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All measurements of virus activity give titers expressed in "infectious units,"
that is, in multiples of the smallest amount of virus needed for virus infection
under the conditions of the measurements. Statistical arguments have been used
(Feemster and Wells, 1933; Parker, 1938; Ellis and Delbruick, 1939; Luria, 1940;
Lauffer and Price, 1945) to show that the number of infectious units is a linear
function of the number of material particles supposedly bearing virus activity.
This relation is not unequivocally established in all cases, however (Bryan and
Beard, 1940; Kleczkowski, 1950), and the factor of proportionality between in-
fectious units and particles is in some cases fairly low-between 10-4 and 10-8
for viruses such as tobacco mosaic virus or rabbit papilloma virus. Some doubts
may, therefore, be justified as to the general validity of the identification of the
minimal infectious unit with one material virus particle.

Bacteriophage particles, as identified by electron microscopy (Ruska, 1940;
Luria and Anderson, 1942), come closer to representing an ideal case. Phage
activity assays by plaque count give a perfectly linear relation with the amount
of phage material assayed, which proves that each plaque stems from the action
of one material particle; this does not necessarily mean that every phage particle
present is counted as a plaque, but only that a constant fraction of the particles
produces plaques.

Luria et al. (1943) compared the number of particles of phage T2 visible in
electron micrographs on the edges of infected cells with the number of infec-
tious units adsorbed per bacterium in the same suspension and found a reason-
able agreement. This method, of course, merely compares the number of infec-
tious units with the number of particles that are adsorbed by the host; if a phage
suspension contained an appreciable proportion of inactive, nonadsorbable par-
ticles, they would not be detected on the edges of the bacteria. The presence of
such inactive particles would affect the result of chemical analyses on phage
preparations and the quantitative determination of the chemical composition
of the phage particle.
The present paper presents a comparison of plaque count for different phages

with the number of specific particles determined by the "spraying technique"
(Williams and Backus, 1949; Backus and Williams, 1950). In this method, use
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is made of indicator particles of polystyrene latex, whose number concentration
in a standard aqueous suspension is known. The standard suspension is mixed
in known proportions with the virus suspension, and the mixture is sprayed upon
specimen screens for electron microscopy. The spray drops, upon drying, leave
droplet patterns sufficiently small to allow the image of a whole pattern to lie
fully within one micrograph. Counts are made of the numbers of the latex par-
ticles and of the virus particles, and from the ratio of these numbers the particle
assay of the virus suspension is obtained. The assumption that both types of
particles are distributed at random, without clumping or mutual repulsion, is
confirmed in most cases by the statistics of the actual counts.

MATERIAL AND METHODS

Preparation of phage concentrates. Lysates of coliphages Ti, T2, T4, and T6
(Delbriuck, 1946) were prepared in M-9 synthetic medium (KH2PO4, 3.0 g;
Na2HPO4, 6.0 g; MgSO4, 0.12 g; NH4Cl, 1.0 g; glucose, 4.0 g; and H20, 1,000
ml) or in Difco nutrient broth containing 0.5 per cent NaCl. After filtration
through Mandler filters (tested under 8 lbs pressure) the lysates were kept at
5 C, and titrations were made every 2 or 3 days until the titer had risen, as it
generally does, to a steady maximum. The phage was then concentrated and
washed by differential centrifugation at 5 C in the multispeed attachment of a
refrigerated centrifuge (International Equipment Company). High-speed cen-
trifugation cycles lasted 30 to 60 minutes at 19,000 rpm, corresponding to about
16,000 X g. This treatment collects over 90 per cent of phages T2, T4, and T6,
and 70 to 80 per cent of Ti, in compact pellets. Low-speed cycles lasted 10 to 15
minutes at about 1,000 g in the same centrifuge. The phage was washed and re-
suspended in cold phosphate buffer M/15 plus MgCl2 10-3 M; for phage Ti, CaCl2
10-4 M was also added. The final concentrates contained about 1012 infectious
units per ml or more. For each sample the supernatants were pooled and used
to rinse all pipettes and centrifuge tubes employed in the preparation of that
sample.
Phage assays. The original lysates, the concentrated samples, and the super-

natants were repeatedly assayed by plaque counts on Escherichia coli strain B
by the agar layer method. The total activity of each original sample was com-
pared with that of the corresponding concentrate plus supernatant, to assess
possible losses during centrifugation; the losses varied between 0 and 30 per
cent for different samples. The major source of loss is probably the incomplete
recovery of the pellets, fragments of which have an annoying tendency to remain
on the wall of the pipettes. The possibility of losses by inactivation or clumping
during the treatment cannot be excluded.
The precision of the activity titers determined by plaque counts is difficult

