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Techniques for the Quantitative Study of Mutation 
in Plant Viruses* 

G. MELCHERS 

Max-Planck-Institut fiir Biologie, Tiibingen 

Summary. Hardly any other virus is chemically and ultramicroscopically as well kllown as TMV. It  is not possible 
to perform genetic recombinations with this object. The phenomenon of mutation is, however, known and an analysis 
of the dosis-effect relationship was possible by using the characters "chlorotic" versus "necrotic" primary symptoms. 
Taking into account the phenomenon of interference (mutual exclusion), i.e., comparing the induced mutation frequency 
with that of a control virus sample diluted to the same level of infectivity, one can perform quantitative analyses. 
In this way the first chemical mutagenesis in the test tube was demonstrated t 0years ago with nitrous acid as mutagenic 
agent. The criticism raised by BAWDEN to the first publication of MUNI)RY and GIERER was already inappropriate at 
that time. In the meantime it has been demonstrated by V~rlTTMANN-LIEBOLD and WITI"5~ANN through analysis of 
amino acid exchanges in spontaneous mutants and in those isolated after incubation with HNO 2 that the "difference" 
between spontaneous and induced mutants demanded by BAWDEN, which cannot be postulated for symptoms in 
plants, lies, as expected, in amino acid exchanges of the protein coat. 

~. Introduction 

Quite a number of viruses has, during the last two 
decades, made it possible to set up useful systems 
for the investigation of problems in the field of mole- 
cular genetics. This is true primarily of bacterial 
viruses (bacteriophages). The most important  re- 
quirements for quanti tat ive studies are good coun- 
tability of host cells, bacteria, and infecting par- 
ticles, as well as of phage yield of single cells. A 
plating efficiency of nearly t simplifies working with 
these systems. Host range and plaque-type mutants  
offer some good characters. A mixed intection of 
single host cells by different types of phages that  
results in the recombination of characters is possible. 
Under these circumstances it is understandable why 
the genetics of bacteriophages has become an impor- 
tant  and often decisive part of modern genetics. 

Animal viruses too are somewhat suitable for the 
quantitative handling of genetic problems, since, in 
a monolayer of animal ceils, conditions prevail that  
are more or less similar to those in a layer of bacteria. 

In the case of phytopathogenic viruses, the con- 
ditions for quantitative genetic studies are far more 
complicated. None of these viruses is endowed 
with a mechanism for infecting a host cell. They 
reach the cells only through wounds produced either 
by mechanical means or by insect pricks. The host 
cells cannot be counted as easily as the bacteria 
or the animal cells of a tissue culture. The plating 
efficiency lies several orders of magnitude below t. 
Mixed infection of single cells and a subsequent 
recombination of characters has not been proved 
with sufficient reliability. If it occurs at all, as has 
been claimed by a few authors (BEST and GALLUS, 
t955, BEST, 196t, 1964; WATSON, 1960; AACH, t961), 
the phenomenon is so rare that  it has not been utili- 
zed for genetic studies. 

* This paper was at first written for ,,Methods in Viro- 
logy", Academic Press. The editors and the author did 
not come to an agreement in the question of citation of 
BAWDEN'S criticism to tile work of MUNDRY and GIERER 
1958. It  is published here on the occasion of the t0th 
anniversary of the first chemomutagenesis in the test 
tube. 

The substrate for the multiplication of phyto- 
pathogenic viruses, e.g., the leaf of a plant, is much 
more complex than a bacterial colony or even a mono- 
layer of animal cells. I t  is an organ in which the 
cells in several layers, above and beside one another 
are differentiated in different ways. The behavior 
of a cell or a group of cells is expected to be influenced 
by what is happening in the other cells, primarily, 
of course, in the neighboring cells. Since I this type 
of organ contains special tissues for the transport 
of materials, a certain influence is exerted not only 
upon the neighboring cells but also upon those at a 
distance. The exact nature of this influence is, how- 
ever, not easy to visualize. Owing to its anatomical 
as well as its physiological specialities, the conduc- 
tive system of a leaf promotes the transport of 
materials and the spread of viruses, possibly as 
intact virus particles, whereas the movement of 
viruses from cell to cell in the parenchyma may be 
possible in the form of free RNA. 

