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On the premise that virus reproduction is the central problem in virus dis- 
ease, the reproductive process has been investigated in this laboratory for 
some time. This premise is based on the concept that in nature virus induced 
lesions are not due merely to the presence of the agent but develop only after 
reproduction occurs. In earlier reports (1-3), the results of kinetic studies on 
the reproduction of pneumonia virus of mice (PVM) and influenza A virus 
(PRS) in the mouse lung as well as the associated development of lung lesions 
were described. More recently (4--6), the results of studies on the reproduc- 
tion of influenza and Newcastle disease viruses in the allantoic sac of the 
chicken embryo were summarized. The recent development of procedures 
which yield counts of influenza virus particles (7, 8) made possible precise 
quantitative studies based on two independent properties of the particle. An 
investigation which employed both the unstable infective property and the 
stable hemagglutinating property of influenza A virus for particle enumera- 
tion has been reported in detail (8). 

The demonstration (9) that the number of allantoic cells is 1.8 X 107, a 
value considerably smaller than earlier estimates (of. reference 10), provided 
a basis for relating the number of virus particles and the number of available 
cells. This relation has been utilized in the present study to derive quanti- 
tative information on the kinetics of reproduction of influenza A and B viruses 
at the cell level. The results of numerous earlier studies on the multiplica- 
tion of influenza viruses were reviewed in the preceding communication (8). 

This report describes the results of an investigation on the reproduction 
of influenza B virus (Lee) in the allantoic membrane of the intact chicken 
embryo. It also describes the results of further studies on the reproduction 
of influenza A virus (PR8) in the same host tissue. The allantoic membrane is 
unusually favorable for studies of virus reproduction because the allantoic 
cells represent a natural monolayer of fiat epithelial cells, the inner surfaces 
of which are in direct contact with the allantoic fluid. I t  will be shown that 
the infective property of Lee virus particles is even more unstable than that 
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of PR8 virus particles (8). I t  will be demonstrated that  this instabil i ty leads 
to the rapid accumulation of non-infective particles which retain the hemag- 

glut inat ing property and that  this accumulation is even more extensive than 
with PR8 (8). The results of studies with various particle-cell ratios on ad- 

sorption, appearance time, accumulation, maximal yield, and inactivation 
of influenza virus particles in vivo are given. I t  will be shown that  with par- 
ticle-cell ratios below one the rate of appearance of new particles is constant  
on a logarithmic scale during early intervals and that  the numbers of par- 

ticles measured by the infective and the hemagglutinating property correspond 
closely. I t  will also be shown that  with both Lee and PR8 virus, particle-ceil 
ratios of about  3 or more can diminish the rate of reproduction, decrease the 
yield of new virus particles, and decrease the proportion of infective particles 
in the yield. I t  will be demonstrated that  non-infective particles can cause 
similar alterations in the reproductive process at  comparably high particle- 

cell ratios. 

Materials and Methods 

Vimses.--The Lee strain of influenza B virus and the PR8 strain of influenza A virus 
were used. Both had many passages in the allantoic sac. Seed virus pools were prepared ex- 
actly as in the preceding study (8). In brief, 10 day old chick embryos were inoculated into the 
allantoic cavity with virus diluted in cold broth. After incubation at 35°C. the eggs were 
chilled in air at -26°C. Pools of allantoic fluid were immediately frozen and stored at --60°C. 
in the absence of CO2 gas (11). N'o antimicrobial substances were used at any stage. Pools 
which contained bacteria were discarded. 

Embryouated Eggs.--White Leghorn eggs were used, as in the preceding study (8). They 
were incubated at38°C, for 10 days. Groups of 5 to 10 eggs were employed. Each egg was given 
0.2 ml. of diluted virus into the allantoic cavity and then held at 35°C. All allantoic fluid was 
removed after the eggs were chilled in air at -26°C. On the average, 5 ml. of fluid per egg 
was obtained. The fluids from each group were pooled, immediately frozen, and stored at 
--60°C., as above. No antimicrobial substances were used. Pools containing bacteria were 
discarded. For measurements, aliquots were thawed once and then discarded. 

Number of Allantoic Membrane Cd/s.--The number of cells lining the allantoic cavity of 
the 10 day old chick embryo has been shown to be 1.8 X l0 T (standard deviation = 0.1 X l0 T) 
(9). This value was used for computation of all virus particle--allantoic cell ratios. 

Erythrocy~es.--Rhode Island Red roosters were used, as in the preceding study (8). Blood 
from three or more was mixed with acid-citrate-dextrose solution (12) and pooled. A rooster 
was not bled oftener than once in 5 weeks. Erythrocytes were washed 3 times with buffered 
saline on the day they were obtained and stored at 40C. at about 107 RBC per ml. in 0.14 x 
NaC1, buffered at pH 7.1 with 0.01 ~ phosphate. Suspensions were not stored longer than 4 
days. 

Enuraera~ion of Hemagglutinating Virus Partides.--The number of hemagglutinating par- 
ticles was computed from the number of RBC that sedimented at an increased rate under 
carefully standardized conditions in the presence of diluted virus. The details of the procedure 
used and the photometric apparatus employed were described in a previous paper (8). The 
following features of the technique may be emphasized: The RBC concentration is determined 
from the amount of light scattered, not by reduction in light transmission. A concentration 
of 5 X l0 s RBC per ml. is used in the reacting mixtures. The reaction tubes remain in the 
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vibration-free photometric apparatus throughout the observation period of 140 minutes. 
They are moved through the light beam mechanically at  intervals of 10 minutes without 
disturbing the sedimenting RBC. The number of hemagglutinating particles is taken as equal 
to one-half the number of rapidly sedimenting RBC on the basis that  with low virus particle- 
RBC ratios each particle reacts with only 2 RBC (7, 8). 

Enuraerat~on of Infective Virus Partides.--The number of infective particles was com- 
puted from the 50 per cent infectivity end point on 0.5 log titration in the allantoic cavity of 
10 day old chick embryos. The details of the procedure are described in a previous paper (8). 
Inoculated eggs were incubated at  35°C. for at  least 72 hours with Lee virus and for at  least 
48 hours with PR8 virus. Recent work in this laboratory (13) demonstrated that  Lee virus 
infectivity end points were &6-fold higher after 72 as compared with 48 hours incubation. 
Additional incubation to 96 hours did not increase the end points. With PR8 virus, however, 
incubation for either 72 or 96 hours did not regularly increase the end point over that  found 
after 48 hours incubation. Liu and Henle (14) have reported on the effects of the period of 
incubation on the infectivity end point with these two viruses. The production of hemag- 
glutinating virus was taken to indicate infection of the aUantoic membrane. On the basis of 
the Poisson distribution, the 50 per cent end point was taken as equivalent to the injection 
of 0.69 infective particle per egg. 

Computation of Number of Non-Infective Hemagglutinagng Particles.--As in the preceding 
study (8), the number of non-infective (N) particles wes determined from the relation: 
IN] -- [H] -- [I], when H ffi hemagglutinating particles, and I = infective particles. 

Precision of Enumeration of Hemagglutinating Particles.--With Lee virus, a series of 23 
measurements of the precision of the photometric procedure in simultaneous repficates gave 
a standard deviation of 17.6 per cent for estimates of the number of hemagglutinating parti- 
cles~ This compares well with the standard deviation of 15.8 per cent found previously (8) 
with PR8 virus. 

Precision of Enumeration of Infective Partides.--With Lee virus, a series of 24 measure- 
ments of the precision of the titration procedure in non-simuitaneous replicates gave a stand- 
ard deviation of 43 per cent for estimates of the number of infective particles. This agrees 
with the standard deviation of 41 per cent reported earlier (8) with PR8 virus. 

