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The properties found by FAGER 11 for the act ivi ty of carboxylation associated with 
his suspension of chloroplasts approach those reported here. 

S U M M A R Y  

I. Us ing  Tetragonia expansa leaves, a ca rboxy la t ion  e n z y m e  sys t em,  c a r b o x y d i s m u t a s e ,  
capab le  of fixing CO 2 wi th  R u D P  to give two molecules  of phosphoglycer ic  acid is found  free 
f rom o the r  enzymes .  

2. The  enzymic  ac t iv i ty  is no t  sens i t ive  to dialysis  wi th  cer ta in  condi t ions .  I t  seems  to act  
as  an  i n d e p e n d e n t  sys t em.  

3. The  enzymic  ac t iv i ty  is sens i t ive  to p -ch lo romercur ibenzoa te ;  th i s  las t  inhib i tor  be ing  
reversible  by  add i t ion  of cysteine,  sugges t s  t he  par t i c ipa t ion  of - S H  groups  in t he  CO 2 f ixat ion.  
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B I O L O G I C A L  E F F E C T S  OF T H E  I N C O R P O R A T I O N  OF T H I O U R A C I L  

I N T O  T H E  R I B O N U C L E I C  ACID OF TOBACCO MOSAIC V I R U S  

R. J E E N E R  

Laboratory o] Animal Physiology, University o/ Brussels (Belgium) 

INTRODUCTION 

In our previous work 1, we have shown that  thiouracil marked with 35S could be in- 
corporated into the ribonucleic acid of growing tobacco mosaic virus. The chromato- 
graphic study of hydrolysates of ribonucleic acid modified in this way indicated that  
the incorporated thiouracil was probably present in the form of thiouridylic acid. 
MATTHEWS repeated these experiments with a different method, and at first could not 
verify our results2, 3. More recently, however, he confirmed and extended them 4. 

This confirmation encourages us to publish in more detail some experiments 5 on 
the biological effects of the structural modifications undergone by the virus ribonucleic 
acid when thiouracil is incorporated. 
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Since thiouracil is an inhibitor which, at a very low concentration, can completely 
block the growth of tobacco mosaic virus, we ought to consider it as a chemothera- 
peutic agent acting by an irreversible alteration of the genetic material, that is, a 
mechanism which has nothing to do with competitive inhibition at the level of an 
enzyme controlling one of the stages of synthesis of the virus nucleic acid. 

MATERIAL AND TECHNIQUES 

The tobacco mosaic virus used in the exper iments  was provided by  Dr. BAWDEN. 
Cultures were made on young leaves of Nicotiana tabacum var. White Burley, divided into 

f ragments  and floated on Vickery's nut r ient  solution. 
Material prepared in this way  was incubated in Pyrex dishes covered with glass plates and 

il luminated by a grille of fluorescent strip-lights. Purification of the virus so produced was carried 
out  by the method of COMMONER, slightly modified 6. The degree of pur i ty  of the solutions used for 
infections was checked by  electrophoresis, examinat ion of the crystallized virus by  dark-ground 
illumination, measurement  of ribonucleic acid and of total  nitrogen. Measurements  of infectivity 
towards  Nicotiana tabacum were made by means  of solutions whose titre had been checked by  
determinat ion of their protein nitrogen content.  Fur the rmore  it was verified tha t  their  content  of 
ribonucleic acid corresponded to the concentrat ion of virus found. 

These solutions were applied to batches of leaf f ragments  taken from plants  of the same age. 
All the batches had the same propor t ions  of f ragments  of leaves occupying the same position on 
the plants.  Ent i re  batches were taken out  at different t ime intervals. The leaf ext rac t  was freed 
of normal  cytoplasmic particles by  freezing, thawing and centrifuging at io,ooo r.p.m. The virus 
was then measured after precipitation with ant iserum 7. The precipitates were washed and the 
tota l  ni trogen of each was determined. The virus content  was est imated by  means of a reference 
curve obtained by precipitation, in the same conditions, of virus of known titre. 

