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TABLE I. 
-1ge of Culturc, Ih ra t ion  of Guinea P i g  P:issngc and R(>sist:incc, t o  Strcptornycin of Tubercle 

Bncilli Isolatcd from Patients by Direct Culture and by Guiiica Pig 1110~~liiti011. 
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ment has been carried out for several months. 
It is evident from the data presented in 

Table I that cultures of tubercle bacilli from 
patients receiving streptomycin retain their 
resistance to the drug even after residence 
in guinea pigs for 10 weeks or more and 
subsequent maintenance on glycerinated egg 
yolk agar for many weeks. 

In another experiment each of 14 guinea 
pigs was inoculated subcutaneously with 0.1 
mg of tubercle bacilli found to be resistant 

to a t  least 2,000 pg of streptomycin per 
milliliter of medium. Cultures isolated from 
9 of these that died after periods of 61 to 
164 days of infection were found still to be 
resistant to a t  least 2,000 pg. In  all 14 ani- 
mals there was gross and microscopic evi- 
dence of progressive tuberculosis indistin- 
guishable from that seen in a similar group 
of guinea pigs inoculated with a sensitive 
strain from the same patient. 

Uniformity of Size of Bacteriophage Particles. 

-4. D. HERSHEY, FRANCES KIMURA, AND J. BRONFENBRENNER. 
Fro111 t h e  Department  o f  Bacteriology and Z?ninunology, Wctshiiigton T;iniucrsit?y School of 

Metliciiie, St.  Louis, .MO. 

-4s measured by the sintered glass boundary 
method of Northrop and .4nson, Kalmanson 
and Bronfenbrennerl found the apparent dif- 
fusion coefficient of coliphage PC (hereafter 
called T2K) to be about 1.7  X cm'/sec, 
corresponding to an equivalent spherical di- 

ameter of about 16 mp. By fractional ul- 
trafiltration, a very small fraction of the 
phage was obtained which behaved in the 
same measurement like particles haviny a 
diameter of about 4 mp. 

Immunological analysis2 revealed a re- 
1 Ralmanson, G. M., and Bronfenbrenner, J., 

J. Gen. Physiol., 1939, 23, 203. 

- 

2 Hershey, A. D., Kalnianson~ G. M., mid 1:roii- 
fenbrenner, J., J. Immunol., 1943, 46, 281. 
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markably high combining power of the phage 
for neutralizing antibody, about 4600 mole- 
cules of antibody per lytic unit of phage. 
This may be taken as evidence that the prep- 
ar a t ions of Kal man son and B r on fen b r enne r , 
weighing about 10-l:; mg per lytic unit, con- 
sisted of remarkably pure antigen derived 
froni the phage. The weight mg is 
equivalent to about 30 particles of 16 mp 
diameter, and since the measurement of ef- 
fective antigenic surface seemed to give in- 
dependent support for this assumption. it 
was concluded that the total number of phage 
particles, each measuring 16 nip in diameter. 
was about 30 times higher than that indi- 
cated by the lytic titre.? 

Xorthrop,:: both by diffusion and centri- 
fugal analysis, estimated a diameter of about 
10 mp for a staphylococcal phage in dilute 
solution (in concentrated solution it behaved 
like particles 100 mp in diameter). -4 few 
phages, namely S13 and C13, have a similar 
small size (8  to 20 mp) by either filtration 
or centrifugal analysis.-' Otherwise, and par- 
ticularly for phages belonging to the serolog- 
ical group (group 11 of Burnet.;) homologous 
with T2K, much larger sizes have been 
found by all workers. For example, phage 
WLL has a diameter of 50 to 75 mp by 
filtration, and 60 mp by ~edimentation.~ T2K 
itself has a diameter of about 50 mp esti- 
mated from the ratio of weight to lytic titre 
of the best preparati0ns.l and 'I'2 ( a  variant 
of T2K now known as  T2L6) has a diameter 
of about 50 mp from the X-ray sensitive vol- 
ume,i and measures about 65 =( 80 mps or 80 
X 100 mp9 in electron-micrographs. In  addi- 
tion, approximate one to one correspondence 
between lytic titre and particle count re- 
vealed Ly means of the electron-microscope.S 

9 Xorthrop, J .  11.. J .  C c ) t .  Pltystol., 1938, 21.  33.;. 
.4 Elford, W. J., in  ITnnclbucoli cl. Virzisfoi~.cc.li?itt.~, 

Doerr and I-Iallauer, Editors, Vienna, 1939, p. 136. 
5 Burnet, F. M., ,7. Path. ant7 B a d . ,  1933, 36, 307. 
6 Hersliy. -\. D., Genetics.  1946. 31, 620. 
7 Luri:i. S. I:., : 1 1 1 d  I:snc~, F. 31.. PUW. S t r t .  

