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After infection with influenza virus the amount of the agent increases at a 
rapid rate and may reach relatively high levels. Disease develops, after 
inocula of moderate or small size, only if the virus multiplies; and it appears 
when the amount of the agent is large. Whether it is the process of reproduc- 
tion, the presence of a large amount of the virus, or both that lead to disease 
is not yet clear. 

On the premise that if more could be learned about reproduction of the 
virus the mechanism of disease production might be better understood, the 
reproductive process has been studied in this laboratory for some years. To 
study reproduction, it is necessary to know something about the parents as 
well as the offspring. I t  is desirable to be able to count the number of both 
and to identify certain characters. To this end, procedures have been de- 
veloped which make possible the enumeration of both infective and 
hemagglutinating influenza virus particles. These techniques have been 
employed in an investigation on the reproductive process. Previous reports 
from this laboratory (1, 2) have summarized briefly certain of the results 
secured in this study. 

Many features of the multiplication of influenza virus have been extensively in- 
vestigated during recent years. Because procedures which permitted precise enumera- 
tion of both infective and hemagglutinating particles were not available, it was neces- 
sary to employ very large conversion factors in efforts to correlate the results of in- 
fectivity and hemagglutination titrations. The need for such conversion factors 
became evident with the initial work of Hirst (3) and has been emphasized by the 
more recent studies of von Magnus (4-8), Hoyle (9, 10), Henle and coworkers (11- 
16), Cairns and coworkers (17, 18), and Fazekas de St. Groth and coworkers (19- 
21). The ratio between infectivity and hemagglutination titration end points, e.g., 
EID~0/HA ratio, has been reported (5, 9, 13, 20, 21) to have a value of about 106 
to 107 depending somewhat on the technique employed. However, it was not demon- 
strated that the preparations used contained only infective virus particles. On the 
basis of evidence obtained in this study, it is probable that a considerable proportion 
of non-infective hemagglutinating particles was present. 

As a result of the extensive work of yon Magnus (4-8) and Gard and coworkers 

135 



136 REPRODUCTION OF INFLUENZA VIRUS 

(22, 23) the idea that so called "incomplete" virus is formed after very large inocula 
has gained wide acceptance. The basis of the "incomplete" virus concept 
was a marked discrepancy between infectivity and hemagglutination titration end 
points which resulted in values for the IDs0/HA ratio much lower than those com- 
monly obtained. The basic observations were confirmed recently by Cairns and 
Edney (17) and extended to other strains by Fazekas de St. Groth and Graham 
(21). Because of the lack of precise enumeration procedures, it has not been feasible 
previously to describe results in other than relative terms, and a quantitative evalua- 
tion of the bearing of non-infective hemagglutinating particles on the reproductive 
process has not been possible. 

This  paper  presents in full a number  of the findings which have been 
obtained in a quant i ta t ive  s tudy  on the reproduction of influenza virus. I t  
will be shown tha t  influenza A virus (PR8) remains infective only for a short  
t ime under physiologic conditions; tha t  the half-life of infective part icles a t  
35°C. in allantoic fluid is no longer than  21/6 hours. I t  will be demonst ra ted  
tha t  the instabi l i ty  of the infective proper ty  can lead to the accumulat ion of 
large numbers of non-infective hemagglut inat ing part icles and  tha t  such 
na tura l ly  inact ivated particles can affect the reproductive process in a num- 
ber of ways. The results of kinetic studies on adsorption,  accumulation,  and  
decay of infective particles in vivo are presented. I t  will be shown tha t  under 
most  experimental  conditions, reproduction results in the appearance of the 
same number  of infective and hemagglut inat ing particles;  i.e., only complete 
or mature  particles are produced. On loading the host  cell system with large 
inocula unusual al terat ions in the reproductive process develop and, in ad- 
dit ion to infective particles, there also appear  hemagglut inat ing part icles 
which are non-infective. I t  will be demons t ra ted  tha t  na tura l ly  inact ivated 
part icles in adequate  number  can cause al terat ions in the reproduct ive process 
which are such as might  lead to the appearance of non-infective particles.  

Materials and Methods 

Virus.--The PR8 strain of influenza A virus was employed. This strain has been through 
very many passages in the chick embryo. During the past 10 years it has been maintained 
by occasional passage in the allantoic sac. Between passages infective allantoic fluid has 
been stored at -60°C. Preparations of seed virus for this study were obtained as follows: 
Infective allantoic fluid was diluted in sterile broth at 4°C. and 0.2 ml. was injected into the 
allantoic cavity of 10 day old chick embryos. After incubation at 35°C., the eggs were chilled 
for 1 hour at -26°C. in a mechanical refrigerator. Allantoic fluid was then removed, pooled, 
and immediately stored either at 4°C. or at -60°C. Antimicrobial substances were not 
added either to the original inocula or to seed virus pools. Allantoic fluid which yielded 
bacteria on culture was discarded. 

Embryonated Eggs.--Fertile white Leghorn eggs which had been incubated at 38°C. for 
10 days were employed. Groups of 5 to 8 eggs were used, each egg was inoculated into the 
allantoic cavity with 0.2 ml. After inoculation, eggs were held at 35°C. in a humidified 
incubator. Allantoic fluid was removed after the desired period of incubation. All available 
fluid was removed from each egg in a group at one time and the fluids were pooled and 
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aliquots were immediately stored either at 4°C. or at - 60°C. in the absence of C02 gas (24). 
Antimicrobial substances were not added to the experimental pools. An which yielded bac- 
teria on culture were discarded. The concentration of hemagglutinating particles was de- 
termined on aliquots stored at  4°C. for no more than 7 days. The concentration of infective 
particles was determined on aliquots stored at -60°C. which were thawed but once. The 
quantity of allantoic fluid obtained 1 to 2 days after inoculation ranged from 4 to 5 mi. per 
egg. 

Erythrocytes.--Blood was taken from three or more Rhode Island Red roosters, pooled, 
and mixed with add-citrate-dextrose solution (25). The erythrocytes were collected on the 
same day and washed three times in the centrifuge with buffered saline. Suspensions con- 
raining about 10 ¢ RBC per ml. in 0.14 M NaC1, buffered at pH 7.1 with 0.01 M phosphate, 
were stored at 4°C. not longer than 5 days. 