In view of this situation, it is no wonder that 
quantitative work with phytopathogenic viruses is 
quite difficult. 

Since the tobacco mosaic virus (TMV), because 
of its stability and relatively clear morphology and 
chemical constitution, almost always marched at the 
head of all chemical and physical investigations on 
the structure of viruses, it was desirable to set up 
for this virus the conditions necessary for quantita- 
tive genetic studies. Thus for the first time in the 
history of genetics it was possible to isolate the ge- 
netic material (RNA) of TMV as a pure chemical 
substance -- which was successful quite a number 
of years earlier with DNA in pneumococci -- and 
also to bring about in the test tube in a chemically 
intelligible way a few alterations in this pure sub- 
stance, available in large quantities, which could 
lead to mutation or perhaps might represent the 
process of mutation itself. I t  is not the task of 
this paper to describe and judge the consequences 
of the experiments that  achieved this goal, a goal that  
was at best only dreamed of by older geneticists. 
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The aim here is to describe only one of the methodo- 
logical requirements for the at tainment of the goal. 

Principally two requirements had to be fulfilled 
according to the publications of GIERER and MUNDRY 
(1958) and Mu~I~RY and GIEI~R (1958), who for the 
first time performed true chemical mutagenesis. One 
of the requirements, which was fulfilled by chemi- 
stry, has often been described and properly apprecia- 
ted. This constitutes the isolation of the RNA of 
TMV (ScHRAM51 et al., t955; GIERER and SCHRAMM, 
1956; FRAENKEL-CONRHT, t956), together with the 
study of chemical changes in RNA through the action 
of H N Q  and the kinetics of inactivation by H N Q  
(ScHusTER and SCHRHMM, t958). The other require- 
ment that  was equally important  for the decisive 
investigations of 1958 was present in the studies 
that  (1) proved that  mutations occur in phytopa- 
thogenic viruses, particularly in TMV, (2) led to 
the isolation of mutants,  thus making possible quan- 
ti tative work, and (3) secured the quanti tat ive in- 
vestigations concerning disturbances and sources 
of errors that  are not present or that  hardly exist 
with other viruses, e. g., bacteriophages. 

II. Proof of Mutability of Phytopathogenic Viruses 

The advanced secondary symptom, which is cau- 
sed by TMV on the tobacco leaves, consists, as the 
name of the disease tells, of a mosaic, usually a 
mosaic of light- and dark-green areas in the case 
of the most widely distributed strain vulgare. Trans- 
mission experiments in which the lighter or the dar- 
ker areas are used as inocula do not generally produce 
different symptoms in the subsequent transfers. 
Obviously the color differences of neighboring sectors 
of the mosaic do not owe to a possible occurrence 
of different types of viruses in the visibly different 
areas of the leaf, but  for some unknown reason the 
leaf tissue in neighboring sectors reacts ill different 
ways to the same virus, perhaps because of variations 
in the concentration of virus. The result is, however, 
different if one transmits the virus from the sharply 
bordered rarer "yellow spots". One then gets in the 
next  passages, and sometimes in the passage that  
immediately follows a symptom different from that  
of vulgate, e. g., a true "yellow strain". In the yellow 
spots, therefore, a virus is present that  markedly 
differs from that  in the neighboring light- and dark- 
green checkered areas. This finding indicates the 
mutat ive origin of the yellow strain from vulgate, 
but it does not prove it conclusively. I t  does not 
seem impossible that  the strains, vulgare and flavum 
(one particular yellow strain) occur mostly in close 
association and only rarely alone. The possibility 
of this interpretation has, however, already been 
excluded by the experiments of JEI~SEN (1933, 1936, 
t937), MCI~INNEY (t935, 1937), and NORVAL (1938). 
The arguments for a mutat ive origin of yellow 
strains and of other spontaneous mutants  are the 
following : 

1. If one inoculates systemically reacting plants 
with such a low concentration of virus that  at best 
only one out of every five plants becomes infected, 
then it can be assumed on the basis of "Poisson di- 
stribution" that  the plants which get infected at all 
owe their infection very probably to a single particle. 