Acnd. Pci.. 1941, 27. 370. 
S 1,uri:l. S. I;., Delhriick. 31.. : I  t ~ r l  . \ 1 1 ~ [ ~ ~ r ~ o I l ,  ' 1 ' .  I.'.. 

J .  E(:ct . .  1943, 46, 57. 
9 IIool,. .\. E., Beard, D., T:iylor, -1. R.: 811:lrp, 

D. (;., :;nJ Beard, J. W., 3. Bid .  Chem., 1946, 168, 

contradicts our conclusion2 regarding the in- 
fectivity of the particles. 

In  view of this unsatisfactory state of af- 
fairs," we began several years ago some ad- 
ditional measurements of the size and uni- 
formity of phage T2K. We have only now 
been able to correlate our results in a fairly 
satisfactory way. 

\Ye have used 3 methods: diffusion through 
agar, centrifugation, and diffusion across the 
sintered glass boundary. I n  all 3 methods, 
another coliphage, T I ,  has been used as 
reference, the 2 phages being counted sep- 
arately in mixtures by plating on suitable in- 
dicator strains of bacteria each sensitive to 
only one of the phages. 

Diflusion Through Agar. Diffusion through 
agar was studied as follows. Suitable quanti- 
ties of melted 3% washed agar in distilled 
water, and the phages in broth, were mixed 
at 45°C to give a 0.6% agar solution con- 
taining about 10' particles each of T 1  and 
'T2K per ml. The phages consisted of fil- 
tered broth lysates diluted about 1:lOOO. 
A t  the same time a similar solution was pre- 
pared containing broth without added phage. 
The boundary was set up by allowing 10 ml 
of the phage-free solution to solidify in the 
lower end of a length of glass tubing (16 mm 
internal diameter) fitted with rubber stop- 
pers, and then adding an  equal volume of 
the phage-containing solution. After this 
had solidified, a layer of melted paraffin 
about 2 cm long was pipetted directly onto 
the agar surface. This formed a plug serv- 
ing to minimize mechanical movements of the 
gel during diffusion, which was allowed 
to proceed a t  5°C in the horizontal direction. 

Ultrafiltrates were prepared by passing 
broth lysates through a collodion membrane 
of sufficient density to reduce the lytic titre 
by the factor 10,OOO.l The diffusion meas- 
urements were conducted with these frac- 
tions in the way already described, except 
that the ultrafiltrates were incorporated into 
the agar gel without further dilution, yield- 
ing a titer of about lo5 per ml, and the cor- 
responding phage-free solution contained the 
same ultrafiltrate inactivated by heating, in- 
stead of broth. I n  these experiments also: 
unfractionated T1 admixed in eaual titer 
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TABLE I. 
Diffusion Coefficients of T1 and T2K in Agar. 

Time Phage 
Material (days) per ml D1 X 108 D2 X 108 D2/D1 -- 

7 ca. l o 7  1.6 0.98 0.61 Whole TI  + Whole T2K 
14 
28 
43 

0.82 0.53 0.65 
0.61 0.44 0.72 
0.69 0.50 0.72 

Whole T1 + Ultrafiltered T2K 14 ca. 105 1.9 1.4 0.74 
Dl = diffusion coefficient of T1. 
D2 = diffusion coefficient of T2K. 

served as reference. 
For analysis of the contents of the dif- 

fusion cell, the agar was cut into segments 
with a fine stretched wire, beginning from 
the phage-free end of the column, the latter 
being expelled from the tube without back- 
ward movements by means of the plunger 
formed by anchoring a wire handle in the 
paraffin plug. The segments, collected in 
numbered weighing bottles, were weighed, 
and their length and position with reference 
to the boundary fixed by summing the 
weights. The phage content of the segments 
was determined by suspending the agar in 
broth by aspiration with a pipette, and plat- 
ing after suitable dilution. The recovery of 
both phages under the conditions of the ex- 
periments was quantitative. 

Owing to the nature of the analytic meth- 
od, and to the slow rate of diffusion, only 
the data for the region of low phage con- 
centration proved useful for the calculation 
of diffusion coefficients. This disadvantage, 
as compared with optical methods of analysis 
in the diffusion of purified proteins for in- 
stance, was more than offset ‘by the ad- 
vantages of being able to use very dilute solu- 
tions, and .to make analysis from the region 
of 10-1 down to about times the initial 
concentration of phage. 