Enumeration of Hemagglutinating Virus Particles.--The number of hemagglutinating 
particles was computed from the number of RBC that  sedimented at an increased rate under 
standardized conditions. The details of the procedure and the specially designed apparatus 
employed will appear in another communication (26). In brief, a photometric apparatus was 
arranged so that  the concentration of RBC at a fixed level in the test tube could be 
determined from the amount of light scattered. Pyrex test tubes with an inside diameter of 
11 mm. were employed. Each tube was selected by optical standardization with saline and 
RBC suspension. The light beam was 9 ram. in diameter and its center crossed the tube 
21.5 ram. below the meniscus, and 11.5 ram. from the bottom. Each tube contained 3.0 ml. 
of RBC suspension (5 X 106 RBC per ml.) in buffered saline along with the desired dilution 
of virus. Virus dilutions were prepared in buffered saline by transferring 1.5 ml. to 1.5 ml. 
of diluent in series. After mixing virus dilutions with RBC suspension, a number of tubes 
were placed promptly in the apparatus and not disturbed thereafter. The virus-RBC reaction 
occurred in s/tu at 22-24°C. By means of a mechanically operated carrier each tube could 
be moved into and out of the light path without disturbing the sedimenting RBC. Measure- 
ments of RBC concentration at  the level of the light beam were made at 10 minute intervals, 
beginning usually at 90 minutes and ending at 140 minutes. With small amounts of virus, the 
decrease in the RBC concentration in the light path is linear during this period, and all the 
data can be used in computing a precise value for the concentration at  120 minutes. In the 
usual manner (27), the exact virus dilution which would cause 35 per cent more of the RBC, 
than in the control tubes, to sediment through the light path in 120 minutes was computed. 
The number of hemaggtutinating virus particles was taken as equal to one-haLf the number 
of rapidly sedimenting RBC, on the basis, that  under the conditions stated, each virus 
particle would be expected to react on the average with only two RBC during collisions and 
would tend to form an erythrocyte doublet. Support for the validity of this idea was pro- 
vided recently by the independent work of Levine, Puck, and Sagik (28). 

Enumeration o/Infective Virus Parti~les.--The number of infective particles was computed 
from the 50 per cent infectivity end point on titration in the allantoic sac of 10 day old 
chick embryos. For infectivity titrations, virus preparations were frozen at --60°C. im- 
mediately after harvest, and stored promptly at --60°C. in the absence of CO2 gas. Aliquots 
were thawed but once and then discarded. A series of 3.16-fold dilutions was made by trans- 
fer of 2.0 ml. into 4.32 ml. of sterile broth at  4°C. A separate pipette was used at each step 
in the series. A group of 4 to 6 embryos was inoculated with each dilution; 0.2 ml. was 
injected into the allantoic cavity. Eggs were then incubated at 35°C. for at least 48 hours. 
The allantoic fluid from each was removed after chilling at -26°C.,  as described above, and 
dilutions were tested with 0.25 per cent RBC for hemagglutinating virus. The 50 per cent 
end point was determined by the method of Reed and Muench (29). On the basis of the 
Poisson distribution, this end point was taken as equivalent to the injection of 0.69 infective 
particle per egg. 
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Computation of the Number of Non-Infective Hemagglutinating Partides.--The number of 
non-infective (N) particles was taken as equal to the difference between the number of 
hemagglutinating (H) and the number of infective (I) particles, in accord with the relation: 
[H] = [I] + IN]. Support for the idea that this relation is valid is given in the experimental 
section. 

Precision of Enumeration of ltemagglutinating Particles.--A series of 30 measurements of 
the precision of the procedure in simultaneous duplicate or replicate determinations gave a 
standard deviation of 4-15.8 per cent for the estimates of the number of hemagglufinating 
particles in various virus preparations. 

Precision of Enumeration o/ Infective Partides.--A series of 34 measurements of the 
precision of the technique in simultaneous duplicate or replicate determinations yielded a 
standard deviation of 4-40.9 per cent for the estimates of the number of infective particles 
in various virus preparations. 

TABLE I 

Results of Typical Replicate Determinations of the Number of Particles of 
Influenza A Virus (PR8) 

Replicate No.* 

Mean~ 

Hemagglutinating 
particles (H) 

per ml. 

x lO 9 
3.80 
2.88 
3.23 
4.36 
4.90 

3.83 4- 0.63 

Infective particles (I) 

per ml. 

X lO 9 
1.10 
1.10 
0.62 
1.32 
0.76 

0.98 4- 0.23 

Ratio 
I/H 

0.29 
0.38 
0.19 
0.30 
0.15 

0.26 4- 0.07 

* The allantoic fluid pool employed was obtained 48 hours after inoculation of 3 X 102 
infective virus particles per egg. 

t 4- = mean deviation from the mean. 

EXPERIMENTAL 

Enumeration of Particles of Influenza A Virus ( P R S ) . - - T h e  results of a 
typical series of replicate determinations of the number  of virus particles in 
infected allantoic fluid are shown in Table I. The allantoic fluid pool used 
was collected 48 hours after inoculation of only 3 X 10 ~ infective virus 
particles. The number  of hemagglutinating particles (H) found per milliliter 
of fluid was, on the average, approximately four times greater than the num- 
ber of infective particles (I); the ratio of infective to hemagglutinating 
particles ( I /H)  had an average value of 0.26. As is demonstrated in later 
sections, an I / H  ratio of this value is to be expected after incubation of 
infected eggs for 48 hours and can be at t r ibuted to the marked instabil i ty of 
the infective property of influenza virus particles at  35°C. On the basis of 
the relation, [H] = [I] + [N], described above, the number  of non-infective 
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hemagglut inat ing part icles (N) in this allantoic fluid pool was 2.85 X 109 per 
nil., or 74 per  cent  of the total  number  of hemagglut inat ing particles.  Because 
the quan t i ty  of aUantoic fluid obta ined  from each egg averaged 5.0 ml., the 
total  number  of virus part icles (H) produced per egg in 48 hours was about  
1.91 X 101°. 

Rate of Inactivation of Infective Particles.--When infected al lantoic fluid 
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FxG. 1. Rate of spontaneous inactivation of infective (I) particles of influenza A virus 

(PR8) in ailantoic fluid at 35°C. Each point is the mean of results obtained in 3 to 12 ex- 
periments. From 0 to 4 hours in dvo, the results represent the difference between the num- 
ber of hemagglutinating particles and the number of infective particles lost during the 
interval. From 16 to 24 hours in ~/vo, the results represent the difference between the num- 
ber of hemagglutinating particles and the number of infective particles gained during the 
interval. The interval between the time of the first (tl) and that of the second (t~) measure- 
ment is given on the abscissa. 

was held a t  35°C. in vitro, the number  of infective particles decreased in an 
exponential  manner  as t ime increased. The results of a number  of experiments 
on the spontaneous inact ivat ion of infective virus part icles are shown in Fig. 
1. Each point  is the mean of results obta ined in 3 to 12 experiments.  Dif- 
ferent infected allantoic fluids, with virus concentrat ions vary ing  over a 
range of 10,000-fold were employed.  Regardless of the number  of infective 
particles present  init ially,  the proport ion of part icles tha t  lost infect ivi ty was 
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nearly constant during each 2 hour interval. Mter  only 8.5 hours at 35°C., 
approximately 90 per cent of the originally infective particles had become 
non-infective. Throughout this period the number of hemagglutinating 
particles remained unchanged. 

Computations from these data show that the time required to inactivate 
50 per cent of infective particles was 147 minutes; i.e., the half-life of I par- 
ticles in allantoic fluid at  35°C. in vitro was approximately 2.5 hours. As is 
demonstrated in later sections, the half-life of infective particles in the allan- 
toic fluid of the living embryo at  35°C. appears to be identical with that 
found in vitro. Lauffer et al. (30) previously determined the rate of inactiva- 

TABLE II 
Effect of Time of Incubation on the Number of Hemagglutinating and Infective Particles of 

Influenza A Virus (PRS) in Atlantoic Fluid 

Time after 
inoculation* 

hr$o 

16 
2O 
22 
24 
26 
28 
48 
72 

Hemagglutinating 
particles (H) 

per ml. 