However, in these plants the yellow spots appear 
again and again, indicating that  most probably they 
originate after infection and do not enter the plants 
during inoculation. 

2. One can inoculate with highly diluted virus 
solutions plants that  react by producing primary 
local lesions. Tile spots originating thereafter can 
with a high probability be traced back to single in- 
fective particles (ZIMs~ER, 1943). The yield of one 
single lesion can be again diluted so far that  only 
very seldom do lesions appear at all. One can repeat 
this experiment as often as desired. This and similar 
experiments were performed by the authors cited 
above, and the yellow spots, from which the yellow 
strains could be isolated, appeared spontaneously 
again and again. 

The existence of the phenomenon of mutabil i ty 
in phytopathogenic viruses has been proved since 
the t930's. 

III. Quantitative Tests for Mutability 

To a certain extent  it is possible to do quantitat ive 
studies on the frequency of yellow spots and also 
to compare the "back mutat ion" of yellow strains 
with that  of the normal green strains. Several experi- 
ments were performed on the basis of this or similar 
tests (McKINNEY, 1937; PrA~KUCH etal., 1940; FRIED- 
RIc~-FREKSA et at., 1946; MELCttERS, t948; MU~DI~Y, 
1957b). However, such a test suffers from several 
drawbacks: (1) yellow spots can be of very different 
sizes, and accordingly, in the assessment of parti- 
cularly small and not very distinct spots, a personal 
factor may easily be introduced; (2) it is very diffi- 
cult to correlate conclusively the variations in the 
frequency of yellow spots with changes in the muta- 
tion rate and to distinguish these events from selec- 
tion phenomena (FRIEDRICtt-FREKSA et al., t946; 
MUNDRY, t957b); and (3) the test demands a large 
area of greenhouse space. I t  is, therefore, understan- 
dable that  in the days when biology was under the 
strong influence of mutat ion research in Drosophila 
there was an endeavor to find simple systems for 
experiments with mutants  of phytopathogenic viru- 
ses. The laboratory jargon in those days was, 
"We also need a C1B method for TMV". 

Such a method should offer the following features: 
(t) easy and assured differentiation between the start- 
ing material and the mutants;  (2) good countability; 
(3) independence of the starting material and the 
nmtants from one another with respect to the ex- 
pression of characters and their number; (4) low 
space requirements. To this end a compromise might 
have to be made in that  one would register only a 
relatively narrow section of the many possible muta- 
tions. 

Under these circumstances it was natural to search 
among primary symptoms. The yellow strains are 
additionally characterized by the chiorotic spots tha t  
appear on the primary infected leaf, and these areas 
are easier to recognize than the chlorosis induced by 
the green strains (vulgare). The chlorotic areas of 
vulgare are, however, often so faint that  they can- 
not be counted easily. Very often it is difficult to 
differentiate between the chlorosis of vulgare and 
that  caused by not very brilliant yellow strains. 
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Fig. 1. Two leaves of Nicotiana sylveslris (right, 
with standard TMV; left, with TMV which was 
previously propagated at high temperature) infec- 
ted several days before photography. Chlorophylls 
and carotenoids were removed in the morning 
with hot alcohol and the leaves were placed in 
ioJine potassium iodide solution. The primary 
lesions are colored blue, since at the positions en- 
zymatic starch hydrolysis was blocked in the night_ 
On the right leaf inoculated with control virus only 
ehlorotic lesions are observed, these are difficult 
to recognize in the intact leaf. On the left leaf 
there occur, in addition, four necrotic lesions from 
mutant TIVEV (arrows). EPhoto from unpublished 
experiments, 1940 (first published by .-V[a~LCHERS, 

1960).~ 

The objection concerning insufficient differ- 
entiability between the starting strain and 
mutant  applies also to the size of necrotic 
spots. 