EXPEI~ T~T..BFr.AL 

Enumeration of Particles of Influenza B Virus (Lee).--The results of a 
typical series of non-simultaneous duplicate determinations of the number 
of Lee virus particles in allantoic fluid pools are shown in Table I. Each pool 
was collected 28 hours after inoculation of 2 × 1@ infective particles per 
egg. The number of infective particles (I) was, on the average, 63 per cent 
of the number of hemagglutinating particles (H). On the basis that IN] = 
[HI -- [I], as described above, the number of non-infective particles (N) was, 
on the average, 0.66 × 109 per ml.; i.e., 37 per cent of the number of hemag- 
glutinating particles. Thus, at 28 hours there was in the individual allantoic 
fluid a total of about 8.8 X 109 virus particles (H) of which more than half 
were infective. Such a high proportion of infective particles was obtained 
only when the number of virus particles inoculated was less than 1 per allan- 
toic cell and the period of incubation was short. As shown below, the infec- 
tive property of Lee virus at 35°C. is even more unstable than that of PR8 
virus (8). 
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Rate of Inactivation of Infective Particles.---On holding allantoic fluid in 
vitro at 35°C., the number of infective particles decreased rapidly. As shown 
in Fig. 1, the number of hemagglutinating particles did not  change appre- 
ciably during 12 hours, but  90 per cent of the infective particles were inacti- 
vated in 4.8 hours. This occurred regardless of the initial concentration or 
proportion of infective particles over a wide range. The proportion of par- 
ticles that  lost infectivity was constant per unit of time during the interval 

T A B L E  I 

Results of Duplicate Determinations of the Number of Particles of Influenza B Virus (Lee) 

Allsntoic fluid pool* 
Hemagglutinating 

particles (H) 
per ml. 

X lO~ 

2.14 
1.51 

3.80 
2.88 

1.20 
0 .69  

1.00 
0.98 

Infective particles (I) 
per ml. 

X I0 o 

1.62 
1.58 

2.40 
I.I0 

0.79 
0.44 

0.45 
0.51 

Per cent infective 
particlest 

75.0 
10,5.0 

63.0 
38.0 

66.0 
64.0 

45.0 
52.0 

Mean (Pools 1 to 4) . . . . . .  1.77 1.11 63.0 

* Each pool contained allantoic fluid from 5 eggs. All pools were collected 28 hours after 
inoculation of 2 X 10 ~ infective virus particles per egg. The inoculum had an I /H ratio 
of 0.2. 

I per ml. 
~: Calculated on basis that - -  X 100 ffi per cent I. All duplicate determinations 

H per ml. 
were carried out on different days. 

studied, indicating that  inactivation corresponded with first order reaction 
kinetics. 

I t  was computed that  the time needed to inactivate 50 per cent of infec- 
tive particles of Lee virus was only 85 minutes; i. e., the hal/-life of infective 
particles in allantoic fluid at  35°C. in vitro was about 1.5 hours. As is also 
demonstrated in Fig. 1, the half-life of infective particles in the allantoic 
fluid of the intact embryo at 35°C. seemed to be identical with tha t  in vitro. 
In  the earlier s tudy (8), it was shown that  the half-life of infective particles 
of PR8 virus under the same conditions in vitro or in vivo was 147 minutes. 
Thus, the infective property of both influenza viruses is strikingly unstable 
at  350C. and Lee virus is even less stable than PR8. 
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Time of Incubation and Y/e/d.--Because of the instability of the infective 
property, it was expected that  the proportion of particles that  were infective 
would decrease as the period of incubation was increased. As shown in Table 
I I ,  this occurred even after small inocula. When 5 X 104 infective particles 
were inoculated, fluids containing more than 50 per cent of infective particles 
were not obtained later than 24 hours. At 32 and 48 hours, the proportion of 
infective particles decreased to 26 and 7 per cent, respectively. Despite the 
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FIG. 1. Rate of spontaneous inactivation of infective particles (I) of influenza B virus 
(Lee) in allantoic fluid at 35°C. Each point is the mean of results obtained in two or more 
experiments. The results secured in vivo represent the difference between the decrease in the 
number of hemagglutinating particles (H) and the decrease in the number of infective parti- 
cles during the same intervals in the intact embryo. The interval between the time of the 
first (tl) and that of the second (t~) measurement is given on the abscissa. The curve for 
inactivation of PR8 virus is identical with that reported previously (8). 

high concentration of hemagglutinating particles which was attained, i.e. 
7.9 × 109 per ml., the concentration of particles which were infective did not 
reach 109 per mh at any interval. As shown below, regardless of the number 
of particles inoculated or the time of incubation, it was possible only in rare 
instances to obtain as many as 109 infective particles of Lee virus per ml. As 
demonstrated previously (8), somewhat higher concentrations of infective 
particles of PR8 virus can be secured regularly. 

The progressive decrease in the proportion of infective particles with in- 
creasing time of incubation can be attributed to spontaneous inactivation 
of newly formed particles in vivo. Such inactivation leads to the rapid accu- 
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mutation of non-infective particles (N) in the allantoic fluid. On the basis 
that [N] = [H] -- [I], the number of non-infective particles was computed 
and is shown in Table II .  The concentration of non-infective particles ap- 
proached 109 per ml. at 28 hours and was 7.3 X 10 ° at 48 hours. Comparable 
accumulation of non-infective particles was shown previously with PR8 
virus (8). 

Highly Infective Preparations.--Allantoic fluids containing relatively high 
concentrations of Lee virus and a large proportion of infective particles were 
obtained only if the inoculum was small and the time of incubation was short. 
The results of representative experiments which yielded highly infective prep- 

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

Influenza B Virus (Lee) in Allantoic Fluid 

Hemagglutinating Infective Non-infective 
Time after particles (H) particles (I) Per cent infective particles (N)1: 

inoculation* per ml. per ml. particles per mL 

hrs. 

16 
20 
24 
28 
32 
4O 
48 

X 10 9 

< 0 . 0 0 1  

0.006 
0.091 
1.17 
1.76 
4.78 
7.91 

X I0 9 

0.001 
0.008 
0.050 
0.34 
0.46 
0.66 
0.56 

>100.0 
>100.0 

55.0 
29.0 
26.0 
14.0 
7.0 

X I0 9 

0.00 
0.00 
0.04 
0.83 
1.30 
4.12 
7.35 

Values are the means of results obtained in two experiments at each interval. 
* 5 X 10 ~ infective particles inoculated. 
:~ Computed on basis that [hl] = [I-I] - [I]. 

arations are shown in Tables I and I I I .  With inocula of 0.01 or less infective 
particle per cell and sufficiently short periods of incubation, it was possible 
to secure yields in the neighborhood of 109 per ml. with about 50 per cent 
of the particles infective. As shown below, the larger the number of infective 
particles inoculated, the shorter was the optimum period of incubation for 
a highly infective preparation. In  the preceding study (8), a similar rela- 
tion was demonstrated for PR8 virus. 

Changes in the Concentration after Inoculation.--During the first 4 hours 
after inoculation into the allantoic cavity, the number of virus particles in 
the fluid decreased progressively. As shown in Fig. 2, the decrease in either 
infective (I) or hemagglutinating (H) particles was almost linear on a loga- 
rithmic scale from 0 to 4 hours if the inoculum contained 1.5 X 107 or less 
virus particles, i.e. 0.8 or less per cell. The rate of decrease in concentration 
during the first 2 hours was nearly independent of the number of particles 
inoculated. However, after inoculation of 1 X 10 s or more particles, little 
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decrease in concentration of hemagglutinating particles occurred after 2 
hours although the number of infective particles continued to diminish until 
4 hours in every experiment. On the basis of the very short half-life of in- 
fective particles at  35°C. (cf. Fig. 1), this was expected. Similar results were 
obtained with PR8 virus in the preceding study (8). 

