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INTRODUCTION 

Most published electron micrographs of tobacco mosaic virus (TMV) have shown 
variations in its length although there is general agreement that the diameter of the 
virus is slightly greater than 15o A. In ordinary preparations the most numerous 
particles have been reported as approximately 2800 A in length, but shorter and 
longer particles are always present. The detailed study by WILLIAMS AND STEERE 1 
on the length of TMV using polystyrene spheres as reference particles gives a value 
of 2980 A for the length of the most frequently observed particle. These investigators 
were able to show that with gentle treatment the virus could be prepared as solutions 
which contained rods over 70 % of which had this length. In addition, evidence was 
presented to show that  over 95 % of the TMV in solution before mounting for electron 
microscopic examination was present as rods of 2980 A or multiples of this length. 
SCHACHMAN 2 has also shown, in a careful ultracentrifugation analysis, that uniform 
length virus rods can be prepared. 

BAWDEN 8 has reviewed the evidence for the existence of rods of lengths less than 
2800/% Some investigators have considered the freezing, grinding and chemical 
treatment used in the isolation of TMV as sufficient explanation for the presence of 
short rods. There is ample evidence in the literature that TMV rods are quite fragile. 
Ultrasonic irradiation will break them.into various lengths, apparently first breaking 
the particles in half 4 and then proceeding on down until a length distribution varying 
from about 40 to 18o A is obtained ~. Particles of various lengths are still found after 
I hour exposure to a frequency of about 9 kilocycles. Numerous investigators have 
studied the disruption of TMV by chemical agents. Thus, certain of the chemical 
bonds are broken by treating the virus in solutions of strontium nitrate, sodium 
dodecyl sulfate, in solutions of high pH, and by heat. SCHRAMM AND WIEDEMANN e 
have studied the disruption of TMV by chemical means using both ultracentrifugation 
and electron microscopy to identify the products. One of the micrographs in their 
study shows a TMV particle broken in-a-line quite similar to those broken by freeze- 
drying. 
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Station. Supported by grants  from the National Inst i tutes of Health, the Hermann  Frasch 
Foundation and the Research Committee of the Graduate School from funds supplied by the 
Wisconsin Ah,.mni Research Foundation. 
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We have reported the breaking of TMV by freeze-drying 7. In this method the 
broken pieces are nearly the same length and are found lying in a linear arrangement. 
Over 75 % of 542 linearly arranged pieces found in 30 discrete droplets showed a 
length of 40o + IOO A. Despite this rather narrow size distribution we concluded 
from an analysis of the positions of the breaks that there were not specific points 
along the rods at which breakage must occur. Rather, the narrow distribution resulted 
either from the method itself or from weak regions extending over a considerable 
distance along the particle. The ease with which TMV particles break transversely 
and the fact that the relative positions of the broken pieces in the original particles 
are known suggests their value in stu.dies of virus structure. There is already an 
indication from our micrographs that fine strands join some of the broken pieces. 
In-the present paper we describe experiments concerning conditions under which 
breaking by freeze-drying occurs and describe some of the biological and chemical 
properties of the broken pieces of TMV prepared in this way. 

MATERIALS AND METHODS 

Preparations o t rod-shaped biological particles 
The TMV solutions were prepared as already describedL The 5 strains of TMV were grown for us 
by  Professor R. FULTON of the Depar tmen t  of Hort icul ture from his stock cultures. These strains 
were: "C" - -  Johnson ' s  mild, " D " - - K u n k e l ' s  aucuba, " E " - - a n  isolate from field tobacco, 
"HM"- -Ho lmes  masked, and "Y i 4 " - - a  yellow strain from field tobacco. All of the s trains 
showed differences of sym p t om s  on various plant  hosts, and all bu t  Y 14 have been described 
by Professor FULTON 8. These strains were isolated and purified following the same.procedure as 
used with the normal  TMV. 

The po ta to -X was the necrotic ring spot strain which was cultured in N. glutinosa and  
transferred to tobacco for growing large amounts .  This was obtained from Miss K. Hl~L~S working 
in Professor G. POUND'S laboratory in the Depar tment  of Plant  Pathology. 