On Nicotia~a glutil~osa and on such N. 
tabacum varieties as carry the gene N of 
N. glutinosa, all strains of TMV and--as  
far as is known -- all mutants  of TMV 
react with primary necrotic symptoms in an 
average temperature range (JocKusclL t 966). Actual- 
ly, the necrotic spots of many mutants are on the 
average clearly smaller than those of vulgate. In 
an individual case, however, it is often difficult or 
even impossible to decide whether the lesion is 
produced by the original strain or by such a mutant.  

Nicotiana sylvestris and several N. tabacum va- 
rieties (e. g., ' Java ' )  respond to the vulgare strain 
of TMV and to one group of strains and mutants  
with primary chlorosis and systemic spreading, but 
they respond with primary necrosis alone after in- 
fection with dahlememe and some other strains and 
mutants (cf. MELCHERS et al., t966). This system 
is really tiseful for quantitative studies. 

A quantitative measure of the number of primarily 
inoculated sites, which is a function of the concen- 
tration of inoculum and the plating efficiency of 
the system, can also be obtained in that the other- 
wise hardly visible chlorotic spots are made distinct 
by the starch accumulation (Fig. 1). Sometimes it 
is sufficient to count the chlorotic spots directly 
or to gain at least a certain quantitative evidence 
by assay of aliquots of the infection sample on test. 
plants of the constitution NN that respond with 
primary necrosis alone. The counting of mutants  
(necrotic primary tesions) is then no problem at all. 
Only totally unpracticed persons (e.g., YAMAFUJI 
et al., t947) might confuse true necrotic primary 
lesions with the small wounds that are not completely 
avoidable during mechanical inoculation using abra- 
sive like carborundum. 

If one tests the mutants,  which are primary necro- 
tic on Java  tobacco, for other characteristics, e. g., 
secondary symptoms on a systemically reacting host 
like 'Samsun' tobacco, or for amino acid exchanges 
in the coat protein, one recognizes a very large varia- 
bility among the mutants (MUNDRY and GIERER, 
t958; WITTMANN, 1962). Chlorotic versus necrotic 
lesions on the directly inoculated leaf are nothing 
more than one difference in phenotype, which is 
particulary amenable to quantitative treatment. 

The finding of this mutation type and its applica- 
tion in the correct way were, as mentioned, as in -  

portant for the discovery of chemical mutagenesis 
in the test tube as was the ability to meet the che- 
mical requirement. If, as had been seriously sugge- 
sted by chemists, the phenotypic difference "more 
or less acidic or basic amino acids in the outer layers 
of coat protein" (distinguishable in their electro- 
phoreti• behavior) were chosen, one would not have 
been able to learn even today anything exact about 
HNOc-induced mutations and the consequent nucleic 
acid protein correlation in phytopathogenic viruses. 
One of the aids for the deciphering of the genetic 
code would not have been available. 

IV. Risks of the Test System 
for Chlorotic Versus Necrotic Primary Symptoms 

As mentioned earlier, the substrate, namely the 
leaf of a host plant, is more complex for the obser- 
vation and quantitative assay of primary symptoms 
than the nutrient media of fungi and bacteria and 
the bacterial layers used in studies on the genetics 
of bacteriophages. 

When leaves of plants are inoculated with a mix- 
ture of closely related viruses, each of the viruses 
influence the frequency of appearance of the other's 
primary symptoms. This phenomenon is called "inter- 
ference" or "mutual  exclusion". I t  was, for example, 
the pitfall in an experiment (Gow]~', t94t) that  was 
strongly influenced by the then prevalent mutation 
research on Dros@hila, which at that  time stood 
for the comparison of mutability of higher organisms 
and viruses. In this study the phenotypic difference, 
systemic versus primary necrotic, was in fact utilized 
using N. sylvestris as test plant, but without atten- 
tion to the phenomenon of interference. In this 
investigation the concentration of infectious par- 
ticles was drastically reduced by x-ray irradiation 
of the virus. The results of all experiments except 
one can be interpreted to mean that  there is no 
influence of irradiation on the systemic-+ necrotic 
or necrotic --> systemic mutation frequency by assum- 
ing only that  the material reacting systemically was 
not absolutely free from necrotic materials, and vice 
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Fig. 2. Dependence of the ratio of secondary symptoms 
to primary symptoms (apparent mutation rate) produced on 
Java tobacco from a mixture of virus necrotic ar.d chlorotic 
on Java, on the reduction of total infectivity by dilution and 
by irradiation. First  presented at the meeting of the British 
Association for the Advancement of Sciences, Bristol, t955, 
by I~{ELeHERS. (From MUNDR'Z 1957a, data of Table 9.) 