The lowest concentration of infective particles was usually found at  4 
hours regardless of the number of particles inoculated. Thereafter, both 
hemagglutinating and infective particles increased rapidly in concentration, 
and in every case the increase was nearly linear on a logarithmic scale from 
4 to 10 hours. With all inocula except that containing only 1.5 X 10 s infective 

TABLE 1II 
Highly Infective Preparations of InfMcnza B Virus (Lee) 

Inoculum 

Infective particles 

Particles 
No. per cellar 

2 X 104 0.001 
gc ~c 

2 X 105 0.01 

2X 106 0.1 

Non-infective particles (N) 

Particles No. 

7X 10 4 
~c 

cg 

gc 

7X 10 s 

7X106 

per  cells 

0.004 
c~ 

cc 

0.04 
cc 

0.4 
~c 

Incubation 

hrs. 

28 
28 
28 
28 
22 
22 
12 
12 

Virus yield" 

Hemagglu- 
t i na"  

per ml. 

X 108 

24.0 
9.5 

33.1 
8.7 
3.8 
5.1 
0.50 
0.41 

Infective 
particle5 (I) 

per  ml. 

X 10s 

16.2 
6.0 

16.2 
4.3 
4.2 
2.5 
0.11 
0.11 

P e r  cent 
i n f e c t i v e  
particles 

67 
63 
49 
49 

110 
49 
22 
27 

* In allantoic fluid pools. 
~t Computed on the basis that the number of cells lining the allantoic membrane = 1.8 

× 107 (9). 

particles, the increase in the number of particles re-established the zero time 
concentration by  6 hours. 

Adsorption by Allantaic Membrane.--The difference in the number of hem- 
agglutinating particles injected and the number found in the allantoic fluid 
during the interval, 0 to 3 hours, can be taken as a measure of the number 
of virus particles adsorbed by the allantoic membrane. The hemagglutinating 
property is so stable that  no inactivation occurs during this period at  35°C. 
(cf. Fig. 1). However, the infective property is rapidly inactivated, and on the 
basis of a half-life of 85 minutes, 77 per cent of unadsorbed particles become 
non-infective in 3 hours. Therefore, to measure adsorption by infective par- 
ticle enumeration, it was necessary to correct the data for inactivation during 
the intervals studied. As shown in Fig. 3, when this was done, the rate of 
adsorption, whether measured with hemagglutinating or infective particles, 
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was nearly independent of the number of particles inoculated over a range 
of 10,000-fold. About  50 per cent of the injected particles were adsorbed in 
72 minutes. This value corresponds fairly well with tha t  computed from 
the results of the preceding s tudy (8) with PR8 virus; 50 per cent of injected 
particles were adsorbed in 54 minutes. Thus, during an adsorption period of 
3 or more hours, at  least 82 per cent of the particles were adsorbed. 

10 
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Hou~,~ 
FIG. 2. Changes in concentration of infective (I) and hemagglutinating (H) particles in the 

allantoic fluid after inoculation of various amounts of influenza B virus (Lee). Each point is 
the mean of results obtained in two or more experiments. Two virus preparations were used 
as inocula; their I /H ratios were 0.15 and 0.2, respectively. Inoculated eggs were held at 
35°C. for the time indicated. The number of I or H particles inoculated at zero time is shown. 

With the largest inocula employed, the mean value for the maximum num- 
ber of Lee virus particles adsorbed was 0.8 X 109. On the basis tha t  the num- 
ber of cells lining the allantoic membrane is 1.8 X 107 (9), it was computed 
that  one allantoic cell can adsorb at least 44 Lee virus particles. From the 
data of the preceding study (8), it was computed that  one aUantoic cell can 
adsorb about 89 PR8 virus particles. Some support for the validity of these 
values was obtained on recomputation of the earlier adsorption data of Henle 
(15), Cairns and Edney (16), and Liu and Henle (17) in terms of the new 
count (9) of the number of allantoic cells and the half-life of infective par- 
ticles at  35°C. 
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Rate of Increase in Concentration.--Mter inoculation of highly infective 
preparations (of. Table HI ) ,  the rate of increase in concentration of Lee virus 
particles in the allantoic fluid was almost constant on a logarithmic scale for 
a number of hours. As shown in Fig. 4, the rate of increase was not affected 
by  the number of particles inoculated over a range of 300-fold but  was defi- 
nitely diminished after inoculation of 2 X 10s or more particles. For some 
hours after the adsorption period, the rate of increase was the same whether 
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5{ 
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O 

bx~ O * 
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,, 1.5xlO e o lx109 
• 1.5xlO "t z~ l x 1 0  s 
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F~G. 3. Pate of decrease in concentration of infective (1) and hemagglutinsting (IT) parti- 
cles in the ~11=ntoic fluid after inoculation of various amounts of influenza B virus (Lee). Esch 
point is the mean of results obtained in two or more experiments. Two virus prep&rations 
were used as inocuia; their I /H ratios were 0.15 and 0.2, respectively. Inoculated eggs were 
held at 35°C. for the time indicated. Measurements of infective particle concentration were 
corrected for inactivation on the basis of a half-life of 85 minutes at 35°C. The increase lines 
inserted at 3 and 3.6 hours represent these determined experimentally after inocuistion of 
1.5 X 10 s and 1.5 X 107 I particles, respectively. The curve for sdsorption of PR8 virus is 
identical with that reported previously (8). 

it was determined by  measurement of the concentration of hemagglutinating 
or  infective particles. With inocula containing 1 X l0 s or less particles, i.e. 
S or less particles per cell, the time to double the concentration of particles 
during the logarithmic increase period was 43 minutes. This doubling time 
remained constant for at  least 6 hours. 

With inocula containing 3 X los or more particles, the rate of increase was 
definitely reduced, as is shown in Fig. 4. Whether measured with hemagglu- 
tinating or infective particles, the doubling time was extended to 65 minutes 
after such large inocula, i.e., 15 or more particles per cell, and did not  become 
shorter regardless of the period of observation. A comparable increase in 
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the doubling time occurred when a large number of non-infective (N) par- 
ticles, i.e. 2 X 10 s, were added to a small inoculum of infective particles, 
i.e. 2 >( 105. The non-infective particles were prepared by holding infective 
allantoic fluid at 22°C. for 8 days in dtro. This procedure regularly yielded 
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o 
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I H r~0 6"i x109 
x ~xl0 e 

300-  D I xlO e 
~ 1 x lO 7 
• l x l O  s 
V 3x lO  ~s 

100 ® ~. x 105, 

50 

50 

10 

5 

3 

I 

® 

, , I V / , t 
0 2 4 G0 4 G 

( 2-tl) 

I 

Fire 4. Rate of increase in concentration of infective (I) and hemagglutinating (H) parti- 
cles in the allantoic fluid after inoculation of various amounts of influenza B virus (Lee). 
Each point is the mean of results obtained in two or more experiments. Three virus prepa- 
rations were used as inocula; their T/~-I ratios were 0.3, 0.5, and 0.6, respectively. Inoculated 
eggs were held at 35°C. for the duration of the experiments. N indicates non-infective parti- 
cles, inactivated in ~i~ro at 22°C. for 8 days, which were added to infective inocula as indi- 
cated. The interval between the time of the first (h) and the time of the second (~) measure- 
mcnt is given on the abscissa. 

preparations with more than 99.9 per cent of non-infective particles. As is 
clear from Fig. 4, such non-infective particles, at a concentration of about 
10 per cell, were as effective as a similar number of infective particles in in- 
creasing the doubling time. Smaller numbers of non-infective particles, i.e. 
1 per cell, had no effect on the doubling time when added to relatively small 
infective inocula. 
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In  the preceding study (8), closely similar results were obtained with PR8 
virus. With inocula of about 2 particles or less per cell, the doubling time 
was 46 minutes. But with about 16 particles per cell, whether infective or 
non-infective (inactivated at 35°C.), the doubling time was increased to 92 
minutes. I t  was surprising that the rate of increase in concentration of Lee 
virus was as rapid as that for PR8 virus. Earlier work in this laboratory (8, 

TABLE IV 
Effect of Large Inocula on Rate of Product4on of In/luer~a A and B Viruses 

Virus 

Influenza B (Lee) 

Influenza A (PR8) 

~ l I u m  

Infective part, ides 
per cell 

8.3 

0.8 

16.6 

1.6 

Incubation 

IllS. 

