ineffective. Eradication of diseased plants to 
eliminate inoculum from the field may, in some cases, help to control the 
disease. Plants may be protected against certain viruses by protecting 
them against the virus vectors. Controlling the insect vectors and remov
ing weeds which serve as hosts may help in controlling the disease. 

The use of virus-free seed, tubers, budwood, etc. is the single most 
important measure for avoiding virus diseases of many crops, especially 
those lacking insect vectors. Periodic indexing of the mother plants 
producing such propagative organs is necessary to ascertain their con
tinuous freedom from viruses. Several types of inspection and certifica
tion programs are now in effect in various states producing seeds, tubers, 
and nursery stock used for propagation. 

Although health or vigor of host plants confers no resistance or im
munity to virus disease, breeding plants for hereditary resistance to virus 
is of great importance, and many plant varieties resistant to certain virus 
diseases have already been produced. 

Once inside a plant some viruses can be inactivated by heat. Dormant, 
propagative organs are usually dipped in hot water (35 to 54°C) for a few 
minutes or hours, while actively growing plants are usually kept in 
greenhouses or growth chambers at 35 to 40°C for several days, weeks, or 
months, after which the virus in some of them is inactivated and the 
plants are completely healthy. Plants free of virus may also be produced 
from virus-infected ones by culture of short (0.1 mm to 1 cm or more) tips 
of apical and root meristems. 

No chemical substances (viricides) are yet available for controlling 
virus diseases of plants. Foliar application of certain growth-regulating 
substances, such as gibberellic acid, has been effective in stimulating 
growth of the virus-suppressed axillary buds in sour cherry yellows, 
resulting in increased fruit production. Similarly, sprays with gibberellic 
acid can overcome the stunting induced by severe etch virus on tobacco. 
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• Tobacco Mosaic 

Tobacco mosaic is worldwide in distribution. It is known to affect more 
than 150 genera of primarily herbaceous, dicotyledonous plants including 
many vegetables, flowers, and weeds. It causes serious losses on tobacco, 
tomato, and some other crop plants, but is almost symptomless on crops 
like grape and apple. 

Tobacco mosaic affects plants by damaging the leaves, flowers, and 
fruit and by causing stunting of the plant. It almost never kills plants. In 
tobacco, the disease lowers the quantity and especially the quality of the 
crop, particularly when plants are infected while young. Thus, plants 
inoculated at transplanting time, a month later or at topping time pro
duced yields that were lower than those of healthy plants by 33, 20, and 5 
percent, while the quality of the crop, as measured by its market value, 
was reduced by 50, 42, and 23 percent, respectively. In tomato, also, yield 
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reductions may vary from 5 to more than 25 percent and the fruit quality 
is proportionally lower, depending on the age of plants at the time of 
infection and on environmental conditions. 

Symptoms. The symptoms of tobacco mosaic virus-infected plants 
consist of various degrees of chlorosis, curling, mottling, dwarfing, distor
tion, and blistering of the leaves, dwarfing of the entire plant, dwarfing, 
distortion, and discoloration of flowers, and, in some plants, development 
of necrotic areas on the leaf. 

The most common symptom on tobacco is the appearance of mottled 
dark-green and light-green areas on leaves developing after inoculation 
(Fig. 222A). The dark green areas are thicker and appear somewhat 
elevated in a blisterlike fashion over the thinner, chlorotic, light-green 
areas. Stunting of young plants is common, and is accompanied by a 
slight downward curling and distortion of the leaves, which may also 
become narrow and elongated rather than the normal oval shape. Inocula
tion of plants approaching maturity usually causes no symptoms on the 
older leaves, but it does affect any new ones that may be produced. 

On tomato, mottling of the older leaves and mottling with or without 
malformation of the leaflets are also produced. Leaflets become long and 
pointed and, sometimes, shoestringlike. Infections of young plants reduce 
fruit set and may occasionally cause blemishes and internal browning on 
the fruit that does form. 

The pathogen: Tobacco mosaic virus (TMV). Tobacco mosaic virus 
(TMV) is rod shaped, 300 nm long by 15 nm in diameter (Fig. 222B, C). 
Its protein consists of approximately 2130 protein subunits, and each 
subunit consists of 158 amino acids. The protein subunits are arranged in 
a helix. The TMV nucleic acid is single-stranded ribonucleic acid (RNA) 
and consists of approximately 6400 nucleotides. The RNA strand also 
forms a helix which is parallel with that of the protein and is located on 
the protein subunits and approximately 20 A out from the inner end of 
the protein subunits. The weight of each virus particle is between 39 and 
40 million molecular weight units. 

TMV is one of the most thermostable viruses known, the thermal 
inactivation point of the virus in undiluted plant juice being 93°C. In 
dried, mosaic-infected leaves, however, the virus retains its infectious
ness even when heated at 120°C for 30 minutes. TMV-infected tobacco 
plants may contain up to 4 g of virus per liter of plant juice, and the virus 
retains its infectivity even at dilutions of 1:1,000,000. The virus is inac
tivated in 4 to 6 weeks in ordinary plant sap, but in sterile, bacteria-free 
sap the virus may survive for five years, and in TMV-infected leaves kept 
dry in the laboratory the virus remains infectious for more than 50 years. 
Tobacco mosaic virus is transmitted readily through sap, grafting, and 
dodder, and, in some hosts such as apple, pear, and grape, through seed. 
Tobacco mosaic virus is not transmitted by insects, except occasionally 
by contaminated jaws and feet of insects feeding on TMV-infected and 
healthy plants. The most common means of transmission of TMV in the 
field and in the greenhouse is through the hands of workers handling 
infected and healthy plants indiscriminately. 



FIGURE 222. 
(A) Symptoms of tobacco mosaic (upper) and healthy tobacco leaf. (B) Layers of 
tobacco mosaic virus particles in a tobacco epidermal leaf cell. (C) TMV particles 
in sap from an infected tobacco leaf. The virus was negatively stained with 
phosphotungstate. (Photos Β and C courtesy of Η. E. Warmke.) 
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Tobacco mosaic virus exists in numerous strains which differ from 
each other in one or more characteristics. 

Development of disease. Tobacco mosaic virus overwinters in in
fected tobacco stalks and leaves in the soil, on the surface of contami
nated tobacco seeds, on contaminated seedbed cloth, and in natural leaf 
and manufactured tobacco, including cigarettes, cigars, and snuff. Con
tact of the virus with wounded tissues of tobacco seedlings in the seedbed 
or of transplants in the fields results in initial infections of a few plants. 
These subsequently serve as a source of inoculum for further spread of the 
virus to more plants through contaminated hands, tools, or equipment 
during handling of tobacco plants in the routine cultural practices with 
that crop. The virus can, of course, be introduced into a field on trans
plants already infected in the seedbed. The spread of the virus in the field 
continues throughout the season, the number of plants infected increas
ing progressively during the season and doubling approximately with 
each handling or cultivating of the crop. 

In almost all host plants, TMV produces systemic infections, invading 
all parenchymatous cells of the plant. The virus moves from cell to cell 
and through the phloem. 

Within the cell, TMV seems to occur primarily in the cytoplasm as 
individual particles, as crystalline aggregates (Fig. 2 2 2 B ) , and as amor
phous bodies (X-bodies), ranging in size from submicroscopic to those 
seen with the light microscope. 