The isolated bacterial flagella were obtained from Dr. A. BERNSTEIY in Professor J. LEDER- 
BERG'S laboratory in the Depar tment  of Genetics. They were isolated from Salmonella parathyphi B. 
by the method of UCHIDA, SUNKAWA AND FUKMI 9. Two additional cycles of differential centrifu- 
gation in the Spinco model L centrifuge using distilled water  to resuspend the pellets were carried 
out. Small amounts  of flagella from Rhizobium leguminosarum (var. Red Clover) were also prepared 
by  the method of WEIBULL 1° in our  laboratory. 

Insulin fibrils were prepared by  several of the methods of WAUGH 11. The acids necessary 
for the polymerization of the globular insulin were removed by both a combinat ion of dialysis 
against  distilled water  and differential eentrifugation or by differential centrifugation alone. The 
insulin monomer  was obtained from Eli Lilly Co. as crystalline zinc insulin. 

The treexe-drying method used ]or checking ]or the characteristic breaking 
A brief description of the method was published previously 7, and a more detailed description 
of the appara tus  and procedures used is in press TM. The method consists primari ly in freezing 
droplets containing TMV by spraying a solution onto a cold subs t ra te  and then removing the 
ice from the droplets by  sublimation under conditions of high vacuum. In  order to vary the 
pressure of the evacuation sys tem a Cartesian type manos ta t  was used with either a Cenco "h ivac"  
or "presso-vac" mechanical pump.  The specimens were shadowed with u ran ium and examined 
in a RCA model EMU electron microscope. 

The ]reeze-drying method used ]or preparing macro amounts o] broken rods 
Large enough quanti t ies of the broken pieces of TMV for nitrogen, ultraviolet absorption, and 
infectivity tests  were prepared in the following manner :  (t) Solutions of TMV prepared as previ- 
ously described were centrifuged at about  3o,ooo × g for I hour leaving most  of the "na tura l ly  
occurr ing" short  rods in the supernatant .  Solutions of the pellets were used in the subsequent  
steps. (2) These solutions, at  about  o . Io  mg TMV per ml, were sprayed through the small orifice 
of a large powder  funnel by  means of a high velocity spray gun onto petri dishes resting on a 
metal  suppor t  in a dewar flask. Liquid air was placed in the dewar at a level such tha t  the petri 
dish was in direct contact  with the cold liquid. The large end of the funnel was below the top 
rim of the dewar. A s t ream of warm air was directed toward the tip of the spray  gun which was 
below the top opening of the funnel. This was fouud necessary since spraying was continued for 
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several  m i n u t e s  and  the  cur ren t  of air f rom the  dewar  was cold enough  to freeze t he  solut ion 
in the  t ip of the  gun.  (3) The  th in  layer  of frozen solut ion in the  petri  d ish was t ransfer red  to 
large v a c u u m  desiccators  kep t  in the  cold chest .  P hospho rus  pen tox ide  was placed in t he  b o t t o m  
of the  desiccators .  (4) The  frozen prepara t ions  were dried by  evacua t ing  the  desiccators  wi th  
a mechan ica l  p u m p  or a water  aspira tor .  (5) The  dried prepara t ions  were dissolved by  repeatedly  
f lushing the  surface  of the  petr i  dishes with distilled water  us ing a smal l  medic ine  dropper.  Abou t  
io  % of t he  TMV in the  original solut ion was recovered. F i f ty  ml  of solut ion con ta in ing  broken 
TMV at  a concen t ra t ion  of abou t  o.o2 m g  per ml  were prepared  in this  manne r .  (6) These  solut ions  
were differential ly cent r i fuged with a Spinco model  L cent r i fuge  to separa te  the  var ious  sizes of 
par t ic les  present .  (7) After  separat ion,  a por t ion  of the  solut ions was d i lu ted  wi th  known vo lumes  
of Dow latex po lys ty rene  spheres,  sp rayed  onto  collodion covered screens, shadowed,  and  e x a m i n e d  
in the  e lect ron microscope;  Other  a l iquots  of the  solut ions were ana lyzed  for n i t rogen by  the  
mic ro -Kje ldah l  m e t h o d  of JOHNSON 13 and  for u l t rav io le t  absorp t ion  us ing  a model  DU B e c k m a n  
spec t ropho tomete r .  (8) After  ad jus t i ng  the  var ious  solut ions to conta in  t he  s ame  a m o u n t  of 
ni trogen,  t h e y  were assayed  for infec t iv i ty  by  the  local lesion La t in  square  m e t h o d  on N. glutinosa, 
N. tabacum × N. glutinosa hybr id ,  and  Phaseolus vulgaris plants .  For these  assays  the  solut ions 
were d i lu ted  wi th  p h o s p h a t e  buffer. All o ther  solut ions were in distilled water .  