4 
6 
8 

10 

4 
6 
8 

10 

6 
8 

10 
12 

6 
8 

10 
12 

Hemagglutin~ting particles (H)* 

No. per cell 

20 
102 
198 
421 

0.4 
7 

52 
320 

21 
34 
82 

142 

3 
21 
92 

272 

Yield per cell 
per hr.~ 

41 
48 

111 

3 
23 

134 

7 
24 
30 

9 
36 
90 

* Values are the means of results obtained in two experiments at each interval. 
Mean yield per hour during each 2 hour interval. 

18) had raised the possibility that the rate of increase for Lee virus was slower 
than that for PR8. However, computations with the data of Liu and Henle 
(19) indicate that the rates they encountered were comparable to those found 
in this study. 

As shown in Table IV, the effect of large inocula on the rate of production 
of both viruses is aJso evident when the number of particles which appear 
per cell per hour is determined. After inocula containing about 8 to 16 in- 
fective particles per cell, the early yield increased only from 41 to 111 par- 
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ticles per cell per hour, i.e. about 3-fold, with Lee and from 7 to 30, i.e. about 
4-fold, with PR8. In  contrast, after inocula containing about one par'tide 
per cell, the early yield with Lee increased from 3 to 134 particles per cell 
per hour, i.e. about 45-fold, and with PR8 from 9 to 90, i.e. 10-fold. 

Thus, with both Lee and PR8 there appears to be an upper limit to the 
number of particles that can be inoculated without causing a reduction in 
the rate of increase. This number seems to be in the neighborhood of 2 to 5 
particles per cell, and almost certainly is less than 10 particles per cell. When 
more than this number of particles are injected, the dynamics of the repro- 

TABLE V 

Appearance Time of InJluen~a A and B Viruses 

Time before new virus particles appeared in 
Virus allantoic fluid* 

Inoculum 

Influenza B (Lee) 
c[ 

c¢ 

Influenza A (PR8) 
¢c 

Infective 
particle~ per ceU 

8.3 
0.8 
0.08 
0.008 

16.6 
1.6 
0.16 
0.016 

Hemag~lutlnatlng 
part tdes (H) 

m.it$. 

188 
214 
246 
331 

144 
173 
198 
216 

Infective 
particles (I)$ 

mln. 

174 
224 
235 
303 

293 
257 
216 
201 

Ratlo ~.i/mimu t es 

1.08 
0.96 
1.05 
1.09 

0.49 
0.67 
0.92 
1.02 

* Computed from intercept of adsorption and increase curves. 
Corrected for inactivation during adsorptive period on basis that half-life of Lee ffi 85 

minutes; PR8 •ffi 147 minutes. 

ductive process appear to be altered, and the rate at  which new particles 
accumulate in the allantoic fluid is reduced. Additional effects on the maximal 
yield of virus particles and on the proportion that  retain the infective property 
are described in later sections. 

Appearance Time.--Because both the decrease in concentration of PR8 (8) 
and Lee virus particles during the adsorptive period (el. Fig. 3) and the in- 
crease in concentration (8) for some hours thereafter (of. Fig. 4) are linear 
on a logarithmic scale, an estimation of the appearance time can be obtained 
from the intercept of corresponding curves. When curves for adsorption of 
infective particles are employed, it is necessary to correct for inactivation 
in terms of the half-life of the virus used. The results of such computations 
for both Lee and PR8 viruses are shown in Table V. The data for PR8 were 
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taken from the preceding study (8). With both viruses, the time before hem- 
agglutinating particles appeared in the allantoic fluid increased as the number 
of particles inoculated was decreased. With Lee virus, the time before in- 
fective particles appeared was almost identical with the time of appearance 
of hemagglutinating particles, regardless of the number of particles per cell 
inoculated. With PR8 virus, on the other hand, inocula containing more than 
one particle per cell led to relative delay in the appearance of infective par- 
tides. However, PR8 inocula which contained 0.2 or less particles per cell 
gave H / I  time ratios which approached unity as did all Lee inocula. 

Thus, it appears that with Lee virus infective and hemagglutinating par- 
ticles emerge at the same time. No evidence was obtained that non-infective 
hemagglutinating particles appear before infective particles regardless of 
the size of the inoculum. On the other hand, with PR8 virus infective and 
hemagglutinating particles emerge at the same time only if the inoculum con- 
tains 0.2 particles per cell or less. The appearance of infective particles seems 
to occur later than hemagglutinating particles after large PR8 inocnla of 
2 or more particles per cell. In this special case, non-infective hemaggluti- 
nating particles apparently do emerge into the allantoic fluid before infective 
particles. This is in accord with earlier findings of Liu and Henle (17), Henle 
and Henle (20), and Hoyle (21) with PR8 and DSP strains of influenza A 
virus. 

Appearance times computed as described above represent the time from 
inoculation to the first appearance of new particles in the allantoic fluid. 
Thus, they represent the sum of the "latent period" in the membrane and 
the escape period, i.e., time required for new particles to escape from the 
cells of the membrane. Cairns and Mason (22) and Tamm and Tyrrell (23) 
have obtained evidence that the escape period for both PR8 and Lee viruses 
is about 1 hour. On this basis, the "latent period" in the membrane per se 
would be about 60 minutes shorter than the values given in Table IV. 

Liu and Henle (19) reported that the time of appearance of infective Lee 
virus in both the allantoic membrane and fluid was inversely related to the 
size of the inoculum. However, the duration of the so called constant periods 
they found was considerably longer than the intervals computed in this study. 
Appearance times obtained with inocula well below one particle per cell prob- 
ably do not accurately reflect the course of events at the cell level because 
successive cycles of reproduction in a series of ceils may then occur. Very 
large inocula containing about 10 particles per cell probably also should be 
considered suspect for, as shown above and in the preceding study (8), they 
cause marked alterations in the kinetics of the reproductive process. When 
about one particle per cell is inoculated, the average "latent period" in the 
allantoic membrane, i.e., time of appearance in allantoic fluid minus escape 
period, appears to be between 150 and 160 minutes for both Lee and PR8 
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viruses. These intervals are somewhat shorter than those computed from the 
titration data  of Liu and Henle (19) and Henle and Liu (24) on the aUantoic 
membrane per se. 