For this region, the distribution of phage 
about the boundary, after correction for the 
lengths of the individual segments (by 
graphical integration of the ideal diffusion 
curve), conformed nearly but not quite to 
that expected for ideal diffusion. The devia- 
tions were systematic, and might be attrib- 
uted to heterogeneity of the phage, to the 
curvature of the boundary, or to seepage of 

fluid along the walls of the tube. 
The pertinent results of 2 experiments are 

summarized in Table I. I t  will be seen that 
the method clearly distinguishes T1 and T2K 
in mixture, the latter diffusing more slowly. 
The diffusion coefficients, calculated for the 
largest distance from the boundary at which 
dependable analysis could be made, vary 
from 0.61 to 1.9 x cm2/sec for Tl, 
and from 0.44 to 1.4 x 1eS for T2K. The 
variation must arise either from errors in 
locating the boundary, or to differences in the 
quality of the 2 preparations of agar gel, 
since the relative coefficients of the 2 phages 
vary only from 0.61 to 0.74. Since this 
ratio is not altered by ultrafiltration of T2H, 
we evidentIy failed to obtain any fractiona- 
tion with respect to size of particles of this 
phage by this method. 

The actual size of the particles cannot 
be estimated from these data, owing to the 
impeding effect of the gel on diffusion. It 
is of some interest to note the magnitude of 
this effect. For T2K, the diffusion coeffi- 
cient of 0.5 X corresponds to an equiva- 
lent spherical diameter of about 500 mp, 
calculated for diffusion in water. This is 
about 6 times the probable true diameter,8 
as if the particles were diffusing freely in 
the agar gel only about one-sixth of the time 
allowed. On the other hand, the relative 
sizes estimated from these data, namely T1 
about two-thirds the diameter of T2K, is in 
good agreement with the corresponding 
X-ray sensitive volumesi and electron-micro- 
graphs .s 

Other experiments using this same method, 
in which a second ultrafiItrate of T2K was 
compared with whole T1, and an ultrafiltrate 
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TABLE 11. 
Sedimentation of Fractions of T2K in Mixture wit11 T1. 

yc sedinicntcd 

T1 T2R 
7 I 

s o .  of I \ 77 
Source of niatwial Ksp.  1Icnn Est L’l’I11CS Jf en n E s t rein cs 

of T 1  with whole T2K,  yielded less presenta- 
ble data, but nevertheless confirmed our prin- 
cipal conclusion, that ultrafiltration does not 
affect the speed of diffusion of these 2 phages 
relative to each other. The 3 ultrafiltrates 
examined in ,this way were prepared with 3 
different collodion filters. 

Centrifugation. The sedimentation experi- 
ments were also essentially qualitative, but 
yielded unequivocal results owing again to 
the use of a second phage as standard of 
reference. The method follows. 

Three ml volumes of the mixed phages in 
broth (about 10” lytic units per ml) were 
spun for one hour a t  18,000 r.p.m. in 6 ml 
tubes in an international centrifuge equipped 
with “multispeed” angle head. The mean 
distance from the axis of rotation was about 
6.5 cm, corresponding to a centrifugal field 
of 23,500 g. When spun in a cool room, 
the temperature in the tubes did not exceed 
45’C: and the phage could be recovered 

. quantitatively by mixing the contents of the 
tube a t  the end of the run. Supernates were 
sampled by withdrawing 0.5 ml with a pipet 
from the upper portion of the fluid. Assays 
of these samples were compared with the 
same materials uncentrifuged, and in many 
of the experiments an assay was made also 
of the mixed residue in the bottom of the 
tube, as a parallel check against inactivation. 
Table I1 shows the results of several ex- 
periments with T1  and T2K from lysates 
prepared in broth, with ultrafiltrates of T2E; 
prepared with 2 different collodion filters, 
and with T2K from supernates of previous 
centrifugations. We have omitted from these 
data a few discrepant experiments, in which 
both phages failed to sediment appreciably, 
since this happened just as frequently with 
unfractionated as with fractionated phage, 

and can safely be attributed to accidents of 
convect ion Excluding these , the results 
show clearly that: 

(1)  T2K sediments rather completely ULI- 

der the conditions of these experiments, 
whereas admixed T I  is left largely in the 
superna te. 