RESULTS 

Mechamsm o/breakage 

By varying the experimental conditions of the spraying and freezing techniques 
several possible causes of the characteristic breaking were eliminated ~. In addition, 
as discussed below, we have splayed using a low velocity nebulizer and also have 
varied the pressure under which sublimation occurs. 

In the experiments with the nebulizer the usual amount of in-a-line breaking 
was found both with a metal guide tube chilled to liquid air temperature and at 
room temperature. This reduced the possibility that  the frozen virus was broken by 
impact with the collodion substrate as was considered earlier. 

The sublimation pressure was found to markedly affect the number of broken 
rods. The pressure of the sublimation system was varied from a low of about 0.03 mm 
of Hg to that  of the atmosphere. The temperature of the specimen gradually ap- 
proached - - 2 2  ° C from a low of - - 1 9  °0 C. Since only distilled water solutions of TMV 
were used, even - -22  ° C was cold enough to prevent general melting of the frozen 
droplets. Usually a trap cooled by liquid air served to remove water vapor from 
the system. In the experiment at atmospheric pressure phosphorus pentoxide was 
used as a desiccant. 

Fig. I is an example of TMV prepared at evacuation pressures of 0.I mm Hg 
or less. The tangled masses of rods are clearly standing away from the film and cast 
very long shadows. WILLIAMS 14 has suggested that  such masses result from thermal 
agitation of the particles. Thermal agitation and the vapor stream from the subliming 
ice cause the individual particles to either leave the substrat e entirely or they adhere 
to the film or to other particles resting on the film. When such three dimensional 
networks are irradiated with a concentrated electron beam in the microscope, the 
individual particles are observed to coalesce and the network sometimes completely 
collapses. However, with care in the adjustment of the beam's intensity such networks 
can be photographed. (The correspondence of the shadow with the specimen is a 
convenient check for damage due to the electron beam.) A great many of the indi- 
vidual rods in the network shown in Fig. I can be resolved. Note several cases of 
rods aggregated side by side in the lower left section of the network. In Fig. I the 
few isolated rods in contact with the substrate are not broken. Broken rods lying 
in-a-line were observed rarely at sublimation pressures below 0.I mm Hg. 
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Fig. I. An electron micrograph ot a droplet 
containing TMV prepared by freeze-drying. 
Sublimation pressure was o.o 3 mm Hg. 
Note that many of the individual rods in 
the 3-dimensional mass can be resolved. 

Magnification is 3o,ooo. 

\ 

1 

Fig. e. An electron micrograph of a droplet 
containing TMV, frozen and then sublimed 
at t .o mm Hg. The rods in the 3-dimensional 
network have aggregated so that they 
cannot be resolved easily but the network 
still casts a very long shadow characteristic 
of frozen-dried preparations. Magnification 
is 35,ooo. Micrograph prepared by Y. CHEN. 

Fig. 3. An electron micrograph of a droplet 
containing TMV frozen in the usual way but 
sublimed under poor vacuum. It is an ex- 
ample of the appearance of the networks 
when pressures of about 11 mm of mercury 
are used. Note the almost complete aggre- 
gation of the networks. Magnification is 
35,ooo. Micrograph prepared by Y. CHEN. 

Fig. 4. An electron micrograph of a droplet 
containing TMV showing piles of broken 
rods and some individual rods with pieces 
lying in a linear arrangement. This is an 
example of the appearance of TMV when 
conditions of sublimation are such that 
some melting occurs or drying is carried out 
at atmospheric pressure. Magnification is 

35,000. 

