
C H A P T E R 3 

Variability 
in Plant 
Pathogens 

O NE O F the most dynamic and significant aspects of biology is that 
characteristics of individuals within a species are not " f ixed" in their 
morphology and physiology but vary from one individual to another. 
This is certainly obvious among higher organisms, such as human 
beings, where hardly two individuals among billions are exactly alike 
in all possible characteristics. As a matter of fact, all individuals pro
d u c ed as a result of a sexual process are expected to b e different from 
each other and from their parents in a number of characteristics, al
though they retain most similarities with them and be long to the same 
species. Whe n individuals are produced asexually, i.e., in the absence 
of a sexual process, as is the case of vegetative propagation of higher 
plants and of the overwhelmingly asexual reproduction of fungi, bac
teria, and viruses, the frequency and d e g r ee of variability among the 
progeny is r educed greatly. E v en then, however, certain individuals 
among the progeny may show different characteristics since, upon 
multiplication, like may b e g e t like (by far the largest percentage) or 
like may b e g e t unlike (a very small percentage). 
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Stages and Types of Variation 

Whe n any one of the progeny exhibits a characteristic that is differ
ent from those present in the parental individual or individuals, this 
individual is called a variant. T h e population of genetically identical 
individuals produced by the latter is cal led a biotype. Several bio-
types may b e grouped together on the basis of certain of their common 
characteristics, and then they form a race or a strain. Races or strains of 
plant pathogens are usually dist inguished from each other on the basis 
of their pathogenicity (ability to cause d isease) on certain se lected 
differential varieties of a host plant. Whe n groups of morphologically 
similar races of a pathogen can each infect a different species of host 
plants, then each of these groups of races is called a variety or a special 
form (forma specialis) of the pathogen. All varieties or special forms, 
the individuals of which are generally alike morphologically, form the 
pathogen species. Thus in the spec ies Puccinia graminis, which 
causes stem rust of wheat, there are at least six varieties (P. graminis 
tritici, P. g. secalis, P. g. avenae, etc.). Puccinia graminis tritici con
sists of more than 200 races, (race 1, race 15, race 59, etc.), and each 
race consists of several biotypes (race 15A, 15B, etc.). 

Although the variant may vary from the parent(s) and the other pro
geny in more than one characteristic, the s implest case is that in which 
one change may appear. This may involve change in any conceivable 
biological characteristic, such as color, shape, rate of growth, rate of 
reproduction. Furthermore, a pathogen may exhibit changes in host 
range, i.e., it may b e able to attack a variety of the host plant not previ
ously attacked by the parent(s), or in virulence, i.e., it may produce a 
milder or much more severe d isease than d id the parent(s). Changes 
in morphological or even in some physiological characteristics of 
pathogens, although interesting, are of little irhportance in plant pa
thology. When , however, the changes affect the ability of the pathogen 
to grow and multiply, or its virulence, host range, or any other charac
teristic associated with the ability of the pathogen to cause d isease, 
such changes b e c o me of paramount importance to plant pathologists 
in their efforts to produce disease-free plants. 

Most changes in characteristics of pathogens are brought about in 
nature by chance and the frequency of changes favorable to the patho
gen approximately equals the frequency of unfavorable ones. T h e 
probability, however, that a strain of a pathogen more virulent than 
the parent(s) will b e produced is lower than the probability that the 
variant strain will b e less virulent than the parent(s). This is so be-
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cause the loss of any one of several necessary attributes for pathoge
nicity will reduce virulence while one positive change will improve 
virulence only if all other essential factors are also present. However, 
a strain less virulent than the parental strain will not b e able to com
pete with the existing more virulent one and will soon disappear; or at 
best it may coexist with the parental strain but will never replace it. 
On the other hand, a strain more virulent than the parental strain will 
produce d isease more easily and will multiply better than the parent 
and will soon suppress and replace the parent strain or coexist with it. 
In some obligate parasites, however, if the more virulent strain causes 
rapid necrosis of the tissues, that strain automatically b e c o m es self 
limiting and prevents its own reproduction. In such a case, the strain 
is more virulent but less prevalent. 