The TMV-infected leaves show thin, light-green or yellowish areas 
intermixed with thicker, dark green areas. In the light-green areas both 
palisade and spongy parenchyma cells are round rather than their normal 
elongated shape and, due to reduction of the intercellular spaces among 
such cells, they are arranged much more compactly than cells in the 
dark-green areas or in healthy leaves. In the light areas, the number of 
chloroplasts is reduced appreciably,- they seem to contain much less 
chlorophyll than those of healthy or dark-green areas. Thus, chlorophyll 
synthesis is impaired while some of the chlorophyll produced is de
stroyed or its activity is impaired as a consequence of virus infection. 
This leads to reduced photosynthesis and, therefore, reduced levels of 
carbohydrates in TMV-infected plants. Tobacco mosaic virus also in
duces alterations in a number of other physiological processes in infected 
plants. 

Control. Sanitation and use of resistant varieties are the two main 
means of control of TMV in tobacco and tomato fields or greenhouses. 

Tobacco should not be grown for at least 2 years in seedbeds or fields 
where a diseased crop was grown. Removal of infected plants and of 
certain solanaceous weeds that harbor the virus early in the season helps 
reduce or eliminate the subsequent spread of the virus to other plants 
during the various cultural practices. The chewing and smoking of to
bacco during cultural practices requiring handling of tobacco and other 
susceptible plants should be avoided. Workers using tobacco products or 
involved in removing TMV-infected plants should wash their hands with 
soap and water before handling healthy tobacco or tomato plants. 
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Several TMV-resistant varieties of tobacco have been developed but 
are generally of low quality. Tomato varieties resistant to TMV are also 
available. Tomatoes in greenhouses, which in most cases become in
fected with TMV, are in some countries protected against virulent strains 
of TMV by infecting young plants with a mild strain. This practice results 
in an increase in yield of up to 15 percent. 

Because infection by TMV is inhibited by milk, some states are now 
recommending spraying the plants with milk before transplanting or 
otherwise handling them, or dipping the hands in milk during transplant
ing and handling, since these practices greatly reduce the spread of TMV 
from plant to plant. 
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• Cucumber Mosaic 

Cucumber mosaic is worldwide in distribution. The virus causing 
cucumber mosaic has, perhaps, a wider range of hosts and attacks a 
greater variety of vegetables, ornamentals, and other plants than any 
other virus. Among the most important vegetables and ornamentals af
fected by cucumber mosaic are cucumbers, melons, squash, peppers, 
spinach, tomatoes, celery, beets, bean, banana, crucifers, delphinium, 
gladiolus, lilies, petunias, zinnias, and many weeds. 

Cucumber mosaic affects plants by causing mottling or discoloration 
and distortion of leaves, flowers, and fruit. Infected plants may be greatly 
reduced in size or they may be killed. Crop yields are reduced in quantity 
and are often lower in quality. Plants are seriously affected in the field as 
well as the greenhouse. In some localities one-third to one-half of the 
plants may be destroyed by the disease, and susceptible crops, such as 
cucumbers, may have to be replaced by other crops. 

Symptoms. Young cucumber seedlings are seldom attacked in the 
field during the first few weeks. Most general field infections of cucumber 
occur when the plants are about 6 weeks old and growing vigorously. Four 
or five days after inoculation, the young developing leaves become mot
tled, distorted, and wrinkled, and their edges begin to curl downward (Fig. 
223). All subsequent growth is reduced drastically and the plants appear 
dwarfed as a result of shorter stem internodes and petioles and of leaves 
developing to only half their normal size. Such plants produce few run
ners and also few flowers and fruit. Instead, they have a bunched or bushy 
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appearance, with the leaves forming a rosettelike clump near the ground. 
The older leaves of infected plants develop at first chlorotic and then 
necrotic areas along the margins which later spread over the entire leaf. 
The killed leaves hang down on the petiole or fall off, leaving part or most 
of the older vine bare. 

Fruit produced on the plant after the infection shows pale green or 
white areas intermingled with dark green, raised areas,- the latter often 
form rough, wartlike projections and cause distortion of the fruit. 
Cucumbers produced by the plants in the later stages of the disease are 
somewhat misshapen but have smooth gray-white color with some ir
regular green areas and are often called "white pickle." Cucumbers in
fected with cucumber mosaic often have a bitter taste and upon pickling 
become soft and soggy. 

The pathogen: Cucumber mosaic virus (CMV). Cucumber mosaic 
virus is polyhedral, with a diameter of approximately 30 nm (Fig. 223A). 
The virus consists of 180 protein subunits, single-stranded RNA and a 

FIGURE 223. 
Cucumber mosaic virus (A) and some of the symptoms it causes. Cucumber 
mosaic on cucumber leaves (B). Stunting of infected pepper plants is shown at C 
(left) compared to two healthy plants, and leaf symptoms on pepper (D). 
CMV-infected tomato leaves often become filiform or shoestring-like (E.) 
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hollow core. The molecular weight of CMV falls in the range of 5.8 to 6.7 
million, of which 18 percent is RNA and the remaining 82 percent 
protein. The thermal inactivation point of the virus is about 70°C, while 
its dilution end point is about 1:10,000. Cucumber mosaic virus exists in 
numerous strains that differ somewhat in their hosts, in the symptoms 
they produce, in the ways they are transmitted, and in other properties 
and characteristics. 

The virus is readily transmitted by sap and also by many aphids such 
as the common green peach aphid. 

Development of disease. Cucumber mosaic virus overwinters in 
many perennial weeds, flowers, and crop plants. Perennial weeds such as 
white cockle, wild ground cherry, horse nettle, milkweed, ragweed, 
pokeweed, nightshade, and the various mints harbor the virus in their 
roots during the winter and carry it to their top growth in the spring 
from which aphids transmit it to susceptible crop plants. Once a few 
cucumber plants have become infected with CMV, insect vectors, and 
man during his cultivating and handling of the plants, especially at 
picking time, spread the virus to many more healthy plants. Entire fields 
of cucurbits sometimes begin to turn yellow with mosaic immediately 
after the first pick has been made, indicating the ease and efficiency of 
transmission of CMV mechanically through sap carried on the hands and 
clothes of the workers. 

Whether the virus is transmitted by insects or through sap, it produces 
a systemic infection of curcurbit and most other host plants. Older 
tissues and organs developed prior to infection are not, as a rule, affected 
by the virus, but young active cells and tissues developing after infection 
may be affected with varying severity. The virus concentration in CMV-
infected plants continues to increase for several days following inocula
tion and then it decreases until it levels off or until the plant dies. 

Control. Cucumber mosaic in vegetables and flowers can be con
trolled primarily through the use of resistant varieties, elimination of 
weed hosts, and control of the insect vectors. 

Varieties resistant to CMV have been developed for several host crops, 
including cucumber and spinach. 

Transplant crops kept in greenhouses should be isolated from other 
plants such as geraniums, lilies, and cucumbers that may harbor the 
virus, and when transplanted they should not be planted near early, 
susceptible crops or near woods in which there may be weeds harboring 
the virus. Perennial weeds should be eradicated from around greenhouses, 
cold frames, gardens, and fields to eliminate the source of CMV likely to 
be carried to crop plants by insects or sap. Since most of the early virus 
infections are initiated by insects, early sprays with insecticides to con
trol the aphid vectors before they carry the virus into the young, rapidly 
growing plants have been very helpful. 
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• Bean Common Mosaic and 
Bean Yellow Mosaic Diseases 

Both diseases occur wherever beans are grown. Bean common mosaic 
affects primarily the French or snap beans (Phaseolus vulgaris) but also 
other Phaseolus sp., while bean yellow mosaic affects the above and, in 
addition, peas, clovers, vetch, black locust, gladiolus, and yellow summer 
squash. Both diseases are widespread in bean fields with common mosaic 
being more widespread than yellow mosaic. Often, 80 to 100 percent of 
the plants in some fields are infected. Depending on the growth stage of 
the plant at the time of infection, the plants may be stunted to a smaller 
or greater extent and losses may vary from slight up to 35 percent for 
common mosaic and up to 100 percent for yellow mosaic. Usually both 
diseases occur in the same fields and often on the same plants. 