X I0 ° 

0.002 
0.135 
1.36 
1.74 
1.35 
2.40 
7.59 
4.48 

Infective particles (I) 

per ml. 

X 10 ~ 

0.002 
0.112 
1.32 
1.82 
1.20 
1.20 
1.59 
0.64 

Ratio 
I/H 

1.00 
0.83 
0.97 
1.04 
0.89 
0.50 
0.21 
0.14 

Non-infective 
particles (N):~ 

per ml. 

X 10 9 

0.00 
0.02 
0.04 
0.00 
0.15 
1.20 
6.00 
3.84 

* 3 X i0 2 infective particles inoculated. 
:~ Computed from the relation: [N] ffi [H] - [I]. 

tion of infective influenza A virus in vitro at somewhat higher temperatures. 
Their data indicate that the half-life becomes even shorter than that  given 
above as the temperature is increased. The results of some preliminary experi- 
ments indicate that the half-life of influenza B virus (Lee) is no longer than 
2.5 hours at 35°C. in vitro. 

Production of Fully Infective Virus Preparations.--When a small number 
of infective particles was inoculated and allantoic fluid was harvested at 
various intervals thereafter, it was found that the proportion of particles 
that were infective decreased as the period of incubation was increased. The 
results of some typical experiments are given in Table II .  The values given 
are means of results obtained in 2 to 6 experiments at each time interval. 
Mter  inoculation of only 3 X l0 s infective particles, allantoie fluids with an 
I / H  ratio of 0.8 or more were obtained at  16 to 26 hours. Such preparations 
were considered to be fully infective for, within the probable errors of the 
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enumeration procedures, they contained the same number of infective and 
hemagglutinating particles. However, after 28 hours the I / H  ratio decreased 
progressively until at 48 and 72 hours the values were only 0.21 and 0.14, 
respectively. These values indicate that at 48 hours only 21 per cent, while 
at 72 hours only 14 per cent, of the hemagglutinating particles were still 
infective. 

The progressive decrease in the I /H  ratio with increasing time after 
inoculation can be taken as an indication of the rate at which originally 
infective particles were inactivated and converted to non-infective (N) 
hemagglufinating particles in dvo. The number of N particles present at 
each interval was computed, as described above, and is given in Table II. 
After 26 hours, the number of hemagglutinating particles continued to 
increase and in fact the production of such particles during the period 26 to 
48 hours was far larger than that during the interval 0 to 26 hours. The ac- 
cumulation of N particles was especially marked after 26 hours. Data 
obtained in other experiments with much larger inocula, which are included 
in Fig. 1, show that the rate of late inactivation in dvo corresponded with 
that obtained in vitro. As can be seen, the data obtained in dvo 16 to 24 hours 
after inoculation coincide well with those described above on the inactivation 
of infective particles in vitro. 

Levine et al. (28) found recently, with similar enumeration procedures, an 
average value of 0.33 for the I / H  ratio at 48 hours. In addition, they demon- 
strated that particle counts with the electron microscope agreed well with 
hemagglutinating particle measurements. Donald and Isaacs (31) have found 
that the number of EIDs0 was about 0.1 the particle count obtained with 
the electron microscope when allantoic fluid was harvested at about 30 hours. 

In Table I I I  are shown some typical results of experiments with inocula of 
various size and composition which yielded fully infective virus preparations. 
The larger the number of infective particles inoculated the shorter was the 
period of incubation which gave a yield that was fully infective. Additional 
data bearing on this relation are given in later sections. 

Decrease in Concentration of Virus Particles after Inoculation.--After 
inoculation into the allantoic fluid of embryonated eggs, the number of virus 
particles decreased progressively from 0 to 4 hours. When fully infective virus 
inocula, i.e. I / H  ~ 1.0, were used and the concentrations of infective and 
hemagglutinating particles were determined at intervals, results like those 
shown in Fig. 2 were obtained. The decrease in the number of infective 
particles when 3 )< 10 7 or fewer were inoculated, was nearly linear on a loga- 
rithmic scale from 0 to 4 hours. The lowest concentration of I particles was 
found regularly at 4 hours, when the number of particles inoculated was not 
greater than 3 X 10 ~. After this interval, an increase in the number of I 
particles occurred which also was nearly linear on the same scale. I t  should 
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be noted that at  8 hours, the increase in the number of I particles was suf- 
ficient to reestablish the concentration at the time of inoculation. 

In contrast, when 3 X 10s infective particles were inoculated, the concen- 
tration of I particles decreased but little after 2 hours and then remained 
almost constant until 8 hours. The first increase in I particle concentration, 
after inocula of this size, occurred at  10 hours. With inocula containing 3 X 
107 to 2 X 109 particles, the rate of decrease in the concentration of H 
particles was slower than that for I particles. 

In Fig. 3, the decrease in the concentration of infective particles with 

TABLE III  
Production of Fully Infective Preparations of Influenza A Virus (PRS) 

Inoculum 

Infective Non-infectlve 
particles Particles (N) 

No. injected No. injected 

3Xl(f l  
14 

tt 

3 X l O  4 

3X 106 

0 
0 
0 
0 
0 
0 

3 ×  105 

Incubation 

22 
22 
24 
24 
26 
26 

16 

10 
12 

Hemaggluti- 
nating 

I~rticles (H) 

per ml. 

X lO s 

14.7 
12.7 
19.1 
15.5 
12.6 
14.4 

3.2 

0.08 
3.3 

Allantoic fluid 

i Infective 
i particles (I) 

per ml. 

X IO s 

16.2 
11.0 
21.4 
15.8 
13.5 
11.0 

3.4 

0.06 
2.5 

Ratio 
I/H 

1.10 
0.87 
1.12 
1.02 
1.07 
0.76 

1.06 

0.75 
0.76 

increasing time after inoculation was corrected for the amount of inactivation 
which occurred during the intervals employed. This was done on the basis 
that the rate of inactivation of I particles in allantoic fluid in vivo was equal 
to that found in vitro. As is shown in Fig. 1, the increasing difference between 
the number of H particles and the number of I particles lost in the interval, 
0 to 4 hours, was closely similar to that expected if the rates of inactivation 
in vivo and in vitro were in fact equal. 

Under these circumstances, the proportion of inoculated virus particles that 
disappeared from the allantoic fluid from 0 to 4 hours was almost independent 
of the number inoculated over a range of 1,000-fold. In addition, this propor- 
tion was nearly constant at  each interval whether measured by infective or by 
hemagglutinating particles. Regardless of the number of particles injected, 
about 21 per cent remained present in the allantoic fluid at 2 hours. At 4 
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hours, about 5 per cent remained present when 3 X 10 7 or fewer particles 
were injected. I n  these experiments with fully infective virus inocula, no 
evidence for a constant concentration or plateau period was found when the 
number of particles inoculated was 3 X 107 or less. On theoretical grounds, it 
would not  be expected that  a plateau period should have occurred• In  this 
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FIG. 2. Changes in the concentration of infective (I) and hemagglutinating (H) particles 

in the allantoic fluid with time after inoculation of fully infective preparations, i.e. I /H 
ratio ,-~ 1.0, of influenza A virus (PR8). Results obtained during both the decrease period, 
0 to 4 hours, and the early increase period, 4 to 10 hours, after inocula of various size are 
shown. 

regard, these findings are dissimilar to those reported previously by Henle 
and Henle (13) and Henle and Liu (16). 