Reproduction after Inoculation of Various Quantities.--Inoculation of vary-  
ing numbers of Lee virus particles of which a constant proportion, i.e. 20 
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FIG. 5. Number of infective (I) and hemagglutinafing (It) particles per allantoic mean- 
brahe cell in the allantoic fluid at intervah after inoculations of 1.5 X 104 1 particles of in- 
fluen~ B virus (Lee). The inoculum had an I /H ratio of 0.2. I/C = infective particles inocu- 
lated per cell. N/C = non-infective particles inoculated per cell. Arrows indicate values either 
lower or higher than those plotted. Each point is the mean of results obtained in two or more 
experiments. 

per cent, were infective yielded results shown in Figs. 5 to 9. Only infective 
particles were released initially into the allantoic fluid when the total num- 
ber of particles inoculated, i.e. infective plus non-infective, was 0.04 per cell 
or less (cf. Figs. 5 and 6). Even when the number inoculated was 0.4 per cell, 
about  30 per cent of the particles in the early yields were infective (cf. Fig. 7). 
However, when the total number of particles inoculated was 4 or more per 
cell, only about  13 per cent of particles in the early yields were infective ( d  
Figs. 8 and 9). 
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In all instances, as was expected from the short half-life of infective par- 
ticles, the proportion of infective particles decreased progressively as the 
period of incubation was increased. With any inoculum larger than 1.5 X 1@ 
infective particles, this decrease was striking and led at 40 and 48 hours to 
yields which contained on the average only 1.2 and 0.2 per cent, respectively, 
of infective particles. 
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FIG. 6. Number of infective (I) and hemagglutinating (H) particles per aflantoic mem- 
brane ceil in the a]lantoic fluid at  intervals after inoculation of 1.5 X I0 6 1 particles of in- 
fluenza B virus (Lee). I /C  = infective particles inoculated per cell. N / C  == non-infective 
particles inoculated per ceil. Arrows indicate values either lower or higher than those plotted. 
Each point is the mean of results obtained in two or more experiments. 

Inoculation of 1.5 X 105 or less infective particles, i.e., a total of 0.04 or 
less particle per cell, yielded results shown in Figs. S and 6. The numbers of 
infective and hemagglutinating particles were almost identical until 20 hours 
with the smaller inocu]um and 16 hours with the larger. This indicates that 
nearly all hemagglutinating particles were infective when they appeared 
early in the allantoic fluid and that non-infective particles were not produced 
in advance of infective particles. After 20 hours the number of hemagglu- 
tinating particles increased more rapidly than the number of infective particles. 
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This reflects accumulation of non-infective particles which represented more 
than 70 and 80 per cent, respectively, of the yields at 28 hours after the smaller 
and larger inocula. With prolonged incubation, accumulation of non-infective 
particles became more marked. Comparable inocula of PR8 virus yielded 
similar results in the preceding study (8). 
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FzG. 7. Number of infective (1) and hemagghit~nating (H) particles per allantoic mem- 
brane cell in the al~toic fluid at intervals after inoculation of 1.5 X I06 I particles of in- 
fluenza. B virus (Lee). I/C = infective particles inoculated per cell. N/C -- non-infective 
particles inoculated per cell. Arrows indicate v~ues either lower or higher than those plotted. 
Each point is the mean of results obtained in two or more experiments. 

Inoculation of 1.5 X 106 infective particles, i.e., a total of 0.4 particle per 
cell, led to results shown in Fig. 7. The number of infective particles was 
about one-fourth the number of hemagglutinating particles even at 8 and 10 
hours. This indicates that within 4 hours after the virus concentration had 
begun to increase, about 75 per cent of particles were non-infective. After 12 
hours the number of hemagglutinating particles increased much more rapidly 
than the number of infective particles. By 16 and 20 hours the difference be- 
tween these numbers indicates that non-lnfective particles had accumulated 
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to the extent of about 95 per cent. At these same intervals and a comparable 
inoculum, similar results were obtained previously (8) with PR8 virus. 

Inoculation of 1.5 X 107 or more infective particles, i.e., a total of 4 or 
more particles per cell, yielded results shown in Figs. 8 and 9. The number 
of infective particles was about one-tenth the number of hemagglutinating 
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FIO. 8. Number of infective (1) and hemagglutinating (H) particles per allantoic mem- 
brane cell in the allantoic fluid at  intervals after inoculation of 1.5 X 10 7 I particles of in- 
fluenza B virus (Lee). I /C  ffi infective particles inoculated per cen. N/C ffi non-infective 
particles inoculated per ceil Arrows indicate values either lower or higher than those plotted. 
Each point is the mean of results obtained in two or more experiments. 

particles at 6 and 8 hours. On the basis that the "latent period" in the mem- 
brane was 2.5 hours, as indicated above, it appears that about 90 per cent of 
particles were non-infective within 3.5 hours after the end of this period. 
This represents more rapid inactivation than can be explained on the basis 
of a half-life of 85 minutes. However, it must be emphasized that there is no 
information on the half-life of infective particles in the membrane per s¢. After 
10 hours with either large inoculum, the numbers of infective particles did 
not increase much at any period, and the accumulation of non-infective par- 
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dcles became progressively more striking as incubation was prolonged. Com- 
parable large inocnla of PR8 virus were shown to yield similar results in the 
preceding study (8), although the proportion of non-infective particles which 
appeared after large inocula was even greater. 
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FIO. 9. Number of infective (1) and hemagglutinating (H) particles per aJlantoic mem- 
brane cell in the aUantoic fluid at intervals after inoculation of 1.5 X I0 s I particles of in- 
fluenza B virus (Lee). I/C ffi infective particles inoculated per cell. N/Cffi non-infective 
particles inoculated per cell. Each point is the mean of results obtained in two or more ex- 
periments. 

Partially Infective Preparations.--Preparations which contained between 
90 and 99 per cent non-infective particles were easily obtained in vlvo. The 
two variables which affected the proportion of infective particles in the fluid 
were the total number of particles inoculated and the period of incubation. 
The proportion of infective particles obtained was inversely related to both. 
The results of a number of experiments with inocnla of widely different size 
are shown in Table VI. 

After inocula which provided a total of 5 or more particles per cell, only a 
small percentage of the new particles were infective even at 12 or 16 hours. 
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TABLE VI 

Part ,  fly Infe, c~ive Pr~par~.s of Influenza S Virus ( .~)  

lneculum 

Infective paxticles Non-infective particles (N)~ 

No. Particles 
~ c e ~  

1'× lO ~ s.5 
1~× 107 0.5 
2!x lo~ 11.o 
2: X 107 1.1 
2 ! X 106 0.01 

i i  104 0.001 lO 6 O.ll 
105 0.01 

No. 

1 × 1 o  9 
3 ×  1o s 
7 X  108 
7 ×  lo 7 
7 × 1 0  5 
7 X 1 0 4  
7 ×  lO e 
7 ×  lo 6 

Particles 
per cell 

55.0 
16.0 
39.0 

3.9 
0.04 
0.004 
0.4 
0.04 

/acubstion 

]U'$. 

12 
12 
16 
16 
32 
32 
48 
48 

Virus yield" 

B[emmggluti- 
hating par- 
ticles 0~) 
per mL 

21.4 
5.2 
8.3 

30.2 
60.2 
15.8 
2.8 

53.7 

Infective I 
l~x t ic les  I 

(I) I 
per  m L  _ _  

× los I 

1.4 
0.25 
0.72 
0.29 
3.5 
1.9 
0.07 
0.76 

Per c e n t  
infective 
partic~ 

6.5 
4.8 
8.7 
0.9 
5.8 

12.0 
2.5 
1.4 

* In allantoic fluid pools. 
Inactivated at 35°C. in dvo. 