Symptoms. Bean common mosaic causes stunting of the plants and 
mottling and malformation of the leaves (Fig. 224A). The leaves show 
mild mottling or they have rather large, irregularly shaped light-yellow 
and light-green areas. Often, leaves are narrower and longer than normal 
and show considerable puckering, consisting of raised dark-green areas 
along the main veins, while the leaf margins curl downward. The younger 
the bean plants at the time of infection the more dwarfed and spindling 
they remain and the smaller the crop they produce. Pods may be mottled 
or malformed and the seeds are shriveled and undersized. In some vari
eties the roots turn dark to almost black and become necrotic. External 
discoloration may also develop on young stems and petioles while vascu
lar necrosis is evident in the root, stem, leases, and pods. 

Bean yellow mosaic produces symptoms similar to the above and in 
the field it is usually impossible to distinguish it from bean common 
mosaic. Generally, however, bean yellow mosaic produces a much more 
yellow mottling of the leaves with an intense contrast between the 
yellow and the green areas. Also, bean plants infected with yellow mosaic 
are much more dwarfed and bunchy than those infected with common 
mosaic. Yellow mosaic also produces greater leaf malformation and pod 
distortion than common mosaic (Fig. 224B, C). In both diseases, however, 
symptoms vary greatly with the variety and with the virus strain prevail
ing in the area. 

The pathogens: Bean common mosaic virus and bean yellow mosaic 
virus. Both viruses are filamentous and measure 750 x 15 nm. Their 
dilution end point is 10~;i to 10" 4 and their thermal inactivation point is 
about 60°C although it may range from 50 to 70°C. Their longevity in 
vitro is usually 1 to 4 days. 
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FIGURE 224. 
Symptoms of bean common mosaic on bean leaves (A), and of bean yellow mosaic 
on bean leaves (B) and pods (C). (Photo A courtesy U.S.D.A.) 

Both viruses are transmitted by several species of aphids in the nonper-
sistent manner, most of the vectors being common to both viruses. Both 
viruses are also readily transmitted by sap inoculation. Bean common 
mosaic is, moreover, transmitted readily through bean seeds, especially 
when the mother plants are infected while young. As much as 83 percent 
of the seed of diseased plants may produce virus-infected plants. Seed 
transmission is the most important source of initial crop infection in 
bean fields. Bean common mosaic virus is also transmitted to new plants 
through pollen. Bean yellow mosaic virus is not transmitted through the 
seed in beans but is transmitted in about 3 to 6 percent of the seeds of 
several other legumes. 

Although bean common mosaic and bean yellow mosaic viruses differ 
in the kinds of hosts they attack and in seed transmissibility, they 
resemble each other in numerous characteristics, they are serologically 
related, and in some hosts they cross-protect against each other, indicat
ing that the two viruses may be distant strains of the same virus. 
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Development of disease. Bean common mosaic virus overwinters in 
infected bean seed. When such seed is planted, the virus multiplies in the 
cells of the growing plant and the produced plant is infected with the 
virus. Subsequently, aphid vectors feeding on such plants acquire the 
virus within a few seconds and transmit it to healthy bean plants on 
which they move to feed. 

Bean yellow mosaic virus overwinters primarily in perennial hosts 
such as clovers and gladiolus from which it is spread to beans and other 
annual hosts by its aphid vectors. The same vectors, of course, transmit 
both viruses from bean to bean. Bean plants inoculated by insects with 
either the common or the yellow mosaic viruses usually develop mosaic 
symptoms within 10 days from infection. Symptoms, however, may be 
mild and almost unnoticeable if the weather remains cool. 

Control. The best control of bean common mosaic is obtained 
through the use of virus-free seed and when only varieties resistant to 
bean common mosaic virus are planted. Several varieties resistant to 
common mosaic are available. Control of bean yellow mosaic is more 
difficult because few bean varieties show only some resistance to some, 
but not all, of the strains of the virus and because of the overwintering of 
the virus in perennial hosts such as clovers and gladiolus. Planting beans 
in fields removed from gladiolus fields and destruction of clovers from 
around bean fields are recommended, but such control measures are 
difficult to carry out in practice and, besides, their effectiveness is not 
always apparent. 
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• Curly Top of Sugar Beets 

Curly top occurs primarily and is most destructive in the western half of 
the U.S., but it has been found in some eastern states, in Turkey and 
South America. Curly top is most destructive on sugar beet, bean, to
mato, flax, melons, and spinach. The virus infects more than 150 species 
of herbaceous plants belonging to more than 50 families. 

Curly top damages plants by killing young plants and causing stunting, 
malformations, reduced yields, and lower quality in older plants. Losses 
from curly top of sugar beets and tomato have sometimes been so severe 
that vast areas previously planted to these crops had to be completely 
abandoned after years of destructive outbreaks of curly top. 

Symptoms. The first symptoms appear as a clearing and swelling of 
the veins of the younger leaves, the edges of which begin to roll and curl 
inward. If the plant is infected at the seedling stage, while the root is still 
about 1 cm or less in diameter, it makes little further growth; it either 
dies shortly or remains as a tight ball of stunted leaves for several weeks 
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or months, and finally dies. Infected larger plants remain stunted and 
produce more but smaller leaves than healthy plants. Most of these leaves 
become curled and their veins become swollen and give rise to little 
nipplelike swellings on the lower side of the leaves (Fig. 225). At times, a 
sticky brownish fluid may be exuded from the veins, and this collects in 
droplets along the leaf stalks. Affected leaves generally remain dark green 
for a time, but they eventually become yellow, then brown, and usually 
die prematurely. Leaves that were mature at the time of infection develop 
no curling or swelling of the veins, but they soon turn yellow and die. 
Infection of fully matured plants late in the season usually has little or no 
effect on the appearance or yield of the plant. 

The roots of curly-top-infected sugar beets are affected almost pro
portionally to the damage caused by the disease on the tops of the plants. 
The younger the plant at the time of infection, the smaller the root. In 
many instances the roots of the diseased beets are exceedingly hairy, and 
the root tissue is woody and tough. In cross sections, infected roots show 
brownish rings indicating degenerative changes in the vascular tissues. In 
longitudinal sections, the same tissues appear as a discolored line (Fig. 
225C). 

FIGURE 225. 
(A) Sugar beet plant infected with curly top virus. (B) Reaction of sugar beet plants 
of the same variety to three strains of the virus of different degrees of virulence: 
mild, moderately severe and severe. (C) Longitudinal sections of CTV-infected 
(left) and healthy sugar beet roots. The dark lines in the diseased root represent 
necrotic vascular bundles. (D) Bean plant infected with CTV compared to healthy 
plants on both sides. (Photos A, B, C courtesy C. W. Bennett, D courtesy U.S.D.A.) 

591 
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The pathogen: Curly top virus (CTV). Curly top virus is a polyhe
dral particle 20 to 28 nm in diameter. The virus is not sap transmitted. In 
nature it is transmitted by the leafhopper Circulifer tenellus. The thermal 
inactivation point of curly top virus is known to be between 75 and 80°C. 
The dilution end point of curly top virus in beet extracts is about 1:1000, 
while in leafhopper extracts it is 1:24,000. In beet leaf juice the virus 
retains its infectivity for about 7 days, but it can remain infectious for 4 
months in dried beet leaves, and 6 months in dried insect vectors. 

The leafhopper, Circulifer tenellus, transmits the virus after feeding 
for short periods or after incubation periods varying from 4 hours to more 
than 5 days depending on the concentration of the virus in the vector's 
food. Viruliferous leafhoppers transmit the virus efficiently for 2 or 3 days 
after the incubation period, but subsequently their efficiency declines 
steadily. Thus, although the virus appears to be both stylet borne and 
circulative, it does not multiply in the vector. 