The difference in the number of virus particles injected and the number 
found in the allantoic fluid during the interval, 0 to 4 hours, may  be taken as 
a measure of the number of particles adsorbed by the allantoic membrane. 
When the number of infective particles which had become inactivated at each 
interval was taken into account, it became evident that  hemagglutinating and 
infective particles were adsorbed at the same rate and to the same extent (cf. 
Fig. 3). In  these experiments, the mean value for the maximum number of 
particles adsorbed after the largest inocula employed was 1.6 X 109. Compu- 
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tations (13, 17, 20) based largely on indirect evidence have indicated that the 
number of cells lining the allantoic membrane may be about 10 s. If this value 
is assumed to be correct, then with the largest inocula used in this study the 
maximum number of particles adsorbed per cell was about 16. As is indicated 
in later sections, the number of allantoic cells may not be as large as has 
been thought previously. Cairns and Edney (17) previously reported that, as 

L . . . . . .  1-I e 2x109 
z~ 3x108 

100 v 3xlO ~r 
[ - \  I o 3x~08 

~ x 3x10 "I 
50 I- " \ o 3~o6 

f 
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:I 
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I I I . . . .  I 

1 2 5 ~ 
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FIo. 3. Rate of decrease in concentration of infective (I) and hemagglutinating (H) 
particles in the allantoic fluid after inoculation of fully infective preparations, i .e. I/H ratio 
-~ 1.0, of influenza A virus (PR8). Measurements of infective particle concentration were 
corrected for inactivation on the basis of a half-life for I particles of 147 minutes at 35°C. in 
allantoic fluid. 

measured by hero_agglutinating units, the proportion of virus adsorbed was 
independent of the size of the inoculum and amounted only to about 50 per 
cent of that injected. On the basis of their computations they estimated that 
about 30 particles per cell could be adsorbed by the allantoic membrane. 

Because of the slow rate of adsorption of particles by the allantoic mem- 
brane, a considerable proportion of the infective particles inoculated became 
inactivated, i.e. non-infective, during the adsorptive period. Of the un- 
adsorbed particles in the allantoic fluid, 42 per cent became non-infective in 2 
hours and 66 per cent in 4 hours, on the basis of a half-life for I particles of 
approximately 2.5 hours. Therefore, to measure adsorption precisely by 
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means of infective particles, it was necessary to correct the data in terms of 
the proportion of I particles which were inactivated concurrently. In previous 
studies (16, 32) on the adsorption of infective virus as measured by IDs0 
doses, the effect of spontaneous inactivation of I particles during the long 
adsorptive period Was not taken into account. 

Rate of Increase in Concentration of Virus Particles.--When fully infective 
virus inoeula were employed the rate at which the concentration of virus 
particles increased in the allantoic fluid was nearly constant on a logarithmic 

IZo 3x10 8 
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FIG. 4. Rate of increase in concentration of infective (I) and hemagglutinating (H) 

particles in the allantoic fluid after inoculation of fully infective preparations, i.e. I / H  ratio 
~,~ 1.0, of influenza A virus (PR8). N indicates non-infective particles, spontaneously in- 
activated at 35°C. in dvo. The interval between the time of the first (tl) and that of the 
second (t2) measurement is given on the abscissa. 

scale for some hours after the period of decreasing concentration was com- 
pleted, so long as the number of particles inoculated did not exceed 3 X 107. 
As is shown in Fig. 2, the point of minimum virus concentration was regularly 
4 hours with inocula of this size. Thereafter, the number of infective and 
hemagglutinating particles increased at a rapid rate. 

As is shown in Fig. 4, the rate of increase was the same, whether 
determined by enumeration of infective or hemagglutinating particles, after 
inoculation of 3 X 105 to 3 X 107 infective particles. With inocula of this 
size or less, the time required to double the concentration of virus particles 
during the logarithmic increase period was 46 minutes. During this period, 
the rate of increase remained constant for at least 6 hours. 
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When larger inocula were used the rate of increase was reduced. Thus, 
inoculation of 3 X 108 infective particles led to a rate of increase only one- 
half that obtained with smaller inocula. As is shown in Fig. 4, the time to 
double the virus concentration was then 92 minutes, whether determined by 
infective or hemagglutinating particle enumeration. A closely similar reduction 
in the rate of increase was found also when an equally large number of non- 
infective particles was present in the infective inoculum. As is demonstrated 
in Fig. 4, injection of 3 X 108 non-infective (N) particles (spontaneously 
inactivated at 35°C. in vivo) along with 3 X 107 infective particles did not 
lead to a rate of increase corresponding to that expected with this number 
of I particles. Under these conditions, the rate of increase was identical with 
that found after inoculation of 3 X 1@ I particles; the time to double the 
virus concentration was 92 minutes as indicated by measurements with both 
hemagglutinating and infective particles. Smaller numbers of non-infective 
particles, i.e. 3 X l0 T or less, when injected along with I particles had no 
effect on the rate of virus increase as measured by either procedure. 

Thus, it appears that there is an upper limit to the number of virus 
particles, either infective or non-infective, which can be injected without 
markedly affecting the rate of increase in concentration of newly formed virus 
particles. When more than this number was injected the rate of increase was 
diminished relative to that found with smaller inocula. 

The rate at which the concentration of virus particles increased after 
inocula of 3 X 107 or less infective particles, corresponds well with the 
findings reported previously by Ziegler and Horsfall (33), Henle et al. (32), 
and von Magnus (6) with this virus. Computations with their data indicate 
that when 104 or less EIDs0 were inoculated, the rate of virus increase ob- 
served in the allantoic fluid during the logarithmic period was equivalent to a 
doubling time of about 40 minutes. Other studies from this laboratory indi- 
cate that the rate of increase is markedly dependent upon the host cell system 
employed. Thus, with the same virus in the mouse lung, the doubling time 
was found to be approximately 140 minutes (34). In the allantoic sac, other 
strains of influenza A virus, i.e. FM1 (26) and DSP (10), have shown com- 
parable rates of increase. However, strains of influenza B virus, i.e. Lee and 
MB, exhibit definitely slower rates of increase and the doubling time appears 
to be 50 minutes (26, 33). 

Virus Reproduction after Inoculation of Fully Infective Virus.--Inoculation 
of fully infective virus preparations, i.e. those with an I / H  ratio ~ 1.0, led 
to the production and release of fully infective virus when the number of 
particles inoculated was not greater than 3 X 10 6. The results of experiments 
in which 3 X 10 ~ and 3 X 10 e infective particles were inoculated are shown in 
Fig. 5. From the first appearance of new virus particles, which occurred 
constantly at the first measurement made after 4 hours, the I / H  ratio had a 
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value approaching 1.0 at  each interval analyzed up to 12 or 14 hours. This 
indicates that all hemagglutinating particles were infective when they ap- 
peared; i.e., that non-infective hemagglutinating particles were not produced 
in measurable amount. After 12 or 14 hours, the number of hemagglutinating 
particles increased more rapidly than did the number of infective particles as 
might be expected because of inactivation resulting from the short half-life 
of I particles. After either inoculum, the number of non-infective particles 
accumulated rapidly after 14 hours. In both cases the proportion of N parti- 
cles present at  22 hours was greater than 66 per cent of the total, although 
almost none were found at  12 hours. 