TABLE VII  

Yield of In.flc~ua A and B Virus Pae~ides per Cell 

M-~-,-1 yield of virus particles* 

Ineculum 

Influenza B (Lee) 

cc 

Influen~ A (PR8) 

c~ 

Infective 
particles 
per cell 

8.3 
0.8 
0.08 
0.008 
0.0008 

H r s .  of 
incubation 

range 

H.ema~lu- 

337 
948 
977 
931 

1494 

Infective 
particles 
p e r  cel l  

m~f$  

16.6 
1.6 
0.16 
0.016 
0.0016 

24-32 
24-32 
24-32 
28-32 
40-48 

16-20 
20-28 
24-28 
28-32 
32-40 

388 
441 
555 
942 
712 

33 
23 
37 

141 
168 

3 
11 
77 

115 
167 

Per cent 
infective 
psrtick.s 

9.8 
2.4 
3.8 

15.1 
11.2 

0.8 
2.5 

13.9 
12.2 
23.4 

* In allantoic fluid pools. 

Similar ly ,  with inocnla of 0.05 or less particle per cell, only a small percentage 
of the new particles were infective at  32 or 48 hours. As is indicated above 
(of. Table HI) ,  highly infective preparations of Lee virus can be obtained 
only under carefully controlled conditions. In the preceding study (8), the 



450 R E P R O D U C T I O N  OF INFI .UENZA VIRUSES 

same variables were shown to affect the production of partially infective 
preparations of PR8 virus. 

Yield of Virus Particles per Cell.--With both Lee and PR8 viruses, large 
inocula, i.e., about 10 infective particles per cell, led to the production of a 
smaller number of new virus particles than did inocula of about 0.1 or less 
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FIG. 10. Rate and extent of increase in the number of hemagglutinating (H) particles per 
cell after inoculation of various amounts of influenza B virus (Lee). I/C J infective part.ides 
inoculated per cell. The early segment of each curve has a slope equal to that shown in Fig. 4 
for a comparable inoculum. 

particle per cell. As shown in Table VII, large inocula diminished the maximal 
yield measured by either hemagglutinating or infective particles. With Lee 
virus, an inoculum of 8 particles per cell gave a maximal yield of hemagglu- 
tinating particles that was only about 35 per cent of the yield obtained after 
smaller inocula. With PR8 virus, an inoculum of 16 particles per cell gave a 
maximal yield of hemagglutinating particles that was only about 50 per cent 
of the average yield obtained after smaller inocula. With PRS, but not with 
Lee virus, an inoculum of about one particle per cell also led to a reduction 
in the maximal yield. 
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The  intervals a t  which maximal yields were found tended to increase with 
both viruses as the number  of particles inoculated was decreased. This is 
illustrated in Figs. 5 to 9 and was evident in the preceding s tudy on PR8  (8). 
With  both viruses, the largest yield of infective particles was found, regard- 

500~ 12 hou~ 

500 

100 _---------.-~=~...~...~ _-f------~ 100 ~- 

I0 ~ I0 -~ 
,~ i: . o 

"--...~ 5 .~ 

5 I Q) 
I o 

1 _ o H / 1 ~  cent~"~"~I--: 1 
x I A(L~) 

0.5 • (PR8) 0.5 

o.3 o.3 

3 4 5 6 7 8 
~Pa~t~cle~ inocula ted  

FIG. 11. Number of infective (13 and hemsg~Iutinat~ (H) particles per sgantoic mem- 
brane cell in the a|lantoic fluid st 12 hours after inoculation of varying amounts of influenza 
B virus (Lee). N = non-infective particles. P/C = infective (13 plus non-infective (/q) psrti- 

I per cell 
cles inoculated per cell. Per cent infective particl~ = X 100. Arrowsindicate values 

H per cell 
lower than those plotted. Data for PR8 virus from preceding study (8). 

less of the size of the inoculum, during the same interval tha t  the maximal 
yield of hemagglutinating particles occurred. Neither  with Lee nor with PR8 
virus was it possible to obtain yields of more than  100 infective particles per 
cell unless small inocula, i.e., about  0.01 particle or less per  cell, were used. 
In  fact, there appeared to be an inverse relation between the size of the inoc- 
ulum and maximal yield of infective particles. As shown in Table VII ,  the 
proportion of particles tha t  were infective was never very  large a t  the inter- 
vals when maximal  yields were obtained. Because of the short  half-life of 
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infective particles of either virus and the time needed to reach maximal virus 
concentrations, this finding was not surprising. With inocula of about 0.2 
particle or less per cell, Lee virus yielded between 900 and 1400 hemagglu- 
tinating particles per cell; PR8 virus, between 500 and 900. These values are 
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FIG. 12. Number d infective (1) and hemagglutinating (H) particles per allantoic mem- 
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B virus (Lee). N = non-infective part.ides. P/C = infective (1) plus non-infective (N) parti- 
I per cell 

des inoculated per cell. Per cent infective particles = ~ X 100. Arrow indicates 
H per cell 

value lower than that plotted. Data for PR8 virus from preceding study (8). 

similar to those reported recently from this laboratory (25) with chick em- 
bryo lung cultures and the WS strain of influenza A virus. 

In  Fig. 10, a series of curves demonstrating the rate and extent of increase 
in the number of hemagglutinating particles of Lee virus after inocula of 
various size are shown. The early segment of each curve has a slope that  
corresponds with the rates of increase shown in Fig. 4, i.e., with the inoculum 
which gave a particle-cell ratio of 8.3, the slope of the early segment is equiv- 
alent to a doubling time of 65 minutes; with all the other inocula to a doubling 
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time of 43 minutes. The later segments of each curve were drawn to fit the 
data as closely as possible. I t  is evident that, regardless of the number of 
infective particles inoculated, the rate of increase diminished after the num- 
ber of particles produced was 20 per cell or more. However, the larger the 
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FlO. 13. Number of infective (1) and hemagglutinating (If) particles per ~n~ntoic mem- 
brane cell in the allantoic fluid at 20 hours after inoculation of varying amounts of influenza B 
virus (Lee). N = non-infective particles. P/C = infective (I) plus non-infective (N) particles 

inoculated per cell. Per cent infective particles I per cell H per cell X 100. Data for PR8 virus from 

preceding study (8). 

inoculum, the greater was the number of particles produced before the rate 
of increase changed. With inocula which gave about one or more infective 
particles per cell, the change in rate occurred only after some 200 particles per 
cell had been produced. I t  is noteworthy that  all inocula, excepting that  
which gave a particle-cell ratio of 8.3, led to the production of about the 
same number of particles (eft Table VII) ;  i.e., approximately 1000 per cell. 
However, as expected, the time required to reach a high yield was inversely 
related to the size of the inoculum. Although there were constant 10-fold 
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decrements in the number of particles inoculated, the increment in time to 
reach a constant yield, e.g. 20 particles per cell, was not constant and ap- 
peared to increase progressively as the inoculum was decreased. This can be 
explained on the basis that successive cycles of adsorption, reproduction, 
and release occurred after the smaller inocula. 

1000 

500 

300 

100 

~" 50 
X 

U 

ao 

3 

0.5 

02 

h o u t ~ z  ~ 100 ~" 

24 

"~, /----~ / 5 o ~  

/%.. \, "x" 

o H I ~  cerrt I ',, 
" I a ( I ,  ee )  " 

• (PI~8) ~ 0.5 
03 

~c o.ool o.oi o.1 1 lO 
0.1 ~ I ,  , I ,  I I ,  I I .  , I .  , 0.1 

109 N. 4 5 5 7 8 9 
l ~  I. 3 4 5 8 7 8 

Pat~tiele5 inoculated 

FIG. 14. Number of infective (I) and hemagglutinating (H) particles per allantoic mem- 
brane cell in the allantoic fluid at 24 hours after inoculation of varying amounts of influenza 
B virus (Lee). N --- non-infective particles. P/C ~ infective (I) plus non-infective (N') parti- 

I per cell X 100. Data for PR8 virus des inoculated per cell. Per cent infective particles - H per cell 

from preceding study (8). 