Measurements  of infectivity towards  Nicotiana glutinosa were carried out  by means of 
the same initial solutions. Physiologically identical batches of leaves, which had been detached 
from the plants  and incubated on damp  cotton-wool in dishes covered with glass plates, were 
infected. 

When  the leaves of Nicotiana tabacum in which the virus was developing were to be sub- 
jected ot the action of thiouracil and uracil, they  were quickly washed in distilled water  and 
t ransferred to a nut r ient  solution containing these substances.  The culture conditions otherwise 
remained the same. 

RESULTS 

I. Properties o/ virus cultured in the presence o/thiouracil compared to those o~ normal 
virus 

Two physiologically equivalent batches of Nicotiana tabacum leaves were simultan- 
eously infected, placed in a damp chamber for 24 hours, washed in distilled water and 
then incubated on Vickery solution. The leaves of one of the batches were transferred 
to Vickery solution containing 7" lO-5 M thiouraci148 hours after the infection. 

After eight days incubation, the virus formed was purified. The quantities re- 
covered for the same weight of leaves were 73.8 mg in the absence of thiouracil (virus 
N) and I7.8 mg in the presence of the inhibitor (virus TU). The ribonucleic acid con- 
tent of the two preparations was the same. The experimental conditions were identical 
to those of previous experiments 1, 5 with thiouracil marked with ~S, when incorpora- 
tion of the thiouracil into the ribonucleic acid of the virus was observed without 
exception. 

Stock solutions of 0.5% were prepared from the virus obtained in this way, and 
their concentration was checked by measurements of protein nitrogen. They were 
diluted immediately before use. 
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(a) Young leaves of Nicotiana tabacum (IO-i2 cm) were divided longitudinally 
in half, the central vein being eliminated. One of the halves of each leaf was infected 
with the solution of virus N, the other with the solution ot virus TU, both diluted 3 s 
times. Each batch of half-leaves weighed about 3o g. Three days after the infection, 
the virus was measured immunologically in samples of leaf extract. The results of four 
independent experiments are given in Table I. 

T A B L E  I 

Protein nitrogen o[ the precipitates ( ~ / x o ml ) 

Injection with normal Injection with virus 
virus {N) cultured in the presence 

o/thiouracil (TU) 

T A B L E  I I  

Dilution o! the injecting Protein nitrogen of the 
solution virus precipitates (y,'J o ml) 

36 320 
i 329 116 347 
2 347 lO6 37 258 
3 252 99 249 
4 260 lO6 3 s i21 

297 (mean) 107 (mean) i 12 

I t  can be seen that  the amount of virus produced from the virus cultured in the 
presence of thiouracil is 64% less than the amount produced from the normal virus. 

At the same time as the preceding experiment, the solution of virus N was applied 
at various concentrations to batches of half-leaves which were physiologically equi- 
valent and had approximately the same surface area. The quantities of virus recovered 
three days after the infection are shown in Table II.  

I t  can be seen from these data that  a reduction of 64% in the quanti ty of virus 
produced, such as had been observed in the case of infection by the virus TU, could 
only be obtained by a decrease in concentration of virus N of approximately 82 %. 

When virus has been cultured in presence of thiouraeil, therefore, its infectivity 
seems greatly reduced*. 

Two hypotheses would account for the results obtained in this experiment. The 
first would be to suppose that  culture of the virus in the presence of thiouracil had 
made possible the isolation of a mutant ,  spontaneous or induced, which would be 
characterized by a growth rate lower than that  of the normal virus. The second hy- 
pothesis would be tha t  a known weight of the virus cultured in the presence of thio- 
uracil might contain a smaller quanti ty of infectious material than the same weight of 
a normal virus preparation. The following experiment made it possible to choose 
between these two hypotheses. 