Fig. 2 shows another  network of rods prepared at  about  I .o mm of Hg. At this 
pressure we usually find fairly good resolution of individual  rods in the 3-dimensional 

network and there  are m a n y  examples of rods broken in-a-line. 
Fig. 3 is an example  of a port ion of a droplet  containing TMV prepared at  I I  mm 

of Hg. At  this pressure the ne twork  has coalesced to form a solid mass of TMV with 

the individual  rods indist inguishable from possible extraneous contaminat ion.  
Fig. 4 is an example  of the results obta ined when the frozen droplet  of TMV is 

ei ther prepared under  ex t remely  poor drying conditions, or allowed to par t ia l ly  melt  

before completely  subliming the ice. Results  such as this were obtained in a drying 
experim.ent at a tmospher ic  pressure at - - I O  ° C. No networks are present and most  

of the broken particles are found in low piles of short  pieces. An occasional example 

of rods broken into pieces hav ing  a l inear  a r rangement  was found. Under  such poor 
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drying conditions, the possibility of at least local melting cannot be excluded although 
the temperature was never above the melting point of pure ice. The presence of some 
particles broken in-a-line and of a great number of short rods indicates that  the same 
breaking force was operating as under the better drying conditions. I t  is probable 
that  the broken pieces were piled up by liquid produced by melted ice at some 
subsequent stage or resulted from the complete collapse and breaking of the three 
dimensional masses. 

The examples of breaking shown in Fig. 1, 2, and 3 were obtained with I'MV 
pleparations dried under conditions which did not allow melting and in many cases 
rods broken in-a-line were seen within a few thousand Angstroms of three-dimensional 
masses in which t h e  rods are not broken. This is evidence that  the breaking does 
not result from melting or from surface tension effects. 

The breaking may be due to migratory recrystallization of the ice surrounding 
the rods. This recrystallization phenomenon has been studied by MERRYMAN AND 
KAFIG 15 who noted that  ice crystal size was a direct function of the vapor pressure. 
If within a few minutes, the temperature of the frozen specimens approached - - 2 2  ° C 
from the low of - - 1 9  °0 C, the solid droplet would have a higher vapor pressure and 
larger crystallites would form. The growth of the crystals by migratory recrystalli- 
zation would be enhanced by the longer periods of t ime necessary for sublimation 
with the poor vacuums used in our experiments. Such a phenomenon might cause 
both the coalescing of the three-dimensional networks and the breaking of the indi- 
vidual rods. I t  does not, however, account for the narrow length distribution of the 
broken pieces which must depend upon the mechanical properties of the virus 
particles. 

While the experiments described above gave some insight into the nature of the 
breaking of TMV, it was thought desirable to determine whether the phenomenon 
was a gross artifact of the freeze-drying process. Other biological particles of the 
approximate size and shape of TMV rods were therefore prepared under the same 
conditions which break TMV. Although only rather minor differences in chemical 
composition are known among the varieus strains of TMV, "these virus rods were 
tested for breakage since there have been reports of differences in the distribution 
of lengths of some strains. This difference would presumably be due to a variation 
in the ease of breakage of the particle. All five strains described earlier were found 
to break in the same manner as the normal TMV. Potato-X virus is slightly smaller 
in diameter than TMV, and is usually found as somewhat longer and more "flexible" 
rods (although many particles of varied length are always present after the usual 
isolation procedures). Solutions of this rod-shaped particle were found broken in the 
same linear arrangement when frozen-dried under the conditions which break TMV. 
While the nucleic acid content TM and X-ray diffraction patterns 17 of potato-X virus 
have been studied, not enough is known about these factors to warrant a further 
comparison with TMV. 

The bacterial flagella which we examined have diameters of the same order of 
magnitude as that  of TMV; various lengths were present presumably due to disruption 
by the isolation method 1°, is. Upon examining many droplets of solutions frozen-dried 
under the conditions which break TMV we found no examples of flagella which were 
broken in-a-line. I t  might be noted that  only protein has been found (with minor 
traces of other materials) in those samples of flagella subjected to chemical analysis 1°. 
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When insulin fibrils were prepared under the conditions known to break TMV, 
no examples of rods broken in the linear arrangement were seen. This was surprising 
since FARRANT AND MERCER TM have found examples of cleavage in preparations dried 
in macro droplets at  room temperature. However, the spaces between the broken 
pieces of insulin fibrils found by  these authors were much smaller than those usually 
found in broken TMV. 