Effect of Inocula of Different Size on the Yield at Constant Intervals.--The 
various particles per cell-time curves shown above in Figs. 5 to 9 demon- 
strated that inocula of different size resulted in curves which were dissimilar 
particularly as regards infective particles. The effect of the number of par- 
tides inoculated on the proportion of infective particles in the yield became 
more obvious when the data obtained at constant time intervals were ana- 
lyzed. Such analyses are shown in Figs. 11 to 15. Both the number of hem- 



lCRA-N'K L.  HORSlVALL~ JR. 465 

agglutinating particles and the number  of infective particles found a t  fixed 
intervals, as weU as the proport ion of infective particles, are given. For com- 
parison, the proportion of infective particles found a t  the same time inter- 
vals in the preceding s tudy (8) on PR8 are included. 
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higher than that plotted. Data for PR8 virus from preceding study (8). 

As shown in Fig. 11, the proportion of Lee virus particles tha t  were infec- 
t ive was 6 per cent or less even a t  12 hours if the inoculum contained a total  
of 6 × 10 T or more particles; i.e., infective plus non-infective particles. This 
number  is equivalent to about  3 particles per  cell. Highly infective yields, 
i.e. 50 per cent or more infective particles, were obtained only if the inoculum 
contained 0.03 particle per cell or less. At  16 hours, (of. Fig. 12) the propor- 
tion of infective particles ranged from 9 to 0.9 per cent if the inoculum con- 
rained 6 X 10 e or more particles; i.e., about  0.3 particle per cell. Even  a t  this 
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early interval, highly infective yields were secured only if the inoculum con- 
mined 0.03 particle per cell or less. 

As shown in Figs. 13 and 14, increasing the time interval to 20 or 24 hours 
led to a progressive decrease in the number of particles that could be inocu- 
lated if highly infective yields were to be obtained. Thus, at both periods 
such yields were secured only if the inoculum contained no more than 0.003 

TABLE VIII  

Effect of Mixtures of Non-Infective and Infective Particles of Influenza B Virus (Lee) on the 
Proportion of Infective Particles in the Yield 

Inoculum 

Infective 
particles 

No. 

2 X 10 ~ 

2 X lO s 

cC 

Non-infective particles (N) 

Inactivated at 

35°C., 28 hrs.* 
22°C., 8 days~ 

35°C., 28 hrs. 
22°C., 8 days 
22°C., 8 days 
22°C., 8 days 

No. 

35°C., 28 hrs. 
22°C., 8 days 

1 X 1 0  5 
6x lo 8 

IXlO s 

6 x  108 
2 x 1 0  a 
7X 107 

2 X 10 s 35°C., 28 hrs. 1 X 10 s 
" 220C., 8 days 6 X 10 a 

2 X,,104 1XIO 4 
6 X  10 8 

Total 
particles 
per cell 

0.02 
33.0 

0.02 
33.0 
11.0 
3 .9  

0.02 
33.0 

0.002 
33.0 

Incuba- 
tion 

hrS. 

16 
16 

20 
20 
20 
20 

24 
24 

24 
24 

Virus yield§ 

Hema~glu- Infective tinating particles particles Per cent 
(H) (I) infective 

particles 
per ml. per ml. 

X I0. X 1@ 

0.05 0.06 >100.0 
0.04 0.007 17.5 

1.86 1.20 64.4 
0.55 0.039 7.1 
0.40 0.029 7.2 
0.40 0.035 8.7 

25.1 7.58 30.2 
1.1 0.003 0.3 

8.7 4 .6  52.8 
1.2 0.018 1.5 

* Spontaneously inactivated in ~ivo and present in seed preparation. 
2~ Inactivated in vitro and added to diluted seed virus. 
§ In allantoic fluid pools. 

particle per cell. Moreover, at both periods, the proportion of it/fective par- 
tides ranged from 12 to 2 per cent if the inoculum contained 0.3 or more 
particle per cell. The results obtained at 28 hours are shown in Fig. 15 and 
serve to confirm the relations observed at earlier intervals between size of 
the inoculum and proportion of infective particles in the yield. 

The data for PR8 virus (8), shown in Figs. 11 to 15, correspond very closely 
with those for Lee virus except when very large inocula were used; i.e., 20 
particles or more per cell. In the intervals from 16 to 28 hours, the proportion 
of infective particles after such inocula was considerably smaller with PR8 
than with Lee virus. No adequate explanation for this difference has been 
found. I t  is apparent, however, that the relation between the number of 
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particles per cell inoculated and the production of yields with a high pro- 
portion of infective particles was almost identical with both Lee and PR8 
viruses at each time interval examined. 

Effect of Mixtures of Non-Infective and Infective Particles on the Y/e/d.--From 
the results shown in Figs. 11 to 15, it is evident that with both Lee and PR8 

100 ¢~ o 

g 

"~ lC I 

35°C. N Imr~iale~ \ o 
_ \ 

o \ 
,,2.4 , \ 
®28 . \ 0.5 22°C. N 1~r~,icle~ 
o 24 b o u t 5  

0.3 o 

N/~ 0.01 0.1 1 10 
0.1 I ,  I ,  I i  I ,  I 

4 5 6 "I 8 9 
109 N ~ t ' , t i c le5  i n j ec ted  

FIG. 16. Proportion of infective (T) particles in the al]antoic fluid at indicated intervals 
after inoculation of mixtures of infective and non-infective (N) particles of influenza B virus 
(Lee). Non-infective particles were inactivated either at 35°C. for 28 hours Jn ~ o  or at 22°C. 
for 8 days in t~ro. N /C  = non-infective particles injected per cell. 

viruses the inoculation of 0.3 or more partic]e per cell led to yields contain- 
ing only a small proportion of infective particles regardless of the time in- 
terval. Because the number of infective and non-infective particles in the 
inocnla used varied in an identical manner, it was not possible from these 
data to determine the relative effect of either variety of particle separately 
on the reproductive process. 

The use of prepared mixtures of infective and non-infective particles, in 
which the number of non-infective particles was much larger than the number 
of infective particles, provided information on this issue. The results of exper- 
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iments with such mixtures are shown in Table VIII. The mixtures were pre- 
pared by adding non-infective particles, inactivated at 22°C. for 8 days in 
vitro (8), to diluted seed virus preparations which contained 65 per cent of 
infective particles. Addition of 7 X 10 ~ or more of such non-infective par- 
ticles, i.e. about 4 or more per cell, to inocula containing only 2 X 104 or 
2 X 10 s infective particles caused a reduction in the number of hemaggluti- 
nating particles produced and in the proportion that were infective, regardless 
of the time interval at which the yield was analyzed. On the average, the 
reduction in the number of hemagglutinating particles was 70 per cent as 
compared with controls which received the same infective inocula but only 
small numbers of non-infective particles. The reduction in the proportion 
of infective particles was even more marked. On the average, the control 
yields contained 62 per cent infective particles while the yields after mix- 
tures contained only 7 per cent. The smaller the number of infective par- 
tides in the mixture, the more marked was the reduction in both the number 
of hemagglutinating particles and in the proportion that were infective. 