(b) Two physiologically equivalent batches of 48 g of young leaves of Nicotiana 
tabacum were infected, one with a solution of the virus N, the other with a solution of 
the virus TU, each brought to the same concentration of protein nitrogen. This 

* We t r ied  to  a c c e n t u a t e  fu r the r  the  effect of th iourac i l  by  us ing  i t  a t  h igher  concen t ra t ions  
du r ing  the  syn thes i s  of the  v i rus  T U .  The resul t s  were not  encouraging .  As the  concen t r a t i on  of 
th iourac i l  rises, i ts  i nh ib i t i ng  effect on the  g rowth  of the  v i rus  increases.  Virus  recovered under  
these  condi t ions  c o n t a i n s  on ly  a smal l  p ropor t ion  of pa r t i c l e s  syn thes ized  in the  presence of thio-  
uracil ,  and  which could  therefore  be modified.  All the  par t i c les  which  were a l r e ady  p resen t  when  
the  th iou rac i l  was  added,  espec ia l ly  the  excess par t i c les  which  had  r ema ined  on t he  surface of the  
leaf, have  of course the  no rma l  proper t ies ,  for th iourac i l  has  no ac t ion  on v i rus  t h a t  is no t  growing.  
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Fig. I .  Quant i t ies of  v i rus obta ined f rom leaves 
infected at  t ime o wi th  normal  virus (N) and virus 
(TU) whose nucleic acid contained thiouracil. 

~ - - - ~  virus TU; O - - C )  virus N. 

concentration was made low enough for 
the quantity of virus produced from the 
virus N to decrease when the concentra- 
tion of the infecting solution was lowered 
(c/. previous experiment). After infec- 
tion, each leaf was divided into four parts 
and then incubated. Samples of physio- 
logically equivalent groups of quarter- 
leaves were taken, each day, and the 
amount of virus formed was measured. 

Fig. I. shows an example of the 
results obtained. It  can be seen that the 
two growth curves are parallel, that ob- 
tained from the virus T U being displaced 
by 24 hours from that observed for the 
virus N. The growth rate is therefore 
the same in both cases. The difference 
is simply in the time necessary before 
an appreciable increase of the virus can 

be detected. It  follows from this fact that  the demonstration of the difference in in- 
fectivity of the two solutions is easier the shorter the duration of the experiment, and 
that a simple comparison between the amount~ of virus formed after long periods 
would not have revealed it. 

Since the growth rate of the virus TU is the same as that of the virus N, the idea 
of the selection of a slow-growing mutant can be eliminated, and we must conclude 
that the virus TU contains, in an equal weight, a smaller quantity of infectious material 
than the virus N. From this it would appear that either the virus TU is made up of a 
mixture of infectious and non-infectious particles, or that all the particles of the virus 
TU  are infectious, but each contains a smaller quantity of infectious material than the 
particles of virus N. The following experiment was designed to obtain information on 
this point. 

(c) Two batches of 40 leaves of Nicotiana glutinosa, taken from plants of the same 
age, and chosen from positions such that the two batches could be considered as 
physiologically equivalent, were infected, one with the virus TU, the other with the 
virus N. The solutions used for the infections were obtained by diluting 3 ~ times the 
stock solutions used in the previous experiments. (It was verified that the number of 
spots of necrosis which appeared after infection with the virus N diluted 3 ~ times or 
more varied rapidly with the dilution,) 

The numbers of necrotic spots observed on equivalent surface areas of leaves in- 
fected with the virus N and the virus TU at the same concentration of protein nitrogen 
were similar, if the probable error of the measurements was taken into account (for 
example: 5,392 spots in the first case and 5,I58 in the second). COMMONER s and 
BAWDEN 9 have previously made the same observations*. 

We arrive therefore at the following conclusion. On the one hand, the number of 
infectious particles in equal weights of the two virus preparations is the same. On the 

* MATTHEWS 4 has reported tha t  if tobacco mosaic virus is cultured in the presence of azaguanine 
there is a reduction in the number  of infectious particles per uni t  weight of virus. 
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other hand, the amount of infectious material per unit weight is much smaller in the 
virus TU than in the virus N, as the preceding experiments show. Consequently, the 
mean quanti ty of infectious material in each particle of the virus TU must be less than 
that  contained in one particle of the virus N. 

Finally, it may be noted that  the particles of the virus TU and those of the virus 
N penetrate the cells equally easily, and have the same opportunity of starting an 
infection (expt. c). The fact that  the quantities of virus formed from the TU particles 
are smaller than those formed in the same time from the N particles (expts. a and b), 
must be explained therefore by  an alteration in properties concerned in the biosynthesis 
of the virus. 