In the plant the virus seems to be limited almost entirely to the 
phloem and adjacent parenchyma cells. 

Development of disease. The virus overwinters primarily in infected 
perennial and biennial weeds such as plantago, pepper grass, Russian 
thistle, and filaree. It also overwinters in perennial ornamental hosts, in 
annuals in the greenhouse, and occasionally in the overwintering adults 
of the insect vector. The insects feed on the infected wild plants in the 
winter and spring, become viruliferous, and carry the virus to cultivated 
crops in late spring or summer. The insect feeds by inserting its stylet 
into the phloem of infected or healthy plants and transmits the virus in 
the process. Once inside the phloem, the virus moves rather rapidly 
through it, i.e., about 2 to 3 cm per minute, while at the same time it 
causes destructive changes in the sieve elements of the phloem. 

After inoculation, the first symptoms on the plant may appear within 
24 hours when the temperature is high, but usually there is an incubation 
period of 7 to 14 days under normal temperatures, and even longer during 
cool weather. The virus, however, spreads throughout the plant quickly, 
so that a plant may become a source of virus for new leafhoppers within 5 
hours from its inoculation. 

Curly top virus-infected plants exhibit hypertrophy, hyperplasia, and 
necrosis of the phloem elements. The hyperplastic sieve elements appar
ently are not functional and sometimes spread beyond the limits of the 
phloem, into the cortex and the xylem. Hypertrophy and hyperplasia also 
occur in parenchyma cells adjacent to the phloem. These cells become 
closely packed, leave no intercellular spaces, and their chloroplasts are 
few, small and pale and result in the appearance of vein clearing. Further 
hypertrophy and hyperplasia of these cells produce thickening and distor
tion of the veins, result in the formation of protuberances, and, since they 
occur primarily on the underside of the leaves, cause upward rolling of 
the leaves. Degeneration and necrosis of phloem also occurs in the stem 
and root. The latter is retarded in growth and produces numerous laterals. 
Although hypertrophy and hyperplasia occur in the phloem and adjacent 
parenchyma cells, most other cells remain hypoplastic and result in 
dwarfing and stunting of the whole plant. 



BARLEY YELLOW DWARF 593 

Control. Insecticide sprays carried out systematically and over a 
large area simultaneously have been effective in controlling the vector. 
Statewide programs to eradicate the leafhopper by mapping and spraying 
the breeding ground of the leafhopper with insecticides have markedly 
reduced the disease in some areas. 

The most effective and most widespread means of curly top control 
today is through the use of resistant varieties. Several sugar beet varieties 
resistant to curly top are available. Resistant varieties to curly top have 
also been developed for tomato, for bean, and for other crops. 
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• Barley Yellow Dwarf 
Barley yellow dwarf occurs throughout the world. The barley yellow 
dwarf virus attacks a wide variety of gramineous hosts, including bar
ley, oats, wheat, rye, and many lawn, weed, pasture, and range grasses. 

Barley yellow dwarf affects plants by causing stunting, reduced tiller
ing, suppressed heading, sterility, and failure to fill the kernels. In some 
localities, plant damage may be so severe that entire fields are destroyed 
and the crops are not worth harvesting. Of the three main crops, barley, 
oats, and wheat, oats is the most severely affected and suffers serious 
losses annually. In years of barley yellow dwarf outbreaks, some states 
reported yield losses ranging from 30 to 50 percent of their entire oat crop, 
while barley and wheat losses ranged between 5 and 30 percent. To the 
losses in yield of these cereals should be added losses in quality of the 
grain and losses in forage crops from the resulting failure or reduced 
productivity of pasture, range, and meadow grasses. 

Symptoms. The first symptoms on barley yellow dwarf-infected plants 
appear as yellowish, reddish, or purple areas along the margins, tips, or 
lamina of the older leaves. The discolored areas soon enlarge and fre
quently surround still unaffected green areas. The tissues along the mid
rib usually remain green longer than the rest, but finally they, too, 
become discolored. In late infections the flag leaf may be the only one 
that develops the characteristic discoloration. In seedling infections, 
leaves may emerge distorted, curled and with serrations. Leaves develop
ing after the infection are progressively shortened, narrower and stiffer 
than normal, and grow more upright than normal. 

The stem internodes of infected plants are shorter, and sometimes the 
head fails to emerge (Fig. 226). Tillering is reduced or completely sup
pressed in oat and wheat plants, but severely stunted barley plants may 
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FIGURE 226. 
(A) Symptoms of barley yellow dwarf virus on barley plants infected in early 
tillering stage (left), and in jointing stage (middle). Healthy plant at right. (B) 
Particles of barley yellow dwarf virus. (Photo A courtesy U.S.D. A. Photo Β taken by 
H. W. Israel and supplied courtesy W. F. Rochow.) 

show excessive tillering. Inflorescences of diseased plants emerge later 
and are smaller. Many of the flowers are also sterile and the number and 
weight of kernels are reduced. The root systems of diseased plants are 
drastically reduced in weight but show no characteristic symptoms. 

The pathogen: Barley yellow dwarf virus (BYDV). The virus is a 
polyhedral particle about 22 nm in diameter (Fig. 226B). The virus con
centration in infected plants is very low,- 1 liter of plant juice contains 
only about 25 to 50 micrograms (/zg) of virus. The thermal inactivation 
point of BYDV appears to be between 65 and 70°C. Barley yellow dwarf 
virus is not mechanically transmissible to plants and, therefore, its chem
ical and most of its physical properties are unknown. The virus, however, 
is transmitted by dodder, and in nature it is readily transmitted by 
insects. At least 14 species of aphids (Fig. 216) serve as vectors of BYDV, 
including the apple green aphid [Rhopalosiphum fitchii), the English grain 
aphid (R. maydis), and the green bug [Schizaphisgraminum). Most aphids 
require an acquisition feeding period of about 24 hours and an inoculation 
feeding period of 4 to 8 hours or more. Some of the aphid vectors seem to 
be much more efficient vectors of BYDV than others. BYDV is 
circulative in its vectors, all viruliferous aphids remaining so for 2 to 3 
weeks. The virus is not passed from adults to their progeny, but it does 
persist through molting. Barley yellow dwarf virus can be transmitted 
mechanically from aphid to aphid by injection of infectious extracts but 
not from aphid to plant. 

Barley yellow dwarf virus consists of numerous strains which differ in 
their relative virulence on different host varieties, in the symptoms they 
produce, and in their transmission by different aphid vectors. 

Development of disease. Barley yellow dwarf virus in the northern 
areas overwinters in perennial grass hosts while in the south it may 
overwinter in annual grasses and fall-sown cereals and in viruliferous 
adult aphids. The spread of the virus depends on the spread of the aphid 
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vectors. In a few areas, such as parts of Oregon and Washington, the 
climate is favorable or tolerable for some of the aphid vectors throughout 
the year and they annually carry the virus from wild grasses to cultivated 
cereals causing frequent outbreaks of the disease and subsequent serious 
losses. In most of the other main cereal-producing areas of the U.S. and 
Canada, the winter temperatures are too low to allow overwintering of 
the adult aphids, but they can overwinter in the egg stage. It appears, 
however, that the aphid populations resulting from eggs is rather small, 
and since they must first feed on virus-infected perennial grasses in order 
to become viruliferous, the rate of BYDV spread by them is rather limited 
and does not result in severe outbreaks of the disease unless weather 
conditions become extremely favorable for aphid multiplication and a 
virus reservoir is plentiful and readily accessible to the aphids. The worst 
epidemics, however, develop from virus brought into cereal fields in the 
spring by viruliferous aphids migrating northward from the south. Winter 
survival of large populations of aphids in north Texas and Oklahoma, 
followed by properly timed south winds, could move the aphids north
ward in stages so as to capitalize on the northward progression of spring 
and the successive appearance of wheat, oat, and other susceptible grass 
seedlings on which these aphids thrive. Barley yellow dwarf epidemics 
generally occur when the spring and early summer weather is cool and 
moist. 