to assess. Plaque counts on a series of similar plates, with 100 to 400 plaques per
plate on the average, seldom give results as reproducible as expected on the basis
of sampling errors only. Moreover, every titration involves several dilutions,
whose inaccuracies may contribute to the total variance. The coefficient of varia-
tion for each assay is probably lower than 20 per cent; repeated assays give aver-
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ages whose coefficients of variation are probably of the order of 10 to 15 per cent.
Latex preparation. Tlhe standlarid suspension of polystyrene latex particles was

assayed for the number of particles per ml according to a method previously
described (Backus and Williams, 1950). It is estimated that the absolute assay
is in error by less than 6 per cent.

Preparation of mixtutres for microscopic examination. The phage concentrates
were suitably diluted (1:50 to 1:400) in distilled water and added to the latex
suispensions in a concentration such as to give 2.23 X 1010 latex particles per ml
in the mixed suspensions sprayed. These dilutions are sufficiently great to reduce
the content of salt and other impurities below the level where it would interfere

Fiygire 1. Di op paotterni fr-om a mixtur-e of 1atex atnd phaoge T2. Magnification 5,000 X.

with the micrographic observations, and are sufficiently smalIl to provide 15' to
80 phage particles per dr-oplet pattern.

Sever-al of the phage preparations were impure enough to cause some of the
par-ticles in the dry droplet patterns to be masked by dr-ied aggregates of sus-

pen(ling material a(lher-ing to the particles. This masking made counting uncer-

tain, and an attempt, wvas made to prevent the dried material fr-om clinging to
the phage particles. The a(ldition of purified bovine albumin in a concentration
of about 0.001 per cent, before spraying caused the nonvolatile material to spread
miore, evenly over the drop patterns, leaving the phage particles relatively un-

obscured. The r-eason for this behavior is probably that the albumin caused the
droplets to dry mor-e evenly, whereas, without the albumin, the late drying areas

centered around the particles, thus causing materials to clump upon drying.
The phage-latex mixture was sprayed onto collodion-coated specimen screens,

which wvere then shadow-cast wNith uranium and examined. Several drop patterns
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were photographed for each sample (magnification 2,500 X), and all particles
were counted in those patterns that lay fully within one field (figure 1). Unless
otherwise specified, at least 500 phage particles were counted for each sample;
this corresponded to 10 to 25 drop patterns, containing also 500 or more latex
particles.
As a test of the assumption of random distribution of particles of both types,

we calculated for each sample the correlation coefficient r between the counts of
particles of the two types in individual drop patterns. A high correlation (P <
.05) was found in most cases; for several samples, however, the correlation was
poor, suggesting nonrandom distribution of particles. The values for r and P
for each sample are included in tables 1 and 2.

Calculation of particle titer. The titer P in "phage particles per ml" was cal-
culated as follows:

= Phage particle count (A) X Phage dilution X Latex titer (L).
Latex particle count (B)

The standard deviation of P was calculated in the following way: First, the stand-
ard deviation of the ratio A to B was calculated by the approximate formula

O/aA2 CB2A2(Dahlberg, 1948, p. 94): 0A/B = + B4 where aA is the standard

deviation of A and aB that of B. To estimate these, we considered the total counts
of phage particles and those of latex particles for each preparation (sum of the
counts in individual drop patterns) as single samples from two Poisson distri-
butions (UA = i V/A; 0B = i V_iB). Next, the standard deviation of the
phage particle titer P was estimated by the formula:

aP = i \IaAlBL2 + aL2(A/B)2 X phage dilution
where L was taken as 2.23 X 1010 and aL as 6L/100. The values of ap are under-
estimated because of neglecting possible errors in phage dilution and overesti-
mated by assuming for the estimate of L a standard deviation of 6 per cent, a
value probably too high. The accuracy of P is, of course, much lower for prepar-
ations with poor correlation between counts of particles of the two types, since
then the assumption of Poisson distributions of particles is probably not valid.