Thus a ne w variant (which may be called biotype, strain, race, etc.) 
comes into existence, which may look exactly the same as the parental 
type(s) but behave differently as far as d isease production is con
cerned. T h e appearance of ne w pathogen variants is m a de even more 
dramatic when the change involves the host range of the pathogen. If 
the variant has lost the ability to infect a plant variety that is widely 
cultivated, this pathogen simply loses its ability to procure a liveli
hood for itself and will die without even making its existence known 
to us. If, on the other hand, the change in the variant pathogen enables 
it to infect a plant variety cultivated b e c a u se of its resistance to the 
parental strain, the variant individual, b e i ng the only one that can sur
vive on this plant variety, grows and multiplies on the ne w variety 
without any competition and soon produces large populations that 
spread and destroy the heretofore resistant variety. This is the way the 
resistance of a plant variety is said to b e "broken d o w n ," although it 
was the change in the pathogen, not the host plant, that brought it 
about. 

Mechanisms of Variability 

In pathogens, such as most fungi, parasitic higher plants, and nema
todes, which can, and usually do, reproduce by means of a sexual pro
cess, variation in the progeny is introduced primarily through segrega
tion and recombination of gene s during the meiotic division of the 
zygote. Bacteria too, however, and even viruses, exhibit variation 
which seems to be the result of a sexual-like process. Parasexual pro
cesses leading to variation are also known in many fungi. On the other 
hand, all pathogens, especially bacteria, viruses, and fungi, can and do 
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produce variants in the absence of any sexual process by means of 
mutations and, perhaps, by means of cytoplasmic adaptation. 

Variability during Sexual or Parasexual Processes 

HYBRIDIZATION 

Hybridization occurs whenever two haploid (IN) nuclei, containing 
slightly different genetic material, unite to form a diploid (2N) nucle
us, called a zygote. This in turn, divides either mitotically to produce 
diploid somatic cells as in the parasitic higher plants and in nema
todes, or meiotically to produce haploid somatic cells, as in most 
fungi. Hybridization is the combination of partly dissimilar gametic 
nuclei and the incorporation into the progeny of genetic characteris
tics der ived from both parents. T h e combined characteristics may b e 
either advantageous or harmful to the progeny, but in any case they 
always introduce variability among the progeny. 

Hybridization is the result of recombination of genetic factors dur
ing the meiotic division of the zygote. Dur ing meiosis the homologous 
chromosomes of the two parents align themselves parallel to each 
other in pairs. After the paired chromosomes have divided into chro
matids, genetic crossovers occur in which parts of chromatids (and the 
gene s they carry) of the one chromosome of the pair are exchanged 
with parts of chromatids of the other chromosome of the pair. In this 
way a recombination of the gene s of the two parental nuclei takes 
place in the zygote, and the haploid nuclei or gametes resulting after 
meiosis are different both from gametes that produced the zygote and 
from each other (Fig. 3). 

In pathogens with diploid somatic cells, such as the parasitic higher 
plants and the nematodes, the variability of the male gametes (pollen 
or spermatozoids, respectively) and of the female gametes (eggs) is 
carried to the zygote, which produces, mitotically, the diploid body of 
the pathogen. Thus every diploid pathogen individual is, generally, 
genetically different from any other pathogen, even within the same 
species. Furthermore, the gametes produced by such genetically dif
ferent individuals will also differ in some respects from their parents 
and from each other, and, therefore, the variability of the ne w individ
ual pathogens is continued indefinitely. 