J00c 
5o( 
30c 

v 3C 

5 

0 

.~xJO 

4 8 12 J6 20 ~ 0 4 8 
]-IouP~ 

,,,,- 

3xlO 6 
pa~.icle~ inoculat~l 

I g I 

J2 16 20 24 

FIo. 5. Concentration of infective (I) and hemagglutinating (H) particles in the allantoic 
fluid at intervals after inoculation of fully infective preparations, i.e. I/H ratio ~_ 1.0, of 
influenza A virus (PRS). The number of particles inoculated per egg was 3 X 10 ~ and 3 X 
10 6 , respectively. Arrows indicate values lower than those plotted. 

On inoculation of 3 X 107 or more infective particles, unaccompanied by 
non-infective particles, the new virus particles which emerged into the allan- 
toic fluid were not all infective. The results of experiments in which 3 X 107 
and 3 × 108 infective particles were inoculated are shown in Fig. 6. After 
either of these large inocula, the new virus particles, released during the 
logarithmic increase period, had an I / H  ratio constantly less than 0.1, indi- 
cating that less than 10 per cent of the hemagglutinating particles present 
were infective. The rate of increase in virus concentration after inoculation of 
3 X 107 I particles was closely similar to that obtained with 3 × 10 e or 3 X 
105 particles (cf. Fig. 5). However, a much slower rate of increase was found 
on inoculation of 3 X 108 I particles, as was also shown above (cf. Fig. 4). 
After 12 hours, the I / H  ratio became even lower in both cases wbich indicates 
that non-infective particles were accumulating. By 20 hours, the proportion 
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of N particles present was greater than 96 per cent of the total in both experi- 
ments. 

The total number of hemagglutinating particles produced in 20 hours was 
approximately the same, i.e. about 109 per ml., regardless of the number of 
infective particles inoculated over a range of 1,000-fold. However, the number 
of infective particles found in the yield after these inocula was inversely 
related to the number of I particles inoculated and was considerably reduced 
when this number was 3 X 107 or more. The maximum number of I particles 
found after inoculation of 3 X 107 such particles, was approximately 10 s per 
ml.; after 3 X los only about l07 per ml. I t  is not possible to compare 

~ooo 

~0 

# 

~o 

3 

I 

/ & ,¢ 
/ / ,u  

' '/ / 
,W I 

I ~rticles inocuJa~ea ~ 

4 
I / I I I 

8 tZ 16 20 Z40 4 0 ]2 16 20 ~4 
Houe~ 

FIo. 6. Concentration of infective (I) and hemagglutinating (H) particles in the allantoic 
fluid at  intervals after inoculation of fuUy infective preparations, i.e. I /H ratio ,~ 1.0, of 
influenza A virus (PR8). The number of particles inoculated per egg was 3 X 10 ~ and 3 X 
10 s, respectively. Arrows indicate values lower than those plotted. 

these results directly with those secured by other workers for, unfortunately, 
similar experiments with fully infective virus inocula appear not to have been 
carried out previously. 

Production of Partially Infective Virus Preparations.--When incubation was 
continued for 48 hours or more after inoculation of a small number of in- 
fective particles only a moderate proportion of the particles in the yield 
remained infective (cf. Table II). Similarly, inoculation of a considerably 
larger number of particles followed by incubation for 20 to 24 hours also led 
to the development of only partially infective preparations. The results of a 
number of typical experiments which yielded partially infective virus prepara- 
tions are shown in Table IV. These allantoic fluid pools contained from 2 to 
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22 per cent infective virus particles and were similar to those used as inocula 
in the experiments described in the section which follows. 

Virus Reproduction after Inoculation of Partially Infective Virus.--Inocula- 
tion of from 105 to 10 s infective particles usually led to the production, at  24 
hours or later, of virus preparations with I / H  ratios of 0.1 or less. Moreover, 
as was shown above (cf. Table II) ,  inoculation of only 3 X 102 infective 
particles yielded, at  48 hours, virus preparations which had I / H  ratios of no 
more than 0.2. Such ratios indicate that a large proportion of the virus parti- 
cles were non-infective. As was shown above, these low ratios can be at- 
tributed to the spontaneous inactivation in vivo of initially infective particles. 

TABLE IV 
Production of Partially Infective Preparations of Influenza A Virus (PR8) 

Inocuinm 

Infective Non-infective 
particles particles (N) 

No. injected No. injected 

3 X l O  ~ 

tc 

3X lO 6 

3X102 

c~ 

3 X l0 s 

Incubation 

I hrs. 

24 
24 
24 i 

i 
2o 

48 
48 
48 

Hema[[gluti- 
natmg 

particles (H) 

per ral. 

X 10 9 

1.82 
3.30 
1.90 

1.33 

11.7 
10.9 
6.0 

Allantoic fluid 

Infective 
particles (I) 

per ml. 

X 10 9 

0.16 
0.06 
0.27 

0.09 

1.10 
1.86 
1.35 

Ratio 
I/H 

0.09 
0.02 
0.14 

0.07 

0.09 
0.17 
0.22 

Preparations of this kind have been commonly employed as seed virus ma- 
terial by various workers (6, l l ,  16, 17, 21). The finding that such prepara- 
tions have an I / H  ratio no greater than 0.2 indicates that no more than 20 
per cent of the hemagglutinating particles in the seed virus were infective. 
As is demonstrated below, the presence of a sufficient number of non-infec- 
tive particles in an infective inoculum can cause marked alterations in the 
reproductive process. 

In Figs. 7 and 8 are shown the results obtained at 16 and 20 hours, respec- 
tively, after inoculation of varying amounts of fully infective virus prepara- 
tions, i.e. I / H  ratio ----- 1.0, and of 10 per cent infective virus preparations, 
i.e. I / H  ratio ~ 0.1. The 10 per cent infective preparations were obtained 24 
hours after inoculation of 106 I particles. Each point shown is the mean of 
results secured in 2 separate experiments. Both the number of infective par- 
ticles and non-infective particles present in each inoculum are given. As 
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shown in Fig. 8, the presence of 3 X 107 or more non-infective particles in the 
infective inocula reduced the yield of hemagglutinating particles, at 20 hours, 
to an average of 23 per cent of that obtained with the same inocula of fully 
infective virus. The reduction in the yield of infective particles under the 
same conditions was far more marked and was evident both at 16 hours (c.f. 
Fig. 7) and 20 hours (cf. Fig. 8). When 3 X 107 or more N particles were in- 
jected simultaneously with 0.1 as many I particles, the yield of infective par- 
ticles, at both 16 and 20 hours, was only about 5 per cent of that obtained 
when comparable amounts of fully infective virus alone were inoculated. 
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Fro. 9. Concentration of infective (I) and hemagglutinating (H) particles in the allantoic 
fluid at 24 and 28 hours, respectively, after inoculation of varying amounts of influenza A 
virus (PR8). Partially infective preparations ( I /H ratio ,~ 0.1), which contained 10 times 
more non-infective (N) than infective particles, were used as inocula. 