From the results of these experiments on different types of rod shaped particles 
it is apparent that  the characteristic breaking is a property of normal TMV, five 
strains of TMV, and potato-X virus and is not an artifact common to all slender 
rod-like protein particles prepared by the  freeze-drying procedure. 

P-roperties o/the isolated broken pieces o/TMV 
The solution obtained after step 5 contained a mixture of three classes of rods as 
follows: (A) elongated rods (longer than about 3000 A), (B) normal rods (about 
300o A), and (C) short rods (about 4o0 A). The relative number of each was determined 
by spraying the solution using the representative spray droplet technique of BACKUS 
AND WILLIAMS 20. Broken pieces whose lengths fell between normal and short rods 
were counted with their nearest counterparts. This was done for simplicity since their 
number was small. 

Differential centrifugations were carried out with the Spinco model L centrifuge 
at two speeds which gave average centrifugal forces of 80,00o and 14o,ooo × g for 
I and 2 hours respectively. The former centrifugation should remove a considerable 
fraction of normal and long rods from the supernatant while the latter should remove 
a considerable fraction of short rods as well. Table I shows the results of analyses 
on the supernatants of these centrifugations. The controls were portions of the 
original TMV solution which was also used for spraying. The optical densities (OD) 
listed in the second column were measured at 265 m~ through a I cm path of the 
solutions containing the amounts of nitrogen per ml listed in the first column. The 
third column is the ratio of OD/micrograms of N contained in the solutions. The 
fourth column lists the average of local lesions of the test solutions over the average 
number of lesions in the untreated virus. Both the control and the test solutions 
were adjusted to contain the same quantity of nitrogen. The last three columns record 
the number of the rods of the three lengths over the number of polystyrene spheres 
found in the same droplets. They are totals of several droplets (3 to 5). The dilutions 
for these countings were different than for the local lesion assays so no comparisons 
of the number of rods per local lesion were made. 

The results show that  all of  the solutions contain some rods of 3ooo A length 
and the treated solutions gave much less infectivity than the untreated. The decreased 
number of lesions found with the centrifuged control is in accord with the results of 
the several investigations on both "naturally ''z, 21 occurring short rods and sonically 
broken rods 4. I t  would appear that  the broken pieces ale not infective. 

The absorption of TMV at 265 m/, is primarily due to the purines and pyrimidines 
of the nucleic acid of the virus. The ratio of OD/micrograms N per milliliter is thus 
a measure of the relative amounts of nucleic acid and protein since both types of 
material contain approximately the same percentage of nitrogen. These ratios (in 
column 3) indicate that  at the lower speed either free nucleic acid or nucleoprotein 
of small dimensions is present in the supernatant after centrifugation. The precision 
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of the measurements involved in this ratio is no better  than i 20% ; therefore, only 
the large increase in the ratio obtained with the frozen-dried solution centrifuged 
at 80,000 × g is significant. I t  iS possible that  additional material absorbing at 265 m~ 
was sedimented at the higher speed. 

T A B L E  I 

C H E M I C A L  A N D  B I O L O G I C A L  P R O P E R T I E S  OF ISOLA'I E D  B R O K E N  TOBACCO MOSAIC V I R U S  RODS 

Nitrogen Number o/rods 
recovered optical OD,'N Local N;,mbcr o/spheres 

Solution in supevnatant dotsity X xo ~ lesions* 
micrograms at 265 rn/~ 

per millilite~ longs aaives shorts 

Frozen-dr ied virus  cent r i fuged 
for I hour  a t  80,000 × g 

C o n t r o l u n t r e a t e d  v i rus  centr i fuged 
for i hour  a t  80,000 x g 

Frozen-dr ied  v i rus  cent r i fuged 
for 2 hours  a t  14o,ooo × g 

C o n t r o l u n t r e a t e d  v i r u s c e n t r i f u g e  
for 2 hours  a t  14o, ooo × g 

35 I 4 142 
8.0 o.391 49 

1655 61 6I 61 

6.0 O. I20 20 438 3 22 5 
1645 83 83 83 

27 o.  2 96 
8.1 o.171 21 2230 57 57 57 

58 2 IO 15 
5.2 o.o72 14 

JOzo 88 88 88 

* The local lesion assays  are ra t ios  of the ave rage  number  of lesions on hal /  leaves oI p l an t s  
inocula ted  wi th  the  t es t  solut ion over  the  average  nmnber  on the o ther  half  inocula ted  wi th  a 
normal  p repa ra t i on  of TMV. Assays were conducted  on glut inosa,  g lu t inosa- tobacco hybr id  and 
bean p l an t s  wi th  s imi la r  results.  