(2) The few particles of T2K passed by 
3 c-/c collodion membranes sediment just as 
rapidly in the ultrafiltrate as whole phage 
diluted to the same titer in broth. This con- 
clusion must be qualified somewhat, owing 
to inaccuracies of the method, but it is clear 
that we have failed to obtain a fraction of 
T2K containing particles anywhere near as 
slowly sedimenting as those of T1. 

(3) T2K in supernates from which the 
bulk of the phage has been removed by 
previous centrifugation, is not less easily sedi- 
mentable than the unfractionated material. 
In  another experiment not shown in the table, 
3 successive centrifugations of an undiluted 
lysate threw down respectively 98.5, 96, and 
97% of the residual unsedimented phage. 

lye  conclude that the particles of T2K 
in dilute solution are essentially homogeneous 
in size, or at any rate all are appreciably 
larger or denser than those of T1. 

Passage through the sintered glass bound- 
ary. In a single experiment, carried out as 
described by Kalmanson and Bronfenbren- 
ner,‘ it was found that whole T2K in broth, 
and ultrafiltered T2K from a broth lysate, 
passed through the sintered glass boundary 
into broth, or into heated ultrafiltrate. re- 
spectively, a t  an identical rate correspond- 
ing to a spherical diameter of about 4 mp.. 
In  both cells, the admixed T1  and T2K 
passed in precisely the same proportion. 

10 Stanley, W. M., J .  E z p .  Mad. ,  1944, 70, 5%;. 
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Since particles of this size would not be 
sedimentable under the conditions of the 
centrifugations described above, it is evident 
that we are not here measuring diffusion, 
and this conclusion is confirmed by the fail- 
ure to distinguish T1 and T2K in the same 
mixture. Probably what we are measuring 
is actual circulation of fluid through the 
boundary. 

A repetition of the experiments with phage 
propagated in synthetic medium nevertheless 
confirmed the earlier results, namely, that 
whole lysate diluted in synthetic medium 
passed the boundary at an appreciably slow- 
er rate than undiluted ultrafiltered phage, 
which passed at  essentially the same rate as 
phage in broth. This result is evidently in- 
consistent with the conclusions reached above. 

I t  was noticed, however, that the synthetic 
medium used in these experiments’ was su- 
persaturated with respect to magnesium am- 
monium phosphate, and eventually deposited 
crystals on standing in the refrigerator. Since 
no crystals formed in ultrafiltrates of lysed 
cultures prepared in the same medium, it 
was suspected that the difference in the rate 
of passage through the glass boundary might 
be due to the clogging of the porous plate 
by crystal formation, which might be ex- 
pected to occur preferentially within the pores 
of the glass. The following experiment seems 
to show that this is what happens. 

Parallel measurements of the rate of pas- 
sage through the glass boundary were made 
of the same stock of phage T2K diluted re- 
spectively in a “saturated” and a “super- 
saturated” medium. The supersaturated 
medium was prepared by mixing the 2 stock 
solutionsf composing the medium, and plac- 
ing the mixture at 5°C for about 12 hours, 
a t  which time crystallization had not yet be- 
gun. The saturated medium was prepared 
from the same materials, but was stored 
in the refrigerator for several days, or as 
long as necessary, until crystallization was 
complete, and filtered. Two experiments 
were done, switching the cells used for the 
measurement of saturated and supersaturated 
solutions, and cleaning the cells between runs 
with chromic-sulfuric acid mixture. The re- 
sults, expressed as equivalent spherical di- 

ameters calculated from the apparent diffu- 
sion coefficients, were as follows: in saturated 
medium, 6.8 and 9.8 mp, and in supersat- 
urated medium, 22.2 and 24.4 mp. This dif- 
ference is clearly an artifact, and very likely 
has the explanation we have suggested. 

Discussion. As a result of the experiments 
described in this paper, it must be concluded 
that the unit particles of the phages T1 and 
T2K in diluted lysates are of very large size. 
They are probably identical with those iden- 
tified in undiluted lysates by electron-mi- 
crography,S,9 analytical centrifugation ,(3 and 
other There is no evidence that 
these particles are heterogeneous in size, or 
that they disaggregate appreciably on dilu- 
tion. The previous conclusion,2 based part- 
ly on immunological evidence, that lysates 
are composed of antigenically similar par- 
ticles about 30 times more numerous than 
indicated by the lytic titer, has also to be 
withdrawn. The infectivity of the phage 
particles must be very nearly perfect, as has 
been found also by other means8 