I t  should be emphasized that, even as early as 16 hours, fully infective 
yields of virus were obtained only if the infective inocula contained no more 
than 3 X 105 N particles. Moreover, at 20 hours, fully infective virus yields 
were obtained with 10 per cent infective inocula, only when no more than 
3 X 10 ~ I particles were inoculated. 

In Fig. 9 are shown the results obtained at 24 and 28 hours, respectively, 
after inoculation of varying quantities of 10 per cent infective virus prepara- 
tions, i.e. I / H  ratio ---~ 0.1. As in Figs. 7 and 8, each point is the mean of re- 
sults obtained in 2 separate experiments. The findings show that, regardless 
of the duration of the reproductive process, the presence of 3 X 107 or more 
N particles in the infective inocula led to a persistent reduction in the yield 
of hemagglutinating particles. They show also that, under the same condi- 
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tions, the yield of infective particles was much more strikingly diminished; 
i.e., no more than 5 per cent of that  obtained when 3 X l0 s or less N particles 
were present in the infective inocula. 

I t  will be noted that  as time was increased, inocula which resulted in the 
production of fully infective yields contained progressively smaller numbers 
of infective particles. Thus, although the inoculation of 3 X 104 I particles 

TABLE V 
Effect of Mixtures of Non-Infective and Infective Particles of Influenza A Virus (PR8) on the 

Proportion of Infective Particles in the Yield 

Inoculum 

Infective 
particles 

No. injected 

3 X 10 ~ 
3 X l O  5 
1 X 1 0  5 

3XlOs  
3XlOs  
l X l O s  

1XlOs 
1 X l O  5 

3 X 10 ~ 
1 X 10 ~ 

3 X 107 
1 X 10 ~ 

3 X l f f  t 
l x l o  ~ 

Non-infective particles (N) 

Inactivated at No. injected 

Incubation 

hf$. 

- -  0 16 
56°C., 60 rain. 1 X lOs 16 
56°C., 30 min. 3 X lOs 16 

56°C., 60 min. 
56°C., 30 rain. 

35°C., 48 hrs. 
35°C., 48 hrs. 

22°C., 4 days 

22°C., 4 days 

0 
I X l O s  
3XlOs  

2 X l o s  
2 X  los 

0 
6 X  los 

0 
6 X  lOs 

0 
IXIOS 22°C., 8 days 

20 
20 
20 

16 
20 

16 
16 

20 
20 

24 
24 

Virus yield* 

Hema•gluti- 
natmg 

particles (H) 

No./ral. 

2 .6X los 
3.3 X lO s 
8.3 X 107 

5.1 X 10 8 
2.5 X 10 9 

1.5 X 10 9 

2 .9X 107 
6.6 X 107 

6 .8X los 
1.2 X 109 

3.4 X 10 9 
2 . 5  X 10 9 

7.4X 107 
9.5 X 107 

Infective 
particles (I) 

No./ml. 

8.9 X 107 
8.3 X 107 
6.1  X 107 

3 .4X los 
3 .4X los 
3 .4X 108 

7 .4X 105 
1.6 X los 

Infective 
particles 

Per cent 

2.9 X 107 
7.1 X 10 s 

1.1 X 10s 
6.2 X 10 e 

7.I x 107 
8.3 × 105 

34.0 
25.0 
73.0 

66.0 
13.0 
22.0 

2.5 
2.4 

4.3 
0.6 

3.2 
0.2 

95.0 
0.9 

* In allantoic fluid. 

gave yields with an I / H  ratio of about 1.0 at  16 hours (4. Fig. 7), a t  28 hours 
such a yield was obtained only after the inoculation of 3 X 10 t I particles 

(cA r. Fig. 9). 
I t  appears obvious from the results shown in Figs. 7 to 9 that  there is a 

definite limit to the number of non-infective particles which can be included 
in infective inocula without seriously altering the reproductive process. As 
few as 3 X 107 N particles reduced the total yield of new virus particles to 
about  30 per cent and also markedly diminished the number which were in- 
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fective at each of the time intervals studied. Moreover, the effects produced 
by including N particles in the inocula, were quantitatively greater as regards 
diminution of the yield of I particles than those produced by comparable 
numbers of I particles in the absence of preformed N particles. 

Virus Reproduction after Inoculation of Mixtures of Non-Infective and In- 
fective Virus.--As was demonstrated above, the non-infective particles in 
partially infective virus inocula can markedly affect the reproductive process 
when present in sufficient number. That the addition of non-infective particles 
to fully infective virus preparations also can lead to similar alterations in virus 
reproduction is shown below. Infective influenza virus particles can be made 
non-infective in a variety of ways without diminishing their hemagglutinating 
activity. One of the simplest means is thermal inactivation (3, 35). The rate 
of inactivation has been shownto  be markedly dependent on temperature 
(30). In the present study the temperature used to cause inactivation was 
found to be an important variable and affected the capacity of the non-in- 
fective particles to produce alterations in the reproductive process. 

The results of some typical experiments with mixtures of non-infective and 
infective particles are shown in Table V. The mixtures were prepared 
promptly after various thermal inactivating procedures and were used as 
inocula in the usual manner. Non-infective particles prepared at 56°C., for 
either 30 or 00 minutes, did not cause a striking effect on the yield of hemag- 
glutinating or infective virus particles. Even when as many as 3 )<: 108 such 
particles were added to inocula containing 10 ~ infective particles, both the 
amount of virus produced and the proportion that was infective were not 
diminished. However, non-infective particles prepared at 35°C. (48 hours) or 
at 22°C. (4 or 8 days) did cause definite reductions in the number of infec- 
tive particles found in the yield. Addition of 108 or more non-infective par- 
ticles, inactivated at these lower temperatures, to inocula containing 104 to 
107 infective particles regularly caused a reduction in the proportion of I par- 
ticles obtained as compared with control inocula containing similar numbers 
of infective particles. The smaller the number of infective particles included 
in the mixture the more marked was the reduction caused by the non-infective 
particles in the proportion of I particles found in the yield. 

The results of a series of experiments with fully infective virus inocula as 
well as with mixtures of such virus and non-infective particles prepared at 
56°C. (30 or 50 minutes) are shown in Fig. 10. Each point is the mean of the 
results of 4 to 10 experiments in each of which the yields of hemagglutinating 
and infective virus particles were analyzed at 16 and 20 hours, respectively. 
As was shown above (cf. Figs. 7 and 8), the inoculation of a sufficiently large 
number of infective particles alone caused reduction in the proportion of I 
particles found in the yield at fixed intervals. From the results shown in Fig. 
10, it is clear that when 3 X 107 or more I particles, but no N particles, were 
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inoculated there was an inverse relation between the number inoculated and 
the proportion of I particles found in the yield. Only when less than 106 in- 
fective particles were inoculated did the yield contain 50 per cent or more I 
particles, a t  the late intervals studied. I t  should be emphasized that  a con- 
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FIG. I0. Average proportion of infective (I) particles in the allantoic fluid at 16 and 20 
hours after inoculation of mixtures of infective and non-infective (N) particles of influenza 
A virus (PRS). Non-infective particles were prepared by inactivating infective particles 
in vitro at 56°C. for 30 or 60 minutes, 35°C. for 48 hours, or 22°C. for either 4 or 8 days. For 
comparison, the average results obtained at the same intervals after inoculation of fully 
infective preparations (I/'H ratio --~ 1.0) and partially infective preparations (I/H ratio ~-~ 
0.1) are also shown. The partially infective preparations used, contained I0 times more 
non-infective (N) particles, spontaneously inactivated in the ailantoic fluid in vivo, than 
infective particles. 

siderable proportion of the infective particles inoculated became non-infective 
through inactivation during the long adsorptive period (cf. Fig. 1). Because of 
the short half-life of infective particles at  35°C., virus that  was fully infec- 
tive at  the time of inoculation did not retain infectivity in undiminished 
degree in allantoic fluid in vivo during the adsorptive period. 