In the sexually reproducing fungi, in which the mycelial cells con
tain one or several identical haploid nuclei, genetic crossovers also 
occur during the meiotic division of the zygote, and each gametic 
spore produced as a result of meiosis is again genetically different 
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from the parental individuals and from the other spores. S u b s e q u e nt 
asexual (mitotic) divisions of the haploid nuclei of the spores or myce
lium will result in genetically different groups of homogeneous indi
viduals which may produce large populations asexually until the next 
sexual cycle. Hybridization in fungi has b e e n studied most exten
sively in the pathogens causing the smuts and the rusts and in the ap
ple scab pathogen, Venturia inaequalis. Crosses have b e e n m a de ex
perimentally b e t w e en single spore isolates, races, varieties, species, 
and gener a of these pathogens, and hybridization of morphological, 
physiological, and pathogenic characteristics in the progeny has b e e n 
observed repeatedly. N ew virulent fungus races, s o me having a wider 
host range than either of the parents, have b e e n p r o d u c ed artificially. 
Hybrids combining some of the factors for pathogenicity of both par
ents can b e found in nature, and s o me can b e reproduced in the labo
ratory. 

HETEROKARYOSIS 

Heterokaryosis is the condition in which fungus hyphae or parts of 
hyphae contain nuclei that are genetically different. In one type of 
heterokaryosis, found primarily in the Basidiomycetes, two nuclei of 
opposite sex are paired upon fertilization of the hyphae by fusion, or 
other means, and divide simultaneously during the growth of the fun
gus, so that all the cells or spores subsequent ly produced by a dikary-
otic cell also have paired nuclei of opposite sex. T h e fungus stages in 
a dikaryotic state may differ drastically from the haploid mycel ium 
and spores of the fungus. Thus in Puccinia graminis tritici, the fungus 
causing stem rust of wheat, the haploid basidiospores can infect bar
berry but not wheat, and the haploid mycel ium can grow only in bar
berry, while the dikaryotic aeciospores and uredospores can infect 
wheat but not barberry and the dikaryotic mycel ium can grow in both 
barberry and wheat. 

In another type of heterokaryosis found in several groups of fungi, 
but which has b e e n studied most in the Imperfect Fungi, anastomoses 
form which connect the hyphae of two or more strains of the fungus, 
and nuclei from one hypha migrate through the hyphal br idges and 
b e c o me intermingled with the nuclei of the other hypha (Fig. 4). Fur-

F i g. 3. D i a g r a m m a t ic representation of variability in sexually r eproduc i ng organisms. 
As a result of crossing-over of h o m o l o g o us chromatids dur ing meios is, recombina
tion of genet ic material takes p l a ce a nd the result ing offspring individuals are dif
ferent from each other a nd from the parents. 
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F i g. 4. T h e formation of a n a s t o m o s es (A) b e t w e en adjacent h y p h ae l e a ds to e x c h a n ge 
of nuclei and heterokaryosis. 

ther mingling of nuclei occurs through differential nuclear division 
rates and by movement from cell to cell within the hypha. Such het-
erokaryons usually both appear and act differently from their original 
component strains. It has b e e n shown, for example, that when two 
nearly avirulent cultures of Fusarium, which causes wilt on peas, 
were al lowed to grow together and form heterokaryons, the latter 
were as virulent on peas as the virulent wild types. 

PARASEXUALISM 

Parasexualism is the process by which a system of genetic recombi
nations can occur within fungal heterokaryons. This comes about by 
the occasional fusion of the two genetically different haploid nuclei of 
the heterokaryon and the formation of a diploid nucleus. Multiplica
tion of the diploid nucleus by mitosis produces hyphae, spores, and 
cultures containing similar diploid nuclei. During multiplication, 
however, crossing-over occurs in approximately 1 out of 500 mitotic 
divisions and results in the appearance, eventually, of genetic recom
binants. This happens by separation of the diploid nuclei into their 
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haploid components (haploidization), which occurs at the rate of about 
1 in a 1000, and which results in the production of hyphae and cul
tures with haploid, recombinant, nuclei carrying genetic material of 
both original components of the heterokaryon. Studies in Fusarium 
and Puccinia s h o w ed that ne w strains or races with entirely ne w path
ogenic properties appeared among the recombinants as a result of par-
asexualism in heterokaryons formed b e t w e en two different patho
genic races of Fusarium or of Puccinia. 