Following inoculation of a grass plant with BYDV by a viruliferous 
aphid, the first symptoms appear within 7 to 28 days, the shorter incuba
tion periods occurring at lower temperatures (about 16°C), and the longer 
periods at about 27°C. The severity of symptoms is also greater at 16°C, 
while at 27°C they are mild and at 32°C they are masked. 

The stage of host development at the time of infection is a crucial 
factor in disease development. The most severe symptoms result only 
from infection of the annual cereals in the seedling stage. Infected seed
lings may die as in a seedling "blight" or they may survive for a time with 
the third or fourth leaf emerging distorted. Such plants usually fail to 
head, and if they do, the inflorescence and entire plant are extremely 
small. In later stages of infection, in which the virus has progressively 
less time in which to affect the host, the disease severity is reduced 
proportionately, and only the last formed leaf may show mild symptoms. 
In fall-sown cereals, BYDV infections increase winter killing of plants as 
well as reduce yields, and the effects are much more pronounced in young 
seedling infections than in infections of more developed plants. 

Control. Control of barley yellow dwarf through control of the aphid 
vectors with insecticides has been attempted repeatedly, but the results 
have been disappointing. 

The main hope for control of BYDV is the use of resistant varieties. Most 
of the commercial varieties of oats, barley, and wheat commonly grown 
in the United States are susceptible to BYDV, but some are less suscepti
ble than others. A number of varieties have been found or developed that 
show some resistance to BYDV. An extensive breeding program to develop 
varieties of the three main cereals that can withstand heavy barley yellow 
dwarf epidemics is presently being carried out. 
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• Necrotic Ring Spot of Stone Fruits 

Necrotic ring spot occurs worldwide in temperate regions. The disease 
affects most cultivated stone fruits, including sour cherry, cherry, al
mond, peach, apricot, and plum, many wild and flowering cherries, 
peaches, and plums, and also some ornamental species such as rose. 
Necrotic ring spot virus is present in all trees infected with cherry yel
lows (prune dwarf virus) and it is frequently associated with other viruses. 

Necrotic ring spot is the most widespread virus disease of stone fruit 
trees. In the fruit producing areas almost all orchard trees in production 
are infected. The losses caused by necrotic ring spot vary with the Prunus 
species or variety affected and with the time from inoculation with the 
virus. Successful commercial budding is lower in combinations in which 
the bud or the rootstock carry the virus than when both are virus free or 
virus infected. The growth of virus-infected trees may be reduced by 10 to 
30 percent or more, while the yield of virus-infected trees may be 20 to 56 
percent or more lower than that of healthy trees. Trees affected with 
necrotic ring spot also show increased susceptibility to winter injury. 

Symptoms. The first symptoms appear as a pronounced delayed foli
ation of individual branches or entire trees. Leaves on affected branches 
are small and show light green spots and dark rings 1 to 5 mm in 
diameter. In later stages of the disease affected areas may become ne
crotic, fall out, and give a "shredded leaf" or "tatter-leaf" effect (Fig. 227 
A). Such symptoms, called shock or acute symptoms, are usually limited to 
the first leaves that unfold, while leaves formed later generally do not 
show marked symptoms. Affected trees, however, usually have fewer 
leaves and therefore have a thin appearance. 

Blossoms of affected trees have short or no pedicels, the calyx and 
corolla may be twisted and distorted, and the sepals may develop chloro
tic or necrotic rings or arcs. Such severely affected blossoms ordinarily do 
not set fruit and occasional fruits also develop small rings similar to those 
on the leaves. 

As a rule, trees severely affected one year show few or no symptoms in 
subsequent years except for the thinness of foliage. If severe symptoms 
are present only on a few branches the first year, other branches may 
show striking symptoms the following year. In many areas, however, 
trees may continue to show striking ring symptoms and wavy leaf mar
gins for 4 to 6 years or more. 
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FIGURE 227. 
(A) Necrotic ringspot symptoms ("shock" phase) in sweet cherry. (B) Local lesion 
reactions of two PNRV strains in watermelon cotyledons about 10 days after 
inoculation. (C) Cucumber plants inoculated with sap from cherry infected with a 
mild (middle) and a severe (right) strain of PNRV. Healthy plant at left. (Photos 
courtesy R. M. Gilmer.) 

The pathogen: Prunus necrotic ringspot virus (PNRV). Necrotic 
ringspot virus is a small polyhedral particle about 23 nm in diameter. The 
virus is very unstable in undiluted plant extracts, beginning to lose 
infectivity within a few minutes and being completely inactivated in a 
few hours. The thermal inactivation points for various isolates of PNRV 
range between 55 and 62°C. 

PNRV can be transmitted by budding and grafting and by sap from 
virus-infected tree leaves or petals to leaves of cucumber and of several 
other herbaceous plants (Fig. 227B,C). PNRV is transmitted through seed, 
the percentage of transmission varying among various species from 5 to 
70 percent. The virus is also transmitted through pollen to seeds and to 
pollinated plants. No insect vector of PNRV is known, but a mite, Vas-
ates fockeui, and a nematode, Longidorus macrosoma, have been re
ported to transmit this virus. 

Development of disease. The virus overwinters in infected stone 
fruit trees from which it spreads to healthy trees in the spring primarily 
through infected pollen. PNRV spreads very slowly in orchards under four 
years old, but can spread very rapidly in older orchards, probably because 
older trees have more bloom and therefore are much more subject to 
infection through pollen than young ones. PNRV can spread over a dis
tance of at least 800 meters, but most infections occur within 15 meters 
of a known infected tree. Symptoms on trees infected by virus-infected 
pollen usually develop in the spring one year after inoculation. 
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Although PNRV becomes systemic and spreads throughout the tree in 
one or, at most, two seasons, it is not known whether the virus moves 
from cell to cell, is spread through the phloem, or both. The virus seems 
to move in the tree at first upward from the point of inoculation, then on 
parts below this point along a direct path to the base of the tree without 
affecting side branches. Leaf buds that are just opening at the time the 
virus reaches them react with development of acute symptoms. Leaves 
that are fully opened at the time of invasion by the virus develop no 
symptoms during that growing season. Invasion of the new buds formed 
at the base of these leaves results in symptoms the following spring when 
the buds will produce new leaves or flowers. The virus, however, even in 
systemic infections, does not invade all parts of the tree, but it may leave 
short gaps along twigs or branches and therefore some buds may be virus 
free although the entire tree seems to be virus infected. 

Control. The control of necrotic ringspot of stone fruits is based 
almost exclusively on starting with virus-free nursery stock and on 
eliminating PNRV-infected Prunus trees from the area where the virus-
free trees are grown. 