The results of a number of experiments with infective inocula of various 
size which contained different numbers of non-infective particles inactivated 
at either 35°C. (28 hours itt vivo) or 22°C. (8 days in vitro) are given in Fig. 
16. Regardless of the interval at which the yield was analyzed, the propor- 
tion of infective particles appeared to be inversely related to the number of 
non-infective particles included in the inoculum. On a logarithmic scale this 
relation was approximately linear. After infective inocula which also contained 
0.3 non-infective particle per cell, the proportion of infective particles in 
the yield ranged from 3 to 6 per cent. When the number of non-infective 
particles in the inoculum was 3 or more per cell, the proportion of infective 
particles in the yield ranged from 0.3 to 5 per cent. I t  should be emphasized 
that non-infective particles arising from spontaneous inactivation at 35°C. 
in dro appeared to be equally as effective in this regard as particles inacti- 
vated at 22°C. in dtro. 

In the preceding study (8), an almost identical relation between the num- 
ber of non-infective particles included in infective inocula and the proportion 
of infective particles in the yield was demonstrated with PR8 virus. As with 
Lee virus, inactivation at either 35°C. in vivo or 22°C. in vitro gave non-infec- 
tive particles which were equally as effective as infective particles in producing 
this result. I t  is noteworthy that non-infective particles inactivated at 56°C. 
had no such effect (8). 

DISCUSSION 

The most striking findings to emerge from this investigation are the effects 
of the particle-cell ratio on the dynamics of the reproductive process of in- 
fluenza viruses. With influenza B virus, when the particle-cell ratio was tel- 
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atively low, i.e. 0.3 or less, the dynamics of reproduction had remarkably 
constant features. Thus, at ratios ranging from 0.3 to 0.003, the doubling 
time did not vary appreciably, the number of particles produced was nearly 
constant, and the proportion of infective particles in early yields was regu- 
larly high. Only the appearance time showed indications of increasing as the 
ratio was reduced. This apparent increase, noted previously (19), can be 
explained on the basis of successive cell cycles of adsorption, reproduction, 
and release. Clearly, as the ratio is diminished, the number of successive cycles 
needed to infect all cells increases. 

In contrast, whenever the particle-cell ratio was high, i.e. 3 or more, altera- 
tions in the dynamics of virus reproduction became apparent. At ratios of 
8 or more, the alterations were marked and were evidenced by a decrease in 
the appearance time, an increase in the doubling time, a decrease in the num- 
ber of particles produced, and a decrease in the proportion of infective par- 
ticles in early yields. 

Analysis of the data reported in the preceding study (8) on influenza A 
virus revealed an almost identical relation between the particle-cell ratio 
and the dynamics of the reproductive process with that agent. With low 
ratios, i.e. 0.3 or less, the various parameters of reproduction, excepting only 
the appearance time, were almost constant. A ratio of 3 or more, however, 
produced alterations in the process. When the ratio was 10 or more, each 
of the changes noted above became apparent. 

With both influenza viruses, large numbers of non-infective particles inac- 
tivated at 35°C. or 22°C. (8) were as effective as infective particles in causing 
alterations in the dynamics of reproduction. At comparable high ratios, i.e. 
3 or more non-infective particles per cell, the doubling time was increased, 
the number of particles produced was decreased, and the proportion of in- 
fective particles was decreased. Thus, it appears that there is a critical ratio 
which, if exceeded with either infective or non-infective particles, leads to 
definite changes in influenza virus reproduction. 

As an explanation for this critical particle-cell ratio, the following hypoth- 
esis is put forward: Influenza virus particles possess intrinsic toxicity and 
can damage cells even when they do not reproduce (cf. references 26 and 27). 
Damage to cells of the allantoic membrane occurs when about 3 particles per 
cell are adsorbed. The larger the number of particles adsorbed, the greater 
is the resulting cell damage. The damage is reflected in a decrease in the efli- 
ciency of virus reproduction. The decrease in the efficiency of the process 
appears as: (a) reduction in the rate of reproduction, as evidenced by increase 
in the doubling time, (b) reduction in the capacity to support reproduction, 
as evidenced by decrease in the yield of new particles, and (c) reduction in 
the proportion of particles that are infective after release from the ceils. 

As first shown by yon Magnus (28, 29) and confirmed by others (16, 30), 
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very large inocula of influenza virus commonly lead to marked discrepancies 
between infectivity and hemagglutination titration end points on the yield. 
Not only do low IDb0/HA ratios appear after large inocnla in the allantoic 
sac, in which the phenomenon has been most studied (of. reference 8), but 
also they have been demonstrated in the mouse brain (31), mouse lung (32), 
and in tissue culture (33, 34) after large inocula. These unusual discrepancies 
led to development of the "incomplete" virus concept which holds that non- 
infective hemagglutinating particles are an immature form, i.e. precursors, 
of mature infective particles (35). Schlesinger (36) obtained evidence which 
casts some doubt on this concept and suggested that non-infective particles 
may be degenerated products of complete virus particles. Moreover, Gins- 
berg (32) demonstrated a correlation between the development of lung lesions 
in the mouse and the early appearance of non-infective particles and raised 
the possibility that cell damage was responsible for the lack of the infective 
property. Recently, Henle a al. (34) found that non-infective particles ap- 
peared in HeLa cell cultures only ff cytopathogenic effects were produced 
and proposed that the "incomplete" reproductive cycle might be related to 
the toxic effects of large inocula. In the preceding study on the reproduction 
of influenza A virus in the allantoic sac (8), i t  was shown that the single con- 
dition which leads to the appearance of non-infective particles during the 
early increase period is a high particle-cell ratio. 

The very large inocula used in earlier studies almost certainly yielded 
particle-cell ratios considerably in excess of the critical value described above 
and therefore would be expected to produce the unusual alterations in the 
dynamics of reproduction demonstrated in this and the preceding study (8). 
Because of the striking instability of the infective property of influenza vi- 
ruses, it is not surprising that there is such rapid accumulation of non-infec- 
tive particles nor that this should become even more impressive when the 
rate of reproduction is decreased. As has been shown, the rate of reproduction 
is markedly decreased by either infective or non-infective particles at ratios 
of 8-10 or more per cell. Therefore, it is suggested that the cell damage re- 
suiting from high particle-cell ratios, the alterations produced in the repro- 
ductive process by such damage, and the instability of the infective property 
of influenza viruses provide an adequate explanation for the discrepancies 
observed previously by other workers. 

SUMMARY 

Influenza A and B virus reproduction in the allantoic membrane of the 
intact chicken embryo was studied quantitatively with particle enumera- 
tion procedures. Virus particles were enumerated on the basis of two inde- 
pendent properties; capacity to infect and to cause hemagglutination. The 
infective property of influenza B virus (Lee) was even more unstable than 
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that of influenza A virus (PR8). Inactivation occurred at a constant loga- 
rithrnlc rate which was independent of the concentration of particles and 
corresponded with first order reaction kinetics. In aJlantoic fluid at 35°C. 
either in dtro or in d~o, Lee virus had a half-life for infectivity of only 85 min- 
utes. In contrast, the hemagglutinating property, like that of PRS, was rela- 
tively stable and was not appreciably affected by 12 hours at 35°C. 

On the basis that the number of non-infective particles is equal to the 
number of hemagglutinating particles minus the number of infective par- 
ticles and that the number of cells lining the aUnatoic membrane is 1.8 X 
10 r, the effects of various particle-cell ratios on the reproductive process were 
analyzed. 

Adsorption of infective and non-infective Lee particles occurred at the 
same logarithmic rate, i.e. about 50 per cent in 72 miuutes, and the rate was 
nearly independent of the particle-cell ratio up to a value of 55. The adsorp- 
tion capacity of an allantoic cell was at least 44 Lee or 89 