DISCUSSION 

The results presented here add to the evidence that  TMV readily breaks transversely 
to its long axis. Freeze-drying, under relatively poor sublimation conditions, the 
"chemical" breakage of SCHRAMM and his collaborators, and sonic oscillations all 
appear to produce short pieces. Since a wide range of lengths can usually be found 
in normal TMV preparations, it is likely that  this length distribution is produced in 
the purification procedures due to the presence of natural salts or added buffers, by 
mechanical disruption and by freezing of the leaves prior to isolation. 

Since we have not been able to break insulin fibrils and flagella as we have TMV, 
it may indicate that  in the latter case only a relatively few strong bonds need to 
be disrupted. I t  might be noted that  recent X-ray diffraction studies by WATSON 2~ 
and infrared dichroism experiments by FRASER ~s are in agreement as to the orien- 
tation of the polypeptide chains of TMV. Both investigators have found that  their 
results could be best interpreted by assuming that  the chains are preferentially 
oriented perpendicular to the longer axis of the rod. On the other hand, KOLTUN, 

WAUGH AND BEAR ~4 found that  the polypeptide chains of insulin fibrils have their 
axes predominantly parallel to the fibril axis. No extensive investigation of the 
X-ray diffraction patterns of the several strains of TMV or of potato-X virus has 
been carried out, but the conclusions drawn by BERNAL AND FANKUCHEN "17, were 
that  the patterns of the latter and the strains they examined were somewhat similar 
to normal TMV. This difference in the orientation of the peptide chains in the virus 
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nucleoprotein as contrasted to the fibrous proteins may be an important factor 
affecting their susceptibility to the type of cleavage that we have observed with TMV 
and other virus nucleoproteins but not with fibrous proteins as insulin fibrils or 
bacterial flagella. 

The breaking of the rod shaped plant viruses seemed to occur during the subli- 
mation process. Breakage occurs most frequently under conditions which promote 
migratory recrystallization and the possibility that this may be a factor in causing 
the breaking has already been discussed, but one other possible explanation remains. 
It may be that there is a contraction of the virus particle during drying and as this 
takes place the rods break whenever they adhere to the substrate along a portion 
of their length. The adherence might be one of freezing to the substrate. The con- 
traction may be due to the sublimation of the water of hydration of the virus. 
However, we cannot then account for the large spaces between the pieces because 
it is known from diffraction diagrams that no large structural changes take place 
in going from wet gels to dry preparations 25, ~2 

Direct evidence is nov,- available that the nucleic acid is in the interior of TMV ~. 
In addition, the light-scattering study of NORTI~ROP AND SINSHEIMER 27 of nucleic acid 
liberated from TMV by heat gave a molecular weight of the nucleic acid which 
corresponded to the weight of the entire nucleic acid contained in the virus rod. They 
concluded that all of the nucleic acid is continuous in the rod. Recently the virus 
causing turnip yellow disease was found to be a shell of protein surrounding a core 

• high speed supernatants of the fractionated broken TMV rods is due to the release 
of nucleic acid from the core of TMV. With procedures for preparing large enough 
amounts of broken pieces this hypothesis could be further tested. The present study 
confirms the results of other investigations to the effect that short pieces of TMV 
are not infective. 

S U M M A R Y  

Elec t ron  mic rographs  of tobacco  mosaic  v i rus  p repared  by  freeze-drying unde r  progress ively  
poorer  sub l ima t ion  condi t ions  show cor responding  differences in t he  appea rance  of t he  3-di- 
mens iona l  ne tworks  of TMV and  in the  n u m b e r  of b roken  rods found  lying in a l inear a r r angemen t .  
Possible  exp lana t ions  for the  b reak ing  are discussed.  Since ne i ther  bacter ia l  flagella nor  insul in  
fibrils b reak  under  t h e  s a m e  condit ions,  it  is concluded  t h a t  the  breaking  is no t  a gross  a r t i fac t  
of f reeze-drying.  