FIGURE 228. 
Indexing of PNRV on Shirofugen. (A) Buds grafted on twig on left were virus free 
and are growing. Buds grafted on other twigs were infected with PNRV, caused 
local necrosis on Shirofugen, and failed to grow. (B) Necrosis of bark around the 
areas on which PNRV-infected buds had been grafted (right), compared to 
healthy (left). (C) Localized necrosis and gummnag on Shirofugen inoculated 
with PNRV. (Photos A and Β courtesy Dept. Plant Pathol., Cornell Univ. Photo 
C courtesy R. M. Gilmer.) 
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The production of virus-free nursery stock depends on the use of 
rootstock seedlings derived from virus-free seed and of scion buds derived 
from virus-free trees of the desired variety. Since no PNRV symptoms are 
usually present on trees several years after infection, the mother trees 
providing the seed or the buds are indexed on PNRV-sensitive indicator 
hosts which reveal the presence or absence of PNRV in the mother trees. 
The indicator hosts most commonly used for detection of PNRV are 
seedlings of peach, Prunus tomentosa, or cucumber, and limbs of 
Shirofugen flowering cherry (Prunus serrulata). Peach, P. tomentosa, 
and Shirofugen are inoculated with buds taken from the trees being 
indexed and inserted into the stem of the seedlings or along the limbs of 
Shirofugen. Inoculated peach and P. tomentosa seedlings produce shock 
symptoms on the foliage and dieback of terminals, while inoculated 
limbs of Shirofugen produce a local necrotic reaction around the inserted 
buds (Fig. 228). Cucumber seedlings are inoculated at the cotyledon stage 
with sap obtained from immature leaves of the suspected trees and react 
by producing local lesions, systemic mottling, or death of the cucumber 
seedlings (Fig. 227 B,C). Seed or scion mother trees indexing positive for 
PNRV are destroyed; those indexing negative for PNRV are used for 
propagation, but they must be reindexed annually or biannually since 
they may become infected with the virus through virus-infected pollen. 

After a new orchard has been established with virus-free trees, it is 
necessary to remove all wild Prunus trees from a radius of about 200 
meters around the periphery of the orchard to avoid spread of the virus 
into the orchard. A new orchard should not be planted next to an older 
one containing infected trees, and any infected trees appearing in the new 
orchard should be removed immediately to prevent further spread of the 
virus in the orchard. 
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• Tristeza Disease of Citrus 

Tristeza occurs in all citrus-growing areas of the world. Tristeza affects 
practically all kinds of citrus plants but mostly orange, grapefruit, and 
lime. 

Tristeza causes collapse and decline of trees through a more or less 
sudden wilting and drying of the leaves followed by death of the tree or by 
dieback of twigs and partial recovery. Many host plants of tristeza de
velop stem pitting, followed by poor growth and decline of the tree. 
Although certain citrus trees can be affected by tristeza even when they 
are grown on their own roots (seedlings), tristeza causes its most severe 
damage on trees budded or grafted to rootstocks of certain other species, 
e.g., sweet orange trees growing on sour orange rootstocks. Losses from 
tristeza vary greatly with the particular scion-rootstock combination 
grown in a particular area, the strain of the tristeza virus, and the abun
dance and efficiency of the vectors. In the first 15 years from the discov
ery of the disease in California, almost 400,000 trees were destroyed or 
made worthless by tristeza even before the disease had invaded some of 
the important citrus-growing areas. In the state of Sao Paolo, Brazil, 
9,000,000 trees or about 75 percent of the orange trees of the state were 
destroyed by tristeza within 12 years from the appearance of the disease 
in that state. 

Symptoms. Tristeza symptoms vary on different hosts and even on 
the same hosts if they are grown on different rootstocks. The typical 
tristeza symptoms appear as a quick or chronic decline of trees budded on 
susceptible rootstocks (Fig. 229, A-C), but seedling or budded trees may 
also develop stem pitting (Fig. 229E), and seedling trees of various vari
eties may develop yellows symptoms (see Fig. 229D). 

The typical tristeza symptoms in older orange trees (Fig. 229, A-C) 
appear as suppression of new growth and bronzed to yellow leaves that 
tend to stand upright. As the disease progresses, the older leaves begin to 
fall, abscission often taking place between the petiole and the leaf blade, 
leaving the twigs defoliated or with a few younger leaves. Twigs begin to 
die back from the tip and later smaller limbs die and only a few weak 
shoots on the main limbs still have leaves. Twig growth becomes weaker 
each season until the tree dies, but some trees seem to linger on for many 
years. In some cases, affected trees collapse quickly following a sudden 
wilting and drying of the leaves. Tristeza-affected trees also show root 
symptoms consisting of a marked depletion of starch (Fig. 229F), death 
and decay of the feeder rootlets, and the injury later extends to the larger 
roots. 

Seedlings and budded trees of many different varieties of citrus, espe
cially lime and grapefruit, develop stem pitting as a result of infection 
with tristeza. Stem pitting consists most commonly of longitudinal 
grooves or depressions in the stem paralleling the grain of the wood (Fig. 
229E). Stem pitting symptoms are always associated with decreased vigor 
of the trees, poor bushy growth, and small and distorted fruit. 

Seedlings of certain citrus species, e.g., sour orange, lemon, grapefruit, 
and citron, when inoculated with tristeza develop the so-called seedling 
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FIGURE 229. 
Tristeza disease of citrus. (A) Healthy and diseased sweet orange trees, the latter 
showing quick decline. (B) Chronic decline of sweet orange tree. (C) Vein clearing 
of Mexican lime trees caused by tristeza. (D) Effects of three different isolates 
(A-C) of tristeza on Eureka lemon seedlings. Healthy seedling at right. (E) 
Stem pitting symptoms on Mexican lime caused by tristeza. (F) Split trunks and 
roots of sweet orange on sour orange rootstock treated with potassium iodide and 
showing absence of starch below bud union of tristeza-infected tree and normal 
starch throughout in healthy tree. (Photos courtesy J. M. Wallace. Photo Β taken 
byL. J. Klotz.) 

yellows symptoms. The leaves produced subsequent to inoculation are 
small and yellow (Fig. 229D). Growth ceases after the first few leaves are 
formed, though a certain amount of restricted growth may occur at a later 
stage. 

The pathogen: Citrus tristeza virus. The citrus tristeza virus is one 
of the longest plant viruses, appearing as a threadlike particle, approxi
mately 2000 nm long by 12 nm in diameter, and is present only in phloem 
cells. The virus is not transmitted mechanically but is transmitted by 
grafting and, in nature, by insects. The insect vectors of tristeza are all 
aphids, the most important vector being the tropical citrus aphid, T o x -
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optera citricidus. The tristeza virus is stylet borne; its vectors become 
viruliferous after feeding for a few seconds and transmit the virus after 
equally short feedings. 

Tristeza virus exists in nature in numerous strains. At least three 
distinct strains inducing typical tristeza symptoms are known, and many 
are known to induce the stem-pitting or yellows syndrome or both. Each 
strain may infect trees alone or in combination with one or more of the 
others. 

Development of disease. The citrus tristeza virus or virus complex is 
widely distributed among citrus trees in the citrus-growing areas. In some 
localities 1 0 0 percent of the trees carry the virus. The spread of the virus 
is accomplished readily through the use of tristeza-infected propagative 
material, both scion and rootstocks, and through the insect vectors. The 
tristeza virus is not transmitted through seed. 

Infection of citrus plants with tristeza virus apparently occurs only 
when the virus is introduced into phloem sieve tubes. The virus seems to 
be limited to a few of the phloem cells in each bundle and this may 
account for the ability of a second strain of the virus to infect the same 
plant by multiplying in some of the remaining phloem cells. 

Following infection of citrus plants with the tristeza virus, cells adja
cent to a sieve tube begin to degenerate and become necrotic. In hosts 
that develop stem pitting, the degeneration spreads first into the cam
bium and inhibits the formation of normal xylem and phloem cells. The 
tissue produced in the lesion is soft and disorganized and usually remains 
attached to the bark so that when the bark is removed it leaves a pit in the 
wood. In some feeder roots the cambium is affected in its entirety rather 
than in localized areas, and therefore no normal xylem or phloem is 
produced after the infection. 

In hosts that develop seedling yellows, the degeneration appears in 
cells adjacent to phloem sieve tubes which in leaves and stems are only 
midly affected, but most of those in feeder roots become extensively 
necrotic. Abnormal cambium activity and phloem formation are followed 
by the eventual deterioration of entire clusters of feeder roots. 