Ultraviolet absorption measurements. A sample of each concentrated phage
preparation was diluted in phosphate buffer to contain between 1 and 5 X 1010
activity units per ml; the absorption spectrum was determined in the Beckman
spectrophotometer for wave lengths between 240 and 420 m,A, using fused silica
cells 1 cm thick. Most samples contained phage in a pure enough state to give
absorption spectra rather typical for these phages, with a sharp rise in absorb-
ancy between 240 and 260 m,u, a rapid fall above 260 m,u, and a hardly noticeable
singularity at 280 m,u; some samples, however, gave anomalous absorption spec-
tra and were clearly too impure for the data to be significant.
The absorbancy index per particle at wave length 260 m,u was calculated in

the following way: (a) the absorbancy was read; (b) a correction for scattering
was obtained by plotting log absorbancy versus log wave length between 340
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and 420 m,u (where absorption by phage is negligible), extrapolating the straight-
line plot to the value corresponding to the 260 m,u abscissa, and subtracting this
value from the absorbancy read at 260 m,u to give the corrected absorbancy;
this correction was generally between 10 and 20 per cent of the total absorbancy;
(c) the absorbancy index per particle, a, (260 m,u), in cm2 per particle, wvas ob-
tained by dividing the corrected absorbancy by the concentration (particles per
ml), the thickness of the samples in our measurements being 1 cm.

Fiqpiue 2. Part of a drop pattern from a mixture of latex and phage Ti. Magnification
15,500 X.

RESULTS

Droplet patterns of phaye-latex mixtures. Figure 1 showvs a pattern typical for
bacteriophages T2 (or T4, or T6); figure 2 shows part of a drop pattern for
phage Ti. Notice that most of the sperm-shaped phage particles are oriented
radially with their heads tow!ard the center of the patterns. This is probably due
to the fact that, as a droplet dries, the latex particles are pushed centerward by
the surface tension, and the phage particles orient themselves with their thicker
part toward the central area, where the liquid layer remains thicker as the drop-
let dries from the periphery inward.

Coiunts of phage particles. The results of the first group of tests are given in table
1. The ratio "infectious units/particles" ranges from 1.4 to 0.45. The value 1.7
for Ti is not significant, since it is based on very poor counts; it indicates, how-
ever, that particle count and infectious unit count are of the same order of mag-
nitude for this phage as for the others. The particle counts for phages T2, T4,
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and T6 were technically satisfactory, as shown by the good correlation between
phage and latex counts.
The values for the absorbancy index per particle ap(260 m,) are also given in

table 1. Although the values for several preparations of phage T2 fall within a
factor of 1.7 from one another, they are not constant enough for the absorbancy
of a sample to be used as an accurate indication of the number of phage particles
present. Our phage preparations were clearly not "clean" enough, and it is only
because of the very high ultraviolet opacity of the phage that the values are at
all close to one another. An estimation of a,(260 m,) on a partially purified prep-
aration of one of these phages could, however, be used as an approximate in-
dication of the number of particles present (within a factor of 2), thus providing
an easy check on the activity titers obtained by plaque counts. The values of a,,
(260 mp) for T4 are lower than those for T2 and T6 (see table 2); this may be
involved in determining the lower ultraviolet sensitivity of this phage.
The problem arises of interpreting the ratios between infectious units and

characteristic phage particles. The ratio higher than 1 for T4 is probably not sig-
nificant and may be attributed mainly to inaccuracy of the plaque counts, which
were determined only twice on this sample. The values for the T2 samples, how-
ever, indicate that only about one-half of the visible particles of this phage are
counted as infectious units. Three elements may be involved in producing a ratio
lower than unity: (a) low precision of the determinations of infectious titer, or of
particle titer, or of both; (b) the presence of inactive phage particles; (c) low
"efficiency of plating" (probability lower than unity that one active particle
produces a plaque). This in turn could depend either on inefficiency of the plat-
ing method or on clumping of particles.

It has been observed occasionally that the plaque counts of phage T2 may be
increased by a factor 2, if the phage is diluted and kept for some time in distilled
water prior to plating. Recently, Bertani (1950) found that a rapid increase in
titer was obtained for phage T2, and to a lesser extent for phage T4, by a 1-
to 2-hour pretreatment with 0.8 per cent ZnCl2 or ZnSO4. Two groups of phage
concentrates were prepared, assayed by plaque count both in the usual way and
after ZnCl2 or distilled water treatment, and counted electron micrographically.
The results are given in table 2. It is clear that the refinement in activity titra-
tion did not improve the agreement between particle count and plaque count.
The first group of samples in table 2, for which the micrographic counts were
satisfactory (see the correlation columns), gave ratios "plaques after Zn/particles"
between 0.7 and 0.4. For the second group of samples, the ratios are closer to
unity, but the micrographic phage counts were poor (see correlation columns)
and probably too low, as suggested by the values of ap(260 mu), almost twice
as high as for the previous samples. It should be noticed that the ZnCl2 and dis-
tilled water effects on plaque count are rather elusive, being present mainly for
freshly prepared stocks, for which they apparently accelerate the natural in-
crease in titer by a factor 2 or 3, which would occur upon standing. Once a stock
has naturally reached its steady maximum titer, zinc or distilled water treat-
ment may or may not increase the plaque count any further (see table 2), de-
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pending probably on the completeness of the natural rise. Our data indicate that
these treatments do not raise the plaque counts to the full value of the particle
count.