S E X U A L - L I KE P R O C E S S ES IN B A C T E R I A - C O N J U G A T I O N, 
TRANSFORMATION, TRANSDUCTION 

Conjugation is the p h e n o m e n on in which two compatible bacteria 
come in contact with each other and a small portion of the genetic 
material of the one bacterium is transferred to the genetic material of 
the other. This process makes both bacteria genetically different from 
their predecessors and from each other and results in the production 
of ne w strains of bacteria with n e w properties. 

In transformation, bacterial cells are transformed genetically by 
absorbing and incorporating in their own cells genetic material se
creted by, or re leased during rupture of, other compatible bacteria. 
T h e incorporated genetic material changes the properties of the re
ceptor bacterium by the number of gene s a d d ed to it, and a ne w strain 
results. 

In transduction, a bacterial virus (bacteriophage or phage) transfers 
genetic material from the bacterium in which the phage was produced 
to the bacterium it infects next. If the second bacterium is not killed 
by the phage, the additional genetic substance is incorporated into the 
existing genetic material of the bacterium and is thereafter transmit
ted to its descendants, which constitute a ne w strain. 

G E N E T IC RECOMBINATION IN V I R U S ES 

Genet ic recombination (hybridization) b e t w e en virus strains has 
b e e n proposed to explain the results obtained when two strains of the 
same virus are inoculated into the same host plant. In several such 
paired inoculations, one or more ne w virus strains have b e e n re
covered with properties (virulence, symptomatology, etc.) different 
from those of either of the original strains introduced into the host. 
Although accumulating ev idence indicates that the ne w strains proba
bly are hybrids (recombinants), their appearance through mutation, 
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not hybridization, cannot yet b e ruled out, and, therefore, occurrence 
of genetic recombination in viruses is as yet uncertain. 

Variability in the Absence of Sexual or Parasexual Processes 

MUTATION 

Mutation is a more or less abrupt change in the genetic material of a 
cell, which is then transmitted in a hereditary fashion to the progeny. 
Mutations occur spontaneously in nature in all living organisms, those 
that reproduce only sexually or only asexually and those that repro
duce both sexually and asexually. Mutations apparently are the results 
of unavoidable but rather infrequent " a c c i d e n t s" that take place dur
ing cell division and result in irregularities in the replication or rear
rangement of minute parts of the genetic material of the cells. Muta
tions can also be induced at a high rate artificially by exposing the 
organisms to either physical agents such as ultraviolet light, X-rays, y-
rays, and extreme temperatures, or to highly reactive chemicals such 
as the nitrogen and sulfur mustards, epoxides, peroxides, phenols, and 
alkaloids. 

Mutations are recognized by the fact that the progeny of the individ
ual in which the mutation occurred exhibit a different morphological 
or physiological characteristic from the parental individual(s). Muta
tions are easier to discern during asexual reproduction, b e c a u se when 
they happen during sexual reproduction their occurrence is obscured 
by the variability always exhibited in the progeny as a result of genetic 
recombination. T h e frequency of mutation varies greatly with the 
species or even strain of the organism. Great differences also exist in 
the frequency with which a given kind of characteristic (e.g., color, 
pathogenicity) will mutate. Mutations usually occur singly —that is, 
each mutation affects one character and in one degree of magnitude — 
but multiple mutations for most morphological and physiological 
characters may occur in success ive steps or even concurrently. An in
dividual differing from its parent in one or more characters as a result 
of mutation is called a mutant and, following asexual reproduction, its 
descendents form a mutant biotype or strain. Characters produced as a 
result of mutation are inherited just as are any other characters, and 
may, therefore, recombine and segregate during the sexual cycle and 
lead to the production of hybrids with additional characters. 

Mutations in single-celled organisms, such as bacteria, in fungi with 
haploid mycelium, and in viruses, are expressed immediately after 
their occurrence. Most mutant factors, however, are usually recessive; 
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therefore, in diploid or dikaryotic organisms mutations for single fac
tors can remain unexpressed until the factors are brought together in a 
homozygous condition by hybridization in a hybrid combining double 
recess ive factors. 