In trees budded to rootstocks on which typical tristeza symptoms 
develop, sieve-tube necrosis appears below the bud union about 7 or 8 
months after inoculation with the virus and top symptoms about 10 to 23 
months later. During this time the root tissues utilize and finally exhaust 
the reserve starch previously stored in them (Fig. 229F). Also, during the 
growing season, new phloem is produced intensively and functions for a 
time before becoming necrotic. When the reserve starch is finally de
pleted, the roots rot and decline, or collapse follows. 

Tristeza is primarily a disease of citrus trees on sour orange stocks 
caused by a virus that is transmitted by grafting and by some kinds of 
vectors. The tristeza symptoms shown by scion trees of certain combina
tions of scion and rootstock are due not to the susceptibility of the scions 
but to harmful effects produced by the virus on the phloem cells of the 
rootstock just below the union. 

Control. Control of tristeza disease on existing plantings of suscepti-
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ble scion-stock combinations is very difficult or impossible. In tristeza-
affected areas, some success has resulted from top working the existing, 
still healthy sweet orange trees on sour orange rootstocks to tristeza-
resistant tops such as lemon, and also from changing existing trees over 
to resistant rootstocks by inarching. Both practices, however, are expen
sive and time consuming, and their success is influenced by several 
factors, particularly environment. For these reasons it is generally more 
satisfactory and economical to remove susceptible trees after they be
come infected and to replant with a resistant combination. 

Avoiding losses in new citrus plantings depends mainly on the use of 
tolerant scion-stock combinations. The rootstocks most generally rec
ommended are sweet orange, Rough lemon, Cleopatra mandarin, and 
Troyer citrange. Rootstocks of several other species or varieties are also 
tolerant to tristeza, but they are objectionable because of their suscepti
bility to other viruses or to root diseases caused by other pathogens. 
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plant diseases 
caused by viroids 

To date, five plant diseases, potato spindle tuber, citrus exocortis, 
chrysanthemum stunt, chrysanthemum chlorotic mottle, and cucumber 
pale fruit, have been shown to be caused by viroids. A sixth plant disease, 
the cadang-cadang disease of coconut palms, is presently suspected to be 
caused by a viroid. So far, among the animal and human diseases, only the 
scrapie disease of sheep is suspected to be caused by a viroid. It is likely, 
however, that viroids will be soon implicated as the causes of several 
"unexplained" diseases in plants, animals, and humans. Almost all the 
information on viroids up to now has been obtained from studies with the 
potato spindle tuber viroid and the citrus exocortis viroid. 

Viroids are small, low-molecular-weight ribonucleic acids (RNA) that 
can infect plant cells, replicate themselves and cause disease (Fig. 230). 
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FIGURE 230. 
Electron micrograph of potato spindle tuber viroids (arrows) mixed with a 
double-stranded DNA of a bacterial virus (T7) for comparison. (Photo taken by T. 
Koller and J. M. Sogo, and supplied by courtesy of T. O. Diener.) 

Viroids differ from viruses in at least two main characteristics: (1) the size 
of RNA, which has a molecular weight of 75,000 to 120,000 in viroids 
compared to 1,000,000-10,000,000 for self-replicating viruses, (2) the fact 
that virus RNA is enclosed in a protein coat while the viroids lack a 
protein coat and apparently exist as free RNA. 

The small size of RNA of viroids indicates that they consist of about 
250 to 350 nucleotides and therefore lack sufficient information to code 
for even one enzyme (replicase) that may be required to replicate the 
viroid. The existence of viroids as free RNAs rather than as nucleopro-
teins necessitates the use of quite different methods of extraction, isola
tion, and purification than those used for viruses, and makes their vis
ualization with the electron microscope extremely difficult even in 
purified preparations, while in plant tissues or plant sap their detection 
with the electron microscope is currently impossible. 

Viroids appear to be short, single-stranded RNA molecules with exten
sive base-pairing in parts of the RNA strand. The base-pairing results in 
some sort of hairpin structure with single-stranded and double-stranded 
regions on the same viroid. Although viroids have many of the properties 
of single-stranded RNAs, at least one of them, the potato spindle tuber 
viroid, which has been seen with the electron microscope, appears about 
50 nm in length and has the thickness of double-stranded DNA rather 
than single-stranded RNA (Fig. 230). 

Viroids seem to be associated with the cell nuclei, particularly the 
chromatin, and, possibly, with the endomembrane system of the cell. 
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How viroids replicate themselves is still not known. Their small size 
is barely sufficient to code for a very small protein and such a protein 
would be considerably smaller than known RNA polymerase (replicase) 
subunits and would therefore be unable to carry out the replication of the 
viroid. Besides, viroids have been shown to be inactive as a messenger 
RNA in several in vitro protein-synthesizing systems and no new pro
teins could be detected in viroid-infected plants. It is known, however, 
that at least 60 percent, and possibly all, of the potato spindle tuber viroid 
hybridizes with the host plant DNA, i.e., 60 percent or more of the 
sequence of the bases of the viroid correspond to a complementary se
quence of bases on a segment of the DNA of the host. This suggests that 
the capacity to reproduce viroids is encoded in part of the DNA of the 
host plant. Presumably, the genetic information in that segment of the 
host DNA is completely repressed in uninoculated organisms and is 
triggered to action by the introduced viroid RNA or by the protein coded 
by it. Other possible mechanisms of viroid replication may involve: (1) 
the production of a new DNA as a consequence of infection, the viroid 
RNA then being synthesized from this DNA in the usual way; (2) the 
viroid RNA replicates itself by having the small protein for which it can 
code combine with one or more proteins of the cell and produce a large 
enough specific enzyme (replicase) that can carry out the replication of 
the viroid. 

How viroids cause disease is also not known. Viroid diseases show a 
variety of symptoms (Fig. 231) that resemble those caused by virus infec
tions. The amount of viroids formed in cells seems to be extremely small 
and it is therefore unlikely that they cause a shortage of RNA nucleotides 
in cells. Besides, as with viruses, many infected hosts show no obvious 
damage although viroids seem to be replicated in them as much as in the 
sensitive hosts. So, viroids apparently interfere with the host metabolism 
in ways resembling those of viruses but which ways are also unknown. 

Viroids are spread from diseased to healthy plants primarily by 
mechanical means, i.e., through sap carried on the hands or tools during 
propagation or cultural practices and, of course, by vegetative propaga
tion. Some viroids, e.g., potato spindle tuber, chrysanthemum stunt, and 
chrysanthemum chlorotic mottle viroids, are transmitted through sap 
quite readily while others, e.g., citrus exocortis, are transmitted through sap 
with some difficulty. Some viroids, e.g., potato spindle tuber, are trans
mitted through the pollen and seed in rates ranging from 0 to 100 percent. 
No specific insect or other vectors of viroids are known although viroids 
seem to be transmitted on the mouthparts or feet of some insects. 

Viroids apparently survive in nature outside the host or in dead plant 
matter for periods of time varying from a few minutes to a few months. 
Generally, they seem to overwinter and oversummer in perennial hosts, 
which include the main hosts of almost all known viroids. Viroids are 
usually very resistant to high temperatures and cannot be inactivated in 
infected plants by heat treatment. 

Control of diseases caused by viroids is based on the use of viroid-free 
propagating stock, removal and destruction of viroid-infected plants, and 
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FIGURE 231. 
Kinds of symptoms caused by viroids. 

washing of hands or sterilizing of tools after handling viroid-infected 
plants, before moving on to healthy plants. 