2. Nature o/the modification undergone by the virus cultured in the presence o/thiouracil 
and responsible/or its decrease in in[ectivity towards Nicotiana tabacum 

We shall not reconsider here the demonstration previously given I that  the nucleic acid 
of virus cultured in the presence of thiouracil 3sS contains a labelled constituent that  is 
chromatographically distinct not only from thiouracil itself, but also from all the con- 
stituents of the nucleic acid of the normal virus. We thought that  this constituent 
must be thiouridylic acid, and our hypothesis has recently been confirmed by MAT- 
THEWS 4. The only new fact available on this subject concerns the extent of the observed 
incorporation. In our recent experiments, the amount of thiouracil incorporated was 
from 4 to 18% of the amount of uracil present in the nucleic acid. 

In the present work we shall simply offer a piece of evidence in favour of the idea 
that  the incorporation of thiouracil into the ribonucleic acid of the virus is alone re- 
sponsible for the decrease in its infectivity towards Nicotiana tabacum. 

Six physiologically equivalent batches of leaves of Nicotiana tabacum were simul- 
taneously infected. Three of these batches (left column of Table I I I )  were cultured, 
the first without addition, the second in the presence of thiuracil 3~S, the third in the 
presence of thiouracil 3sS at a 5o times higher molar concentration and non-marked 
uracil at a molar concentration double that  of the thiouracil. 

The virus obtained from these first three batches was purified, its ribonucleic acid 
was isolated by the method of KNIGHT 1°, and the quanti ty of thiouracil incorporated 
in it was determined. 

The three other batches of infected leaves (right column of Table III)  received the 

T A B L E  I I I  

Thiouracil 3BS present in Amount o/the virus pro- 
Virus used ]or tke the RNA o/the virus duced aJter 6 days 

injection used [or the injection (y protein nitrogen o] the 
(clm/rag) . precipitate) 

C u l t u r e d  w i t h o u t  o 255 
a d d i t i o n  
C u l t u r e d  in  t h e  
p r e s e n c e  of  920 68 
t h i o u r a c i l  6. i o  -~ M 
C u l t u r e d  in t h e  
p r e s e n c e  of 114 19o 
t h i o u r a c i l  3" I o - s  M 
a n d  u rac i l  6.  lO -3 M 
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same additions, except that  the thiouracil did not contain 85S. The virus produced was 
purified in the same way, and was used for the preparation of solutions of the same 
concentration of protein nitrogen. I t  was verified that  these solutions contained the 
same concentration of ribonucleic acid. Physiologically equivalent batches of leaves of 
Nicotiana t~bacum were infected with these solutions and incubated for 6 days. The 
amount of virus produced in each was determined immunologically by the usual 
method. 

If the extent of incorporation of thiouracil into the ribonucleic acid of the virus 
in the different preparations on the one hand, and the infectivity of these same prep- 
arations, measured by the amount of virus produced after application on Nicotiana 
tabacum of solutions of the same concentration of each, on the other hand, are consid- 
ered in parallel, we arrive at the following conclusions (c/. Table III). 

(i) The addition of uracil to the cultures, in the presence of thiouracil, greatly 
decreases the amount of thiouracil incorporated into the nucleic acid. 

(2) This same addition very strikingly increases the infectivity of the virus, as is 
shown by  the 18o% increase in the amount of virus recovered in expt. c (infection 
with the virus cultured in the presence of thiouracil + uracil) by comparison with the 
amount recovered in expt. b (infection with the virus cultured in the presence of thio- 
uracil). 

This leads therefore to the conclusion that  there must be a relationship between 
the suppression by uracil of the incorporation of thiouracil in the nucleic acid, and the 
return of the infectivity of the virus to a value close to the normal. This double effect 
of the uracil is the more striking in that  the concentrations of thiouracil, whose 
effects it largely suppresses (expt. c), are 50 times greater than those which are 
sufficient to produce these effects (expt. b). 