The very large antibody absorbing capaci- 
ty2 of bacteriophage T2K, which is equally 
great for several members of the same 
serological group: may now be accounted 
for in terms of the analytical data for T2 
reported by Hook and co-workers.O These 
data, which refer to morphologically and 
centrifugally homogeneous preparations, in- 
dicate a considerably larger size than any 
of the previous estimates. The electron- 
micrographs show particles 80 X 100 mp 
or 86 X 113 mp, exclusive of tail, depending 
on the source of material. From the sedi- 
mentation constant (which, however, unac- 
countably decreases a t  low concentrations) 
one estimates an equivalent spherical diam- 
eter of 60 to 130 mp for the densities 1.5 
to 1.1 respectively. From the weight per 
lytic unit of and assuming perfect 
infectivity, one estimates a spherical diam- 
eter between 100 and 150 mp, depending on 
the density and hydration assumed. A 
sphere of diameter of 100 mp, plus a tail 
of 20 X 120 mp,8 provide a primary physical 
surface of about 4 x cm2, sufficient 
to accommodate 4000 molecules of antibody 
each requiring an area of 10-13 cm2. This 
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size is therefore compatible with the observed
combining ratio of 4600 molecules per lytic
unit," a correlation which also holds with
fair exactness for antigens as diverse in size
and shape as ovalbumin, thyroglobulin,
hemocyanin .' ! and tobacco mosaic viru s.P

These experiments have some bearin g on
the question of the utili ty of the porous plate
boundary method of Northrop and Anson.l"
for the measurement of coefficients of dif­
fusion. In this method, the estimated coef­
ficient is directly proportional to the frac­
tion of the solute diffusing in uni t time.
Under our conditions, the rate of flow of
fluid through the boundary, measured in
terms of the amount of bacteriophage passed,
is about 0.01 ml per hour, equivalent to a
diffusion coefficient of about 4 X 10-7

cm~jsec . This is of the same order as the
diffusion coefficient of hernoglobin .l" It is
evident that this rat e of flow would not seri­
ously affect the measurement of diffusion of
substances diffusing 5 to 10 times faster than
hemoglobin, e.g., of the Hel or other electro­
lyt e used in calibrati on. For proteins of
the size of hemoglobin , the error would be
about 100 ro for soluti ons havi ng a viscosity
near th at of water . Actually, protein solu­
tions of sufficient concentration for analysis
of the diffusate have a considerably higher
viscosity, andthe data of Northrop and An­
slm 1

:{ suggest that under their conditions,
the flowof fluid is negligible compared with
the diffusion of hemoglobin , which means
tha t the flow is at least several times slower
than in our experiment s. Bacteriophage T2,

" 0' " ,." " ,

11 H ers hey, ,A, D., .T. Imm1Inol ., 1941, '12 , 485 .
12 Sch1'3111p,t"",G., a11<1 F'ried erieh -F'rcksa , 11., Z.

phliSiol. 9lte?n.,. 194Q, 270, 233.
13 No rtlll'op, J. n', a nd Anson, ~L L. , J . Gen.

Physiol., 1929, 12 , 543 :

ta ken to be a sphere of about 90 mil. in diarn­
eter, would have a diffusion coefficient of
about 2.7 X 10--8 cm2 jsec in water, and
would pass through glass discs such as we
have used at a rate equivalent to about 6 X
1O--~ ml of soluti on per hour by diffusion
alone. Observed amounts in excess of this
would provid e a very accurate measure of
the speed of flow of liquid . A small amount
of bacteriophage included in the solut ion
whose diffusion is to be measur ed would thus
permit a very simple correction for what is
probably the principal source of error in the
use of this method .

Summary . Neither fractional ultrafiltra­
tion nor fractional centrifugati on have re­
vealed any heterogeneity of size among the
particles of the bacteriophage T2K (former­
ly called PC ) . The method s used for the
measurement of size, nam ely, diffusion
th rough agar and sedimentation in an angle
centrifuge, were essentially qualita tive, but
the experimental arrangements were such as
to yield unequivocal results .

It must be concluded therefore that th is
bacter iophage has a minima l particle diame­
ter of 60 m iL or more, as has been found
previously for unfractio nated phages of the
same group by a variety of methods.

It is necessary also to withdraw the con­
clusion previously reached that this bac­
teriophage has a low infectivity for suscepti­
ble bacteria.

An explana tion is suggested for some
anomalous results previously obta ined in at­
tempts to . measure the diffusion of bacterio­
phage through the por ous glass boundary.
The use of bacteriophage t o measure the rate
of flow of fluid as a means of control in
the application of this method to other ma­
terials is described.