I t  is also evident, from the results shown in Fig. 10, that  inoculation of 
mixtures containing varying numbers of non-infective particles, inactivated 
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at 56°C., and infective particles did not diminish the proportion of I particles 
in the yield to the same extent as did the inoculation of large numbers of in- 
fective particles alone. In these experiments, relatively small numbers of in- 
fective particles, i.e. 3 X 10 ~ or less, were included in the mixtures, so that the 
effect of the I particles themselves would be insignificant in extent. As is 
shown by comparison of these results with those given in Figs. 7 and 8, the 
proportion of I particles found in the yields was not significantly affected by 
the addition of large numbers of 56°C.-inactivated particles to the infective 
inocula. Mixtures containing as many as 5 X 108 N particles (56°C.) did not 
decrease the yield of I particles when compared with similar infective inocula. 

The results of a series of experiments with partially infective virus prepara- 
tions, i.e. I / H  ratio ~'~ 0.1, as well as with mixtures of fully infective virus 
and non-infective particles prepared under milder conditions, i.e. 35°C. for 
48 hours or 22°C. for 4 or 8 days, are also shown in Fig. 10. Each point is the 
mean of the results of 4 to 10 experiments in each of which the yields of virus 
were analyzed for hemagglutinating and infective particles at 16 and 20 
hours, respectively. With the 10 per cent infective inocula, there was an in- 
verse relation between the number of non-infective (N) particles contained in 
the inocula and the proportion of I particles found in the yields. This relation 
was clearly demonstrable when the number of N particles present in the in- 
ocuta was, 3 X 107 or more. 

Moreover, the inoculation of mixtures of non-infective particles, inac- 
tivated at either 35 ° or 22°C., and infective particles produced results closely 
similar to those secured with 10 per cent infective virus inocula. As is shown 
in Fig. 10, with such mixtures there was also an inverse relation between the 
number of non-infective (N) particles contained in the inocula and the propor- 
tion of I particles found in the yield. As in the case of 10 per cent infective 
inocula, this relation was demonstrable when the number of N particles in 
the inocula was 3 X 107 or greater. There was no correlation between the 
number of infective (I) particles inoculated with these mixtures and the pro- 
portion of I particles found in the yields. As example, some mixtures which 
contained more than 108 N particles (inactivated at 22°C.) also contained 
only 1@ I particles and yet the yield contained only about 1 per cent I par- 
ticles. The results of an experiment with such a mixture are shown in Table V. 

That  large amounts of non-infective virus in infective inocula led to a re- 
duced IDs0/HA ratio was clearly demonstrated previously by von Magnus 
(6, 8, 36) and was affirmed by the recent results of Fazekas de St. Groth and 
Graham (21). I t  seems clear that, in the present study, the quantitative ef- 
fects produced by the addition of non-infective (N) particles, inactivated at 
35 ° or 22°C., to infective inocula were marked. Furthermore, the effects pro- 
duced by the addition of particles inactivated at either temperature in vitro 
corresponded closely with those produced by non-infective particles which had 
become inactivated in vivo in partially infective preparations. Thus, it is evi- 
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dent that the presence in infective inocula of a sufficient number of non-in- 
fective (N) particles, i.e. 3 X 10 ~ or more, can alter the reproductive process 
and lead to the appearance of a much reduced proportion of infective virus 
particles. 

DISCUSSION 

The instability of infective influenza A virus particles causes them to lose 
the infective property rapidly at temperatures used for the incubation of 
embryonated eggs. The demonstration that the half-life of infective particles 
is only 2.5 hours at 35°C. in allantoic fluid, both in vitro and in vivo, intro- 
duces a previously unrecognized factor in studies on reproduction of the virus. 
The importance of this factor became clear when precise enumeration pro- 
cedures for both infective and hemagglutinating particles were developed in 
this laboratory and employed in investigations on the reproductive process. 
Many of the apparent discrepancies between infectivity and hemagglutination 
titers which are abundant in the literature can be resolved on the basis of the 
brief half-life of infective particles. 

I t  has not been possible with any procedure to separate infective from 
hemagglutinating particles. There is a large body of evidence indicating that 
infective particles constantly possess the hemagglutinating property. How- 
ever, the reverse is not true, and hemagglutinating particles may or ,u~y not 
possess the infective property. The available evidence makes it probable that 
when the number of infective particles is equal to the number of hemagglu- 
tinating particles, these two properties reside in the same virus particles. 
When there are fewer infective (I) than hemagglutinating (H) particles, the 
difference can be accounted for by hemagglutinating particles which are non- 
infective (N). The quantitative relation between the concentrations of these 
particles may be formulated by the equation: [H] = [I] + [N]. Through the 
use of enumeration procedures for both infective and hemagglutinating par- 
tides, it has been possible to test the validity of this relation under a wide 
variety of conditions. The quantitative data obtained indicate that the rela- 
tion fits the findings and provides a means for determining the number of 
non-infective particles. 

The results reported by Levine et al. (28), which appeared while this inves- 
tigation was in progress, provide strong support for the idea that the number 
of hemagglutinating particles is equal to the total number of virus particles. 
Their particle counts with the electron microscope were in good agreement 
with the number of hemagglutinating particles determined by a procedure 
similar to that used in this investigation. The fact that preparations were 
obtained regularly, in the present study, which had similar numbers of infec- 
tive and hemagglutinating particles indicates that nearly all newly formed 
particles are infective when certain experimental conditions are fulfilled. The 
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major variables bearing on the production of fuUy infective influenza A virus 
preparations were the size and composition of the inoculum and the duration 
of incubation of infected eggs. Fully infective preparations were constantly 
obtained, during the period of logarithmic increase in virus concentration, 
when the inoculum contained any number of infective particles up to 3 X 10 s 
and no more than 106 non-infective partides (spontaneously inactivated in 
vivo). Under these conditions, only infective particles were found in the al- 
lantoic fluid until the concentration of particles reached approximately 10 s per 
ml. Thereafter, as the logarithmic rate of increase diminished, non-infective 
particles accumulated in increasing concentration. Only with very small in- 
ocnla, i.e. about 10 ~ infective particles, was it possible to obtain infective 
particles in a concentration as high as 10 ~ per ml. In this ease too, non-infec- 
tive particles accumulated rapidly after the logarithmic rate of increase in 
virus concentration diminished. 

During the logarithmic period, the rate of increase in virus concentration 
was so rapid when the doubling time equalled 46 minutes, that inactivation 
resulting from the short half-life of infective particles was not detected. The 
proportion of particles which became non-infective during this interval was 
too small to be demonstrated by the enumeration procedures used. However, 
during later periods, when the rate of increase slowed down and the doubling 
time approached or exceeded the half-life of infective particles, accumulation 
of non-infective particles was readily demonstrated. That the non-infective 
particles which appeared after the logarithmic increase period were derived 
from infective particles which became inactivated in ~ivo seems probable. 
The rate of their appearance corresponded with that expected from inactiva- 
tion of infective particles with a half-life of but 2.5 hours. 