I t  must be noticed, however, that  the nucleic acid does not contain the whole of the 
radioactivity incorporated by the virus cultured in the presence of thiouracil marked 
with 3~S. The protein part  of the virus, separated from the nucleic acid by the method 
of KNIGHT and treated with 5 % perchloric acid in the cold to eliminate the last traces 
of nucleic acid, still has, in fact, a specific radioactivity equal to i % of that  of the 
nucleic acid. 

The 3~S incorporated is probably present in the amino acids synthesized by the 
host plant from the degradation products of thiouracil. I t  is certain, however, that  the 
incorporation of a~S into the protein part  of the virus takes place by a mechanism that  
is completely different from that  which comes into play when thiouracil is incorporated 
into the nucleic acid. In fact, in the presence of uracil, the incorporation of ass into the 
protein part  continues normally, while the incorporation into nucleic acid is greatly 
inhibited. 

What  is important  to notice in this connection is that  the presence of uracil brings 
the infectivity of the virus cultured in the presence of thiouracil back to a value close 
to the normal, without however inhibiting the incorporation of ~5S into the protein part. 
This incorporation into the protein has therefore no importance for the infectivity of 
the virus. 

In conclusion, we have established a clear parallelism between the incorporation 
of thiouracil into the nucleic acid and the reduction of infectivity of the virus. The in- 
corporation of ass into the protein component has, on the contrary, no effect on the 
infectivity. Obviously we have no proof that  the protein part  of the virus cultured in 
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the presence of thiouracil has an entirely normal structure. All that  we can say is that  
there is no evidence to the contrary. 

3. Influence o~ thiouracil on the growth o/th virus when the inhibitor is kept permanently 
in contact with the in/ected lea~ 

We have so far shown that  the culture of virus in the presence of thiouracil leads 
to the production of particles with reduced biosynthetic power. 

In the experiments described, the virus which had been cultured in the presence 
of thiouracil was tested in the absence of this substance. The observed effect of thio- 
uracil seemed to be the result of its incorporation into the nucleic acid of the virus, 
and it was irreversible. We shall now exanfine the effects of thiouracil on the growth of 
the virus during the first phase of the preceding experiments, that  is, when the thio- 
uracil was in contact with the leaves in which the virus was growing. As COMMONER 8, 
BAWDEN ° and we ourselves 1, have observed, the inhibiting effect in these conditions is 
very great, and can lead to the total  suppression of virus growth if the thiouracil acts 
shortly after the infection. This effect of thiouracil could be interpreted in two ways. 

Hypothesis (a). I t  might be a consequence of its incorporation into the nucleic 
acid of the virus, which could irreversibly modify the structure of this compound, and 
alter its biosynthetic activity. 

Hypothesis (b). I t  might be the result of a competitive action of the thiouracil 
or of one of its derivatives, exerted at the level of an enzyme which plays a part  in a 
synthesis starting from uracil or a derivative of uracil. 

In principle, it should be possible to decide between these two hypotheses by 
examining the growth curves of the virus in presence and in absence of thiouracil. How- 
ever, since the possibility that  the two mechanisms act simultaneously cannot be ex- 
cluded, this sort of approach to the question would set an intricate problem. We chose 
another method of trying to discern the possible significance of the incorporation of 
thiouracil into the nucleic acid in the inhibition of growth. 

Six physiologically equivalent batches of leaf fragments were infected on the 
surface, rapidly washed with water, and incubated in the various conditions indicated 
in Table IV, in which the quantities of virus produced by  equal weights of leaves are 
also shown. 

The following information can be derived from the results of such experiments. 
(I) Thiouracil, if it is placed in contact with the leaves immediately after their 

infection completely inhibits virus growth. 
(2) This effect of thiouracil is completely suppressed if, immediately after the infec- 

tion, thiouracil and uracil are added simultaneously (c/. expts, a, b and c). 
(3) If, on the other hand, thiouracil acts alone for several hours, and the leaves 

are then transferred to a nutrient solution containing thiouracil and uracil, the growth 
of the virus is strongly inhibited (compare expts, d, e, f to c). This inhibition is 
maximal  for a six-hour period of action of thiouracil alone. 