versa. The error commit ted by  GOWEN was that  he 
compared his experimental  groups, which were very 
poor in the number  of active particles, with control 
groups of high unchanged original activity. His 
results could also be explained through a reduced 
interference in the experimental groups by  a lower- 
ing of the total  infectivity. We were aware of this 
mistake (MELCHERS, t949), and it was clearly de- 
monst ra ted  in experiments of MUNDRY (t957a) tha t  
were designed for this purpose* (Fig. 2). This mis- 
take was carefully avoided in the experiments 
on chemical mutagenesis (MuNDRY and GIERER, t958) 
because, having been discovered by  us it was well 
known to us. I t  remains, therefore, incomprehensible, 
how BAWDEN (t959), who was familiar with our 
earlier works, but  which he nevertheless men- 
tioned insufficiently, formulated his incorrect cri- 
t i c i m s -  as if the danger of interference was not known 
to us. MUNDRu (1959) refuted the objections of 
BAWI)E~T with precision. This was in fact not at 
all necessary, in view of the publications available 
up to that  time. However, since BAWDEN upheld 
his criticism, though partially, even in 1964, it may  
be refuted here once more. Incorrect is the assump- 
tion that :  "Only BAWDEN (1959) has questioned 
whether this (the increased number  of Java-necrotic  
material  after HNO2 incubation) could be because 
the t rea tment  allows already existing variants  to 
be more readily selected rather than it produces 
them."  Since the appearance of the paper of GOWEN 
(194t), we have not only discussed this question 
critically but  have also stressed in several cases the 
possibility of selection of preexisting mutants  and 
even of contaminants  (FRIEI)RICI~-FI~EKSA et el., t946; 
MELCHERS, 1949; MUNI)RY, 1957a). MVNDI~Y and 
GIERER (1958) have also discussed this point for 
their experiments, but  they reached the conclusion, 
with full justification, that  the great increase in 
the chlorotic --> necrotic muta t ion  frequency found 

by  them cannot be interpreted on the basis of selec- 
tion of preexisting mutants .  

BAWDEN demands several times that  after incu- 
bation with HNO 2 one should find "o ther"  mutants  
than those that  are isolated as spontaneous mutants .  
One should actually expect to find a broader spec- 
t rum of spontaneous mutants  than after the two 
"induced" transitions adenine-+  guanine and cyto- 
sine--> uracil. In all cases where the corresponding 
change in protein is unknown, nothing can be said 
as yet. The investigations of WITTMANN-LIEBOLD 
and WITTMANN (t965) on the amino acid exchange 
in coat protein of TMV have shown that ,  according 
to the code valid at tha t  t ime out of 3t exchanges 
which were isolated after H N Q  incubation and loca- 
lized in the sequence of amino acids only one (the 
mutan t  PM 2 isolated by  SIEGEL and his coworkers, 
1962) necessitates the assumption that  the exchange 
could not have originated through deamination by  
HNO 2. However, among nine exchanges in spon- 
taneous mutants,  as many  as five represent such 
amino acids exchanges as are not due to the nucleo- 
tide transitions A + G or C - +  U. The demand of 
BAWDEN, which could not be met  by  a mere com- 
parison of symptoms between spontaneous mutan t s  
and mutants  isolated after HNQ-incuba t ion ,  and 
which was consequently at that  t ime unfair, is now 
fulfilled, therefore, to complete satisfaction through 
the comparison of amino acid exchanges in the coat 
protein. In fact after nitrite incubation the WITT- 
.~IAX'NS found "other  mutan t s "  (that means not so 
m a n y  d i f f e r e n t  changes of nucleotide bases) than 
they found spontaneously. 