In contrast to the wide variety of conditions which could be used and regu- 
larly resulted in the reproduction only of infective particles, there was but 
one condition which led to the emergence of non-infective particles. Such 
particles appeared during the logarithmic increase period only when the 
inoculum contained 3 X 107 or more infective particles or 3 × 107 or more 
non-infective particles (inactivated either in ~ivo or in vitro at 35 ° or 22°C.). 
After such relatively large inocula, only a fraction of the new particles which 
appeared in the allantoic fluid were infective regardless of the time of assay. 
This finding is in accord with the results reported previously by von Magnus 
(6-8). When this one condition was fulfilled, the rate of increase in the con- 
centration of non-infective particles during the logarithmic period was almost 
identical with that of infective particles. This points against the possibility 
that these non-infective particles appeared as a result of inactivation of in- 
fective particles after they had reached the allantoic fluid. Whether they were 
inactivated after reproduction while still in the allantoic cells themselves or 
were actually produced as non-infective particles, as has been suggested by 
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von Magnus (6-8, 36), remains an open question. So far, it has not been pos- 
sible to determine the rate of inactivation of infective particles inside infected 
cells. 

If it is assumed that the number of cells in the allantoic membrane is about 
10 s, as has been suggested (13, 17, 20), an explanation is required for the find- 
ing that only 3 X 10 r non-infective particles can markedly alter the repro- 
ductive process. These numbers give a particle-cell ratio of 0.3 which indicates 
that there was only one particle present per three cells. I t  seems unlikely that 
a single non-infective particle could affect more than one cell. However, if 
previous estimates were too large and the number of cells is actually about 
107, the present findings can be resolved in terms of a straightforward hy- 
pothesis. Then the particle-cell ratio would have a value of approximately 3.0 
and there would be enough non-infective particles to give about one per cell 
in terms of the Poisson distribution. On the basis that the number of cells 
was of the order of 10 s (20), Cairns and Edney (17) computed that a reduced 
IDs0/HA ratio was obtained in the yield when the particle-cell ratio was as 
low as about 0.02. Even if it is assumed that the number of cells is this large, 
the present findings both with infective and with non-infective particles are 
not in accord with such an interpretation. 

That  the well ordered kinetics of the reproductive process are altered by 
too large an initial load of virus particles is even more clear from the results 
obtained after inoculation of 3 X 10 s particles. This number gives a particle- 
cell ratio of about 30 if the number of cells is taken to be 107. After inocula 
of this size, the following alterations were regularly observed: The interval 
before new particles were demonstrable was increased by a factor of about 2. 
The rate of increase in particle concentration was decreased by the same 
amount. The proportion of infective particles which emerged was decreased 
by a factor of 20 or more. Either infective particles or non-infective particles 
inactivated in vivo or in vitro (at 35 ° or 22°C.), caused each of these altera- 
tions in the reproductive process when the number injected was 3 X 10 s or 
more. I t  is obvious that when the rate of increase is diminished, the more 
nearly the time to double the virus concentration approaches the half-life of 
infective particles the smaller will be the proportion of infective particles 
found. 

SD3tl'~ARY 

Procedures which make possible the enumeration of both infective and 
hemagglutinating influenza A virus particles have been developed and used 
in a quantitative investigation on the reproduction of the agent. Infective 
particles were found to be highly unstable and their half-life was only 147 
minutes in allantoic fluid at 35°C. both in vitro and in vivo. The instability 
of infective particles provides an explanation for the rapid accumulation of 
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non-infective particles which retained the hemagglutinating property. The 
number of non-infective (N) particles was determined from the difference 
between the number of hemagglutinating (H) particles and the number of 
infective (I) particles as indicated by the relation: IN] --- [H] -- [I]. 

When the half-life of infective particles was taken into account, both infec- 
tive and hemagglutinating particles were found to disappear from the allantoic 
fluid; i.e., were adsorbed by the allantoic membrane, at the same logarithmic 
rate after inoculation. Inoculation of any number of particles up to 3 X 10 T 
was followed by a constant and progressive decrease in the proportion of un- 
adsorbed particles from 0 to 4 hours. Approximately 20 per cent of particles 
were unadsorbed at 2 hours and about 5 per cent at 4 hours. Inoculation of 
3 X l0 s or more particles led to a larger proportion of unadsorbed particles 
at 4 hours. The maximum number of particles adsorbed was computed to be 
about 1.6 X 109. 

The concentration of both infective and hemagglutinating particles in- 
creased rapidly in the allantoic fluid after 4 hours when any number of infec- 
tive particles up to 3 X 10 T was inoculated. With such inocula, the rate of 
increase during the logarithmic period was constant and the time to double 
the concentration of infective or hemagglutinating particles was 46 minutes. 
With larger inocula, i.e. 3 X los particles, the concentrations of infective and 
hemagglutinating particles did not increase until after 8 hours and the rate 
of increase was much slower. The time to double the concentration of either 
then became 92 minutes. 

The number of infective particles was approximately equal to the number 
of hemagglutinating particles during the logarithmic increase period when 
any number of infective particles up to 3 X 106 was inoculated and no more 
than l06 non-infective particles were included in the inoculum. This finding 
was taken to indicate that all or almost all particles produced and released 
under these conditions were infective. That  such particles became inactivated 
rapidly and led to the accumulation of an increasing number of non-infective 
particles after the logarithmic period can be explained by the short half-life 
of infective particles. 

The number of infective particles was no larger than one-tenth the number 
of hemagglutinating particles during the logarithmic increase period after 
3 × l0 T or more infective particles had been inoculated or when smaller in- 
ocula were used which also contained 3 X l0 T or more non-infective particles. 
Non-infective particles prepared in ~tro at 35 ° or 22°C. were as effective as 
those which accumulated in ~i~o in diminishing the proportion of infective 
particles in the yield. The extent of the reduction in the proportion of infec- 
tive particles was directly related to the number of non-infective particles 
included in the inoculum. The yield of hemagglutinating particles was dimin- 
ished when the inoculum contained 3 X l0 T or more non-infective particles. 
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The rate of increase was reduced so that the time to double the concentra- 
tion became 92 minutes when the inoculum contained 3 X 10 s non-infective 
particles. 

I t  appears from these findings that the single condition which will lead to 
the emergence of non-infective particles during the logarithmic period is a 
high initial particle-cell ratio. Because non-infective particles are equally as 
effective as infective particles in producing this result, it seems probable that 
the appearance of non-infective but hemagglutinating particles is not a neces- 
sary accompaniment of the reproductive process. 

Addendum.--After this manuscript was accepted for publication an independent 
investigation on the number of the allantoic cells was undertaken in this laboratory. 
The results of this study by Tyrrell, Tamm, Forssman, and HorsfaU will be reported 
shortly in another communication. In summary, it was found by direct counting pro- 
cedures that the allantoic sac of the 10 day old chick embryo contained 1.8 X 107 
(standard deviation 0.1 X 107) allantoic cells. 
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