Let us now consider to what extent these facts can be interpreted by each of the 
hypotheses envisaged. 

(a) Hypothesis of an inhibition by competition between thiouracil and uracil (or 
their derivatives) at the level of an enzyme playing a part  in a synthesis that  is impor- 
tan t  in growth of the virus. 

If  the inhibition of growth was the result of a mechanism of this kind, the phenom- 
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T A B L E  I V  

Condi¢ions during lhe Protein nitrogen o/the 
incubation virus precipitate ( ~/ ) 

a N u t r i e n t  s o l u t i o n  w i t h o u t  
a d d i t i o n  : 6 d a y s  i ,  199 

b T h i o u r a c i l  lO -4 3 I :  6 d a y s  o 
c T h i o u r a c i l  lO -4 2~/ 

+ U r a c i l  2,  lO -4 M :  6 d a y s  1,2o3 
d T h i o u r a c i l  lO -4 1~I: 2 h 

T h i o u r a c i l  lO -4 ~}I 
+ U r a c i l  2.  lO -4 M :  6 d a y s  607 

e T h i o u r a c i l  lO -4 M :  6 h 
T h i o u r a c i l  lO -4 M 
+ U r a c i l  2.  lO -4 M :  6 d a y s  329 

f T h i o u r a c i l  lO -4 M :  24 h 
T h i o u r a c i l  IO -4 M 
+ U r a c i l  2 - l O  -4 2!//: 6 d a y s  428 

g T h i o u r a c i l  lO -4 M :  48 h 
T h i o u r a c i l  lO -4 M 
+ U r a c i l  2.  lO -4 M :  6 d a y s  390 

VOL. 23 (1957) 

enon would be reversible by uracil. The presence of thiouracil alone during an initial 
period of the experiment would simply bring about a delay in the growth of the virus, 
and growth would then resume its normal rate in the presence of uracil. The amounts 
of virus recovered six days after addition of the uracil in expts, c and e, for example, 
would then be equal, and the inhibition of 72 % observed in e would be inexplicable. 

(b) Hypothesis that  the inhibition of growth is the result of incorporation of thio- 
uracil into the virus nucleic acid. 

In accordance with this hypothesis, we should consider that  during the period in 
which the thiouracil acts alone it is incorporated into the nucleic acid of the newly 
formed virus and prevents it from playing its part  in the synthesis of new virus. When 
the uracil is later added, this incorporation stops; but the nucleic acid which has al- 
ready been structurally altered cannot recover its normal biosynthetic functions. 
Growth of the virus can therefore only take place under the influence of that  part  of 
the nucleic acid that  has remained intact, and so will be reduced in amount. On the 
other hand, when uracil is added at the same time as the thiouracil, there is no in- 
corporation of the thiouracil, and growth is brought about by  means of the whole of 
the nucleic acid introduced into the cells by the infection. Growth will therefore be 
more rapid in the second case (expt. c) than in the first (expt. e). 

The second hypothesis therefore accounts for the observed facts while the first 
does not. 

The experiments reported above suggest two further considerations. 
An irreversible reduction by thiouracil of the quanti ty of virus formed, of the 

order of 72 %, such as we observe in case e (Table IV) corresponds to a reduction of 99 % 
of the concentration of virus in the infecting solution (Table II). If  we consider, as 
suggested in the above discussion, that  the 72 % reduction observed must be attr ibuted 
to the incorporation of thiouracil into the nucleic acid, we are led to suppose that  this 
incorporation alone can have massive effects on the quanti ty of infectious material 
present in the virus, and is sufficient to explain the drastic action of thiouracil on its 
growth. 
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I t  should furthermore be noticed that  when thiouracil had acted alone for periods 
of 6 hours, 24 hours and 48 hours, the amount  of virus formed after 6 days in the pres- 
ence of uracil was the same. I t  appears therefore that  the same amount of infectious 
material was present in the three cases at the moment  that  the uracil was added. The 
simplest explanation of this fact seems to be that  the thiouracil  on being incorporated 
into the newly formed nucleic acid molecules, had inactivated all of them irreversibly 
and that  growth in the presence of uracil took place from molecules introduced during 
infection, the same quanti ty in all three cases. Here again it appears that  thiouracil can 
exert a powerful action simply by  its incorporation. 