• Potato Spindle Tuber 

The potato spindle tuber disease occurs in the U.S. and Canada, Russia, 
and South Africa. It causes quite severe losses and, in some regions, it is 
one of the most destructive diseases of potatoes. It attacks all varieties, 
spreads rapidly, and often occurs in combination with virus diseases. It 
also attacks tomato but seems to be of little economic importance in that 
crop. 

Symptoms. Infected potato plants appear erect, spindly and dwarfed 
(Fig. 232). The leaves are small and erect and the leaflets are darker green 
and sometimes show rolling and twisting. The tubers are elongated, with 
a cylindrical middle and tapering ends. Tubers are smoother, with a more 
tender skin and flesh, but tuber eyes are more numerous, more conspicu
ous and shallower. Yields are reduced considerably, often by 25 percent or 
more. Susceptible tomato plants are stunted and have smaller rugose 
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FIGURE 232. 
Symptoms caused by potato spindle tuber viroid. (A) Diseased potato plant (left) 
showing stunted and upright growth. (B) Diseased tubers (below) are spindle 
shaped and smaller, compared to healthy tubers (above). (C) Tomato plants 
cultivar Rutgers. L: Healthy. R: Twenty days after inoculation with potato 
spindle tuber viroid. (Photo C courtesy T. O. Diener.) 

leaves with necrosis of petioles and veins. Diseased tomatoes have a 
bunchy-top appearance. 

The pathogen: Potato spindle tuber viroid (PSTV). It is the first 
recognized viroid and many of its properties are still being elucidated. 
PSTV is an infectious RNA of low molecular weight, approximately 
80,000 daltons. The RNA is a single-stranded molecule with extensive 
regions of base pairing. Under the electron microscope, purified but ap
parently denatured PSTV appears as short strands about 50 nm long and 
has the thickness of a double-stranded DNA (Fig. 230). Sap from infected 
plants is still infective after dilution of 1:1000 to 1:10,000, and after 
heating for 10 minutes at 75 to 80°C. PSTV is quickly inactivated in 
expressed sap of infected plants but the infectivity can be preserved by 
treatment of the sap with phenol. Phenol inhibits the activity of the 
enzyme ribonuclease that breaks down the viroid RNA. 

PSTV is mechanically transmissible and is spread primarily by knives 
used to cut healthy and infected potato "seed" tubers and during handling 
and planting of the crop. PSTV seems to also be transmitted by pollen and 
seed and by several insects including some aphids, grasshoppers, flea 
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beetles, and bugs. Insect transmission is apparently nonspecific and inci
dental, i.e., on contaminated mouthparts and feet of insects visiting the 
plants. 

Development of disease. Following inoculation of a tuber with 
PSTV by means of a contaminated knife, or of a growing plant with sap 
from an infected plant, the viroid replicates itself and spreads systemi-
cally throughout the plant. There is no information on the mechanism of 
replication or spread of the viroid within the plant nor on the mecha
nism! s) by which the viroid brings about development of symptoms in 
infected plants. 

Control. Potato spindle tuber can be controlled effectively by plant
ing only PSTV-free potato tubers in fields free of diseased tubers that may 
have survived from the previous year's crop. 

• Citrus Exocortis 

Exocortis is worldwide in distribution and affects trifoliate oranges, cit-
ranges, Rangpur and other mandarin and sweet limes, some lemons, and 
citrons. Orange, lemon, grapefruit, and other citrus trees grafted on 
exocortis-sensitive rootstocks show slight to great reductions in growth, 
and yields are reduced by as much as 40 percent. 

Symptoms. Infected susceptible plants show vertical splits in the 
bark and narrow, vertical, thin strips of partially loosened outer bark that 
give the bark a cracked and scaly appearance (Fig. 233). Since many of the 
exocortis-susceptible plants, such as trifoliate orange, are used primarily 
as rootstocks for other citrus trees, and because the scions make poor 
growth on such rootstocks, the enlarged, scaly rootstocks have given the 
disease the name "scaly butt." Infected exocortis-susceptible plants may 
also show yellow blotches on young infected stems, and some citrons 
show leaf and stem epinasty, and cracking and darkening of leaf veins and 
petioles. All infected plants usually appear stunted to a smaller or greater 
extent and have lower yields. 

The pathogen: Citrus exocortis viroid (CEV). It is apparently similar 
to, but not identical with the potato spindle tuber viroid. CEV is readily 
transmitted from diseased to healthy trees by budding knives, pruning 
shears, or other cutting tools, by hand, and possibly by scratching and 
gnawing of animals,- CEV is also transmitted by dodder and by sap to 
Gynura, Petunia, and other herbaceous plants. On contaminated knife 
blades CEV retains its infectivity for at least 8 days and, when partially 
purified, CEV remains infective at room temperature for several months. 
The thermal inactivation point of extracted sap is about 80°C for 10 
minutes, but partially purified CEV remains infectious even after boiling 
for 20 minutes. The viroid also survives brief heating of contaminated 
blades in the flame of a propane torch (blade temperature about 260°C!) 
and flaming of blades dipped in alcohol. The viroid also survives on 
contaminated blades treated with almost all common chemical sterilants 
except sodium hypochlorite solution. 

Development of disease. CEV survives in most citrus and many 
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FIGURE 233. 
Exocortis symptoms on the trifoliate rootstock portion of an orange tree. (Photo 
courtesy L. C. Knorr, Agric. Res. Educ. Center, Lake Alfred, Fla.) 

herbaceous hosts and is spread to healthy citrus plants by budding or 
grafting and by contaminated cutting tools or other cultivating equip
ment. The viroid apparently enters the phloem elements and spreads in 
them throughout the plant. The viroid seems to be associated with the 
nuclei and internal membranes of host cells and results in aberrations of 
the plasma membranes. Although the viroid apparently lacks the ability 
to serve as a messenger molecule or as an amino acid acceptor, it brings 
about several metabolic changes in infected plants. These changes in
clude an increase in oxygen uptake and respiration, and also in sugars and 
certain enzymes. Marked changes also occur in several amino acids. 

Control. Exocortis can be controlled only by propagating exocortis-
free nursery trees from certified healthy foundation stock and use of 
sanitary budding, nursery, and field practices. Tools should be disinfected 
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between cuts into different plants by dipping in a 10 to 20 percent 
solution of household bleach (sodium hypochlorite). 

• Chrysanthemum Stunt 

It occurs in the U.S., Canada, England, and the Netherlands. It causes 
mild to severe losses in florists' and garden-type chrysanthemums and, 
unless closely watched, it can reach epidemic proportions. 

Chrysanthemum plants and their flowers are smaller, paler, and of 
inferior quality compared to normal ones. Some flowers may appear 
bleached. Diseased flowers open 7 to 10 days earlier than normal. Axil
lary buds often grow prematurely and produce an excessive number of 
branches and stolons. Some varieties show white flecks or yellow 
blotches on the leaves. Cuttings from infected plants root poorly. 

The pathogen: Chrysanthemum stunt viroid (ChSV). It is transmitted 
through sap. It has a dilution end point of 10" 4, a thermal inactivation 
point of 96 to 100°C for 10 minutes and retains its infectivity for 2 
months in sap and for 2 years in dried leaves. ChSV is spread readily in sap 
carried on the fingers or on knives or tools used during cultural practices 
such as pruning or pinching plants, taking cuttings, cutting flowers, etc. 
ChSV is not transmitted by insect or other vectors. ChSV moves slowly 
through a plant, often taking 5 to 6 weeks to move out of an inoculated 
leaf into the stem, and new symptoms develop 3 to 4 months from 
inoculation. ChSV survives mainly in infected plants which, being pe
rennial, carry it over to the next season. Plants may also be contaminated 
with ChSV surviving in dead plant parts in the soil. 

Control of ChSV is obtained only through use of certified viroid-free 
propagating stock. Plants infected with ChSV should be removed and 
destroyed. 
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