S ince virulence is only one of the many characteristics of every 
pathogen, mutations for virulence occur rather infrequently, but, 
given the great number of progeny produced by pathogens, it is proba
ble that large numbers of mutants differing in virulence from their 
parent appear in nature every year. S ince mutations h a p p en by 
chance, however, it would b e expected that only about half of the 
mutants for virulence would b e more virulent than the parental strain. 
Also, only a small number of these will occur under conditions favor
ing their deve lopment and spread so as to make them dangerous. 
Nevertheless, considering that only a few genetically homogeneous 
varieties of each crop plant are planted continuously over enormous 
land expansions for a number of years, and considering the difficulties 
involved in shifting from one variety to another in short notice, the 
threat of new, more virulent, mutants appearing and attacking a previ
ously resistant variety is a real one. Moreover, once a ne w factor for 
virulence appears in a mutant, this factor will take part in the sexual or 
parasexual processes of the pathogen and may produce recombinants 
p o s s e s s i ng virulence quite different in d e g r ee or nature from that ex
isting in the parental strains. 

T h e occurrence of mutants for virulence has b e e n demonstrated in 
the laboratory and greenhouse, and in the field. For example, mutants 
of Cladosporium fulvum, the cause of leaf mold of tomato, were re
sponsible for the breakdown of resistance in tomato varieties intro
d u c ed for their resistance to existing races of the fungus. Similarly, 
mutants of Phytophthora infestans, the cause of late blight of potato, 
of Puccinia graminis, the cause of stem rust of wheat, and others ap
p e a r ed which attacked previously resistant varieties of their respec
tive hosts. On the other hand, avirulent mutants could b e produced 
artificially from virulent strains of Venturia inaequalis, the cause of 
apple scab, and these mutants could again b e m a de virulent by 
supplying them with a substance they could not synthesize them
selves. In bacteria, and in Pseudomonas stewartii, the cause of Stew
art's wilt of corn, in particular, it has b e e n shown that new, more viru
lent mutants a p p e a r ed after success ive p a s s a ge of the bacteria through 
highly resistant lines of corn and could b e detected on nutrient agar in 
culture. Production of mutants differing in virulence has also b e e n 
reported in several viruses, especial ly tobacco mosaic virus, although 
they s e em to vary mostly in the type of symptoms and the severity of 
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d isease they produce rather than in their ability to infect different host 
plant varieties. 

CYTOPLASMIC ADAPTATION 

Cytoplasmic adaptation or, simply, adaptation is the acquisition by a 
pathogen of the ability to carry out a physiological process which it 
could not before, or at least could not carry out effectively before. 
Thre e types of adaptations have b e e n shown in pathogens. Pathogens 
may acquire the ability to tolerate previously toxic substances, to uti
lize ne w substances for growth, and to change their virulence toward 
host plants. 

Although pathogens may acquire such abilities by means of muta
tion in their genetic material in the nucleus, considerable evidence 
has b e e n accumulated indicating the existence of determinants that 
are located outside the nucleus and specifically in the cytoplasm. Cy
toplasmic adaptation may b e either continuous, when all grades occur 
be tween the phenotypic extremes of the range of variation, e.g., abil
ity to tolerate different concentrations of a fungicide, or discontinuous, 
when the pathogen either acquires certain ability or it does not, e.g., 
the ability to attack a certain host variety. 

No adequate explanation of cytoplasmic adaptation is available as 
yet. T h e presence of " p l a s m a g e n e s" in the cytoplasm, having proper
ties analogous to those of chromosomal genes, has b e e n proposed, but 
their existence is not certain. T h e possibility of cytoplasmic D NA 
carrying out genetic functions as a supplementary system to the nu
clear D N A, or of the D NA found in certain cytoplasmic particles act
ing genetically has also b e e n suggested. Adaptation could then b e 
explained as mutations taking place on any of these types of genetic 
material. T h e existence of such genetic determinants, however, has 
yet to b e proved. 
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