BAWDEN n has reported that  thiouracil inhibits the multiplication of various 
viruses cultured on certain plants, but  is without action if the host belongs to another 
species. If  our hypothesis is correct, incorporation of thiouracil into the nucleic acid 
of the virus should be observed in systems of the first kind, but not in those of the 
second. Such a difference would not be surprising, and could be explained by greater 
or less specificity of the enzymes which take part  in the synthesis of nucleic acid, 
according to the plant species which p~ovides them. 

According to a hypothesis put forward by KALCKAR TM, metabolic analogues of 
purines and pyrimidines could act as traps for ribose, by fixing this substance in the 
form of abnormal nucleosides that  could not be used by  the cell. Such a hypothesis 
would appear to be inapplicable to the case examined in this work. The thiouracil is, 
most active as inhibitor when it is applied in the first hours after the infection, that  is, 
at  a t ime when the quantities of ribose used in building the virus are smallest. I t  be- 
comes in contrast only slightly active at the same concentrations when the virus has 
become abundant  and the quantities of ribose used at each duplication are much 
greater. 

DISCUSSION AND CONCLUSIONS 

The significance of the experimental facts described in this work has been discussed 
immediately after the description of each. Here we shall only sum up the general inter- 
pretation at which we have arrived. For this purpose, we shall use the term "amount  of 
infectious material" contained in a virus particle, for the component of this particle 
which plays an effective part  in the biosynthetic processes leading to the formation 
of new virus particles inside the host cell. Our interpretation can then be expressed by 
saying that  the culture of tobacco mosaic virus in the presence of thiouracil decreases 
the amount of infectious material contained in each particle without modifying either 
the amount  of protein or the amount of nucleic acid which it contains. We must there- 
fore suppose that  the presence of thiouracil has entailed a structural modification of a 
variable part  of the molecules of proteins or nucleic acid normally playing this bio- 
synthetic role. On the other hand we have established that  the decrease in the amount 
of infectious material  contained in a particle does not necessarily suppress its infectious 
character. Consequently the "infectious material" in a single particle must contain 
several collections of specific structures, each capable of assuring the transmission of the 
hereditary characters of this particle. 

Since our experiments showed that  the decrease in the amount of infectious mate- 
rial in a virus particle was accompanied by incorporation of thiouraciJ into the nucleic 
acid component, probably in the form of thiouridylic acid, we consider it possible to 
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at tr ibute to this incorporation the inactivation of a variable part  of the "infectious 
material" of the particle. This hypothesis is based upon the idea, evidence for which was 
presented in a previous piece of work 13, that  the ribonucleic acid of the plant virus 
might play a biosynthetic part  analogous to that  which has been generally attr ibuted 
to the desoxyribonucleic acid of phages since the well-known experiments of HERSHEY 
on the multiplication mechanism of the latter*. 

The preceding conclusions are the only ones which we can draw from the facts 
known at present. The interpretation of our experiments could only be pushed further 
if the structure of the axial rod of ribonueleic acid of the particles of tobacco mosaic 
virus were elucidated, and if our knowledge of the genetics of this virus were more 
developed. We shall only indicate here in an appendix what seems to us a possible line 
of research. 

APPENDIX 

As remarked above, we have been led to suppose the existence, in each virus particle 
of several collections of specific structures, each capable of assuring the transmission 
of the hereditary characters of this particle. Let us call each of these collections a 
genome. If a molecule of virus ribonucleic acid be considered to have a molecular 
weight of 29o,ooo or 25o,ooo 1. there would be room for about eight of these molecules 
in a virus particle. Each of these molecules, if completely unwound, would have about 
the same length as the particle 15, and could represent a genome. The incorporation of 
thiouracil into the nucleic acid could inactivate a variable number of these genomes, 
and if only one of them kept its normal structure it would be sufficient for the virus 
to remain infectious. Finally the hypothesis that  there exist in each particle eight ge- 
nomes, each of which could be separately inactivated by  the thiouracil, would account 
for the experimental facts described in this work. Calculation shows in fact that,  for a 
number of genomes of this order, a decrease of 8o % in the amount of infectious mate- 
rial (experiment I) corresponding to a known weight of virus, that  is, a decrease of 8o % 
in the number of active genomes contained in them, would entail a decrease of only 
2o% in the number of infectious particles, that  is, a decrease of the same order of 
magnitude as the experimental error made in the determination of this number. 