When BAWDEN cites the experiment from Berkeley 
(e. g., ~'RAENKEL-CONRAT, 1961) in which after t reat-  
ment  with other chemicals e. g., dimethyl  sulfate 
whose mechanism of action is by  no means as clear 
as that  of H N Q  and compares them with the nitrite 
experiments done in Ttibingen, he does not mention 
that  after consideration of the controls of correctly 
reduced infectivity no mutagenic effect of dimethyl  
sulfate was found in Tiibingen (SCHUSTER et el.,  
t960). 

Notwithstanding the incorrect claim tha t  ,,BAwDEN 
alone" - -  or at least as the first author i ty  - -  had 
taken a critical approach to the question "selection 
or muta t ion"  after t rea tment  with mutagenic agents, 
it should be mentioned once more at the end of this 
paper  what  we, since we have been engaged in this 
question, have published start ing in t946. I t  is 
more difficult to differentiate between the selection 
of preexisting and the induction of new mutants  in 
the case of phytopathogenic viruses than in the 
case of other objects of genetics, including bacterio- 
phages and animal viruses. However, by  the intro- 
duction of controls of the same reduced infectivity, 
it is possible to perform precise quant i ta t ive experi- 
ments, and such experiments were performed in 
sufficient number  and were also published. 

* The ques t ion  of t he  t e m p e r a t u r e  d e p e n d e n c y  of t he  
ra te  of mu ta t i on ,  which  could no t  be ver i f ied  unambig-  
uously  in t he  case of TMV using the  m u t a t i o n s  green to  
yel low s t ra ins  and vice versa  because  we had  to reckon 
wi th  d i s tu rbances  t h rough  select ion (MUNORY 1957b), 
was  t e s t ed  w i t h  bac te r iophages  (WITTMAN?C, 1957) in or- 
der  to  avoid  th is  source of error. 
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Z u s a m m e n f a s s u n g  

K a u m  ein anderes Virus ist chemisch und ul t ra-  
mikroskopisch  so gu t  b e k a n n t  wie des TMV. Re-  
kombina t ions -Gene t ik  ist n ich t  m6glich.  Das Ph/i- 
nomen  der Muta t ion  ist aber  bekannt ,  und  eine 
Analyse  der Dos i s -Ef fek t -Bez iehung  wurde  m6glich 
durch B e n u t z u n g  der S y m p t o m c h a r a k t e r e  , ,chloro- 
t i sche"  versus ,,nekrotische" Pr im/ i r symptome.  Bet 
Ber i icks ich t igung des Ph~inomens der In te r fe renz  
(mutua l  exclusion),  d. h. wenn man  die induzier te  
Muta t ions ra te  T i t  der auf gleiche Infektiosit~tt durch  
Verdi innen der Virusl6sung gebrach ten  als Kont ro l l e  
vergle icht ,  kann  eine q u a n t i t a t i v e  Analyse  durchge-  
ft ihrt  werden.  So wurde  vor  10 J a h r e n  die erste 
Chemomutagenese  im Reagenzglas  mi t  sa lpet r iger  
S~iure als mu tagenes  Agens nachgewiesen.  Die an 
der ers ten Ver6ffent l ichung von Mu~DRY und 
GIE~E~ yon BAWDEN gefiuBerte Kr i t ik  war  schon 
darnels unzut ref fend.  Inzwischen ist  durch  die Ana-  
lyse der Aminos~tureaustausche yon spon tanen  und  
nach I n k u b a t i o n  mi t  HNO= isolierten M u t a n t e n  yon 
WlTTMaNN-LIE~OLD und WlTTS~AX~r gezeigt  worden,  
dab die yon BAW~)EN geforder te  ,,Verschiedenheit" 
spon taner  und  induz ie r te r  Mutan ten ,  die it~r Sym- 
p tome  an den Pf lanzen nicht  pos tu l ie r t  werden  kann,  
in den Aminos~tureaustauschen des Hi i l lpro te ins  wie 
zu e rwar ten  vo rhanden  ist. 
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