DISCUSSION

Our results as a whole show a good degree of correspondence between the
activity titers and the numbers of characteristic virus particles for several phages
of the T group, with ratios between 1.4 and 0.4 for different samples. This con-
firms the observations of Luria et al. (1943) and the impression prevalent among
phage workers that they possess an almost ideal method of titration, more effi-
cient than even the best method for the titration of an animal virus. This effi-
ciency is made possible by the well-known modalities of phage bacterium inter-
action, with very high chances of successful infection of the bacterial cell, whose
surface is studded with easily accessible phage receptors.

Because of the closeness of the agreement between titers and particle num-
bers, it seems legitimate to inquire into the possible reasons for the residual -dis-
crepancies. The plaque counts reveal between 100 per cent and 40 per cent of the
characteristic particles present in a suspension. The errors in the micrographic
particle counts are probably relatively small, so that we should consider what
can make plaque counts lower than particle counts. The imprecision of the plaque
counts might be responsible for ratios between 1 and 0.7, but is unlikely to be
responsible for ratios 0.5 or lower. Low efficiency of plaque formation on agar
by otherwise fully active single particles, which could effectively attack a bac-
terium in liquid, seems improbable in view of the well-established one-to-one
relationship between plaque counts and number of units able to kill a bacterial
cell (Delbriuck and Luria, 1941). This relationship holds true also after ZnCl12
or distilled water treatment; the increase in plaque count is paralleled by a sim-
ilar increase in bacterial killing ability (Bertani, 1950).

This leaves two alternatives: (a) the presence of clumps of active particles,
each clump killing one bacterium only and producing one plaque; (b) the pres-
ence of inactive particles, either intrinsically such or prevented from infecting
bacteria by some extrinsic mechanism, for example, by combination with in-
hibitors, possibly of bacterial origin. Our results cannot distinguish between
these possibilities. On the one hand, no obvious evidence for clumping was found
on our photographic plates, but the presence of clumps of the size and frequency
required to account for a ratio around 0.5 between plaques and particles cannot
easily be excluded or confirmed by observation of our micrographs. Moreover,
if clumping was involved, and if the increases in plaque count, both natural and
after distilled water treatment, were due to breaking up of clumps, it is conceiv-
able that the dilution in distilled water included in the spraying method might
further disaggregate the clumps. On the other hand, removal of inhibitors could
also be effected by the treatments that increase the plaque count titers.

It should be remembered that the phage samples used in the group of experi-
ments reported in the present paper were ordinary lysates, filtered through Mand-
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ler filters and concentrated or partially purified by mild treatments, unlikely to
produce inactivation, as shown indeed by the small percentage of losses in ac-
tivity titers during treatment. The total losses in activity during purification,
even if all due to clumping or inactivation of particles were included in the final
concentrated samples, could account only for a fraction of the excess of particles
over plaque counts found for several samples. The possibility of inactivation
during the initial Mandler filtration was not tested and cannot be excluded.
We were more interested for the time being in checking the relation between

plaque count and particle count in ordinary lysates, such as are used routinely
by phage workers, than in the preparation of "fully infectious" phage prepara-
tions. Particle counts on phage preparations carefully submitted to all sorts of
treatments that may either disaggregate clumps or remove inhibitors of infec-
tivity should be attempted before the conclusion is accepted that in some phage
stocks-and not in others-a large proportion of irreversibly inactive particles
are present. If the latter are indeed present, it is important to decide whether
they have become inactivated after being liberated by the bacteria or if they
have been liberated already in inactive form.

SUMMARY

Electron micrographic counts of bacteriophage particles are presented. The
ratio between the titer in infectious units and the number of phage particles
varied between 0.4 and 1.4 for several preparations of phages T2, T4, T6. The
interpretation of ratios different from unity is discussed. The absorbancy per
phage particle at wave-length 260 m,u was found to be between 2.9 X 10-12 and
7.5 X 10-12 cm2.
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