Finally it might be interesting to examine the consequences, of a quanti tat ive 
type, of a hypothesis of this kind**. 

Let us suppose as above, that  each virus particle contains eight genomes, corre- 
spondingto as many  molecules of ribonucleic acid of molecular weight 29o,ooo. Let us 
assume, furthermore, that  of the 2oo uridylic nucleotides which a genome contains, n 
(I ~ n >/2oo) occupy a position such that  if one of them is replaced by a thiouridylic 
nucleotide, the genome in which this replacement has occurred is inactivated. 

The probability that  one uracil is not replaced by one thiouracil being a, the 
probability A that,  of n molecules of uracil none will be replaced by thiouracil is an. 
Experimentally a is measured by the proportion of the uracil molecules that  are not 
replaced by thiouracil and A by the proportion of the genomes that  remain active. 

Let us consider by way of example the case in which the replacement of Io % of 

* CTIERER AND SCHRAMM 14 have  recent ly  shown t h a t  i t  is possible to  infect  tobacco leaves  wi th  
R N A  from TMV in the  t o t a l  absence of the  p ro te in  componen t  of the  virus.  

"* I should  l ike to  t h a n k  Dr. R. THOMAS for th is  suggest ion.  
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the uracil groups by thiouracil would result in a decrease of 82 % of the total number 
of active genomes contained in a known weight of virus. Here a = o.9; A = o.20; 
therefore n ~ 16. 

This recalls the observation of HERSHEr et al. TM on the effects of the decay of 3~P 
atoms incorporated in the DNA of phage, which could be interpreted by saying that 
there is I chance out of IO that the alteration by decay of a single nucleotide in the 
phage particle renders it inactive. 

SUMMARY 

i. Tobacco mosaic virus, grown in the presence of thiouracil contains per  uni t  weight a reduced 
quan t i ty  of material  susceptible of forming new virus after  infecting Nicotiana tabacum. This re- 
duction in the quan t i ty  of infectious material  appears  to be related to the incorporat ion of thio- 
uracil into the virus nucleic acid. If  uracil is added to the culture, a t  the same t ime as thiouracil, 
the incorporat ion of the lat ter  in the nucleic acid is considerably diminished and the quan t i ty  of in- 
fectious material  contained in the virus is normal.  The protein pa r t  of the virus incorporates  a 
small quan t i t y  of the S from the thiouracil.  This incorporat ion is wi thout  effect on virus infectivity. 

2. On the other  hand  the incorporat ion of thiouracil in virus nucleic acid does not  modify 
appreciably the n u m b e r  of particles per uni t  weight  of virus tha t  are capable of producing a 
necrotic lesion in Nicotiana glutinosa. This incorporat ion is thus  capable of diminishing the average 
quan t i ty  of infectious material  contained in each particle wi thout  necessarily suppressing the 
infectivity of the whole particle. Each virus particle appears  thus  to contain several series of spe- 
cific s t ruc tures  responsible for the t ransmiss ion of the genetic characters  of the virus. 

3. When  virus is cult ivated in the presence of thiouracil, uracil being added after  a few hours,  
the growth of the virus appears  s t rongly inhibited when compared to a control where thiouracil 
and uracil had been added s imul taneously  at  the beginning of the culture. The inhibi tory effect of 
the incorporation of thiouracil into nucleic acid is sufficiently impor t an t  to be considered as the 
major  cause of the inhibi tory action of thiouracil on the growth  of the virus. Thiouracil does not  
appear  to act appreciably as a competi t ive inhibitor  of a synthet ic  mechanism indispensable for 
virus growth.  
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