Isola ted broken  pieces of tobacco mosaic  v i rus  in mi l l igram quan t i t i e s  were prepared  a n d  
s tud ied .  The  shor t  pieces do no t  appear  to be infective.  The  resul ts  of u l t rav io le t  absorp t ion  
m e a s u r e m e n t s  on s u p e r n a t a n t s  of differential ly cen t r i fuged  solut ions of the  b roken  pieces sugges t  
t h a t  nucleic acid m a y  be l iberated du r ing  t he  b reak ing  process.  

R E F E R E N C E S  

1 R. C. WILLIAMS AND R. L. STEERE, J. Am. Chem. Sot., 73 (I95 I) 2o51. 
I H.  D. SCHACHMAN, J. Am. Chem. Soc., 73 (I95 I) 48°8- 
s F.  C. BAWDEN, Plant Viruses and Virus Diseases, 3rd ed., Chronica Bo tan ica  Co., W a l t h a m ,  

Mass. ,  i95o,  Chap te r  I2. 
4 G. OSTEE, f .  Gen. Physiol., 3I (I947) 89. 
6 R.  C. WILLIAMS, Biochim. Biophys. Acta, 8 (I952) 227. 
S G. SCHRAMM AND M. WIEDEMANN, Z. Natur/orsckung, 6b (1951) 379. 

R.  V. RICE, P.  KAESBERG AND M. A. STAHMANN, Biochim. Biophys. Acta, i i  (I953) 337. 
s R.  W.  FULTON, Phytopatk., 41 (195I) 579- 
s H.  UCltIDA, B. SUNEOWA AND H.  FUKUMI, Japan J. Med. Sci. Biol., 5 (1952) 35 t. 

10 C. WEIBULL, Biochim. Biophys. Acta, 2 (I948) 35I.  



496 R.v. RICE, P. KAESBERG, M. A. STAHMANN VOL. 20 (1956) 

11 D. WAUGH, D. WILHELMSON, S. COMMERFORD AND IV[. SACKLER, J. Am. Chem. Soc., 75 (1953 
2592. 

1s R. V. RICE, P. KAESBERG AND M. A. STAHMANN, Arch. Biochem. Biophys., 59 (1955) 332. 
13 M. J. JOHNSON, J. Biol. Chem., 137 (1941) 575. 
14 R. C. WILLIAMS, Adv. in Virus Research, 2 (1955) 183. 
19 H.  T. MERRYMAN AND E. KAFIG, J. Appl. Phys., 24 (1953) x416. 
16 F. C. BAWDEN AND A. KLECZKOWSKI, J. Gen. Microbiol., 2 (1948) 173. 
IT j .  D. BERNAL AND I. FANKUCHEN, J. Gen. Physiol., 25 (1941) 147. 
1B M. P. STARR AND .R.C. WILLIAMS, J. Bacteriol., 63 (1952) 7Ol. 
19 j .  L. FARRANT AND E. I-~. MERCER, Biochim. Biophys. Acta, 8 (1952) 355. 
z0 R. C. BACKUS AND R. C. WILLIAMS, J. Appl. Phys., 21 (195o) i i .  
31 T. SIGURGEIRSSEN AND W. M. STANLEY, Phytopath., 37 (1947) 26. 
33 j .  D. WATSON, Biochim. Biophys. Acta, "13 (1954) IO. 
93 R. D. B. FRASER, Nature, 17o (I952) 490. 
34 W. L. KOLTUN, D. F. WAUGH AND R. S. BEAR, J. Am. Chem. Soc., 76 (1954) 413 • 

R. E. FRANKLIN AND BARRY COMMONER, Nature, 175 (1955) lO77. 
2s R. G. HART, Proc. Natl. Acad. Sci. U.S., 41 (I~955) 261. 
97 T.' G. NORTHROP AND R. L. SINSHEIMER, J. Chem. Phys., 22 (1954) 7o3 • 
93 p. SCHMIDT, P. KAESBERG AND W. W. BEEMAN, Biochim. Biophys. Aaa, 14 (1954) i .  

Received September 9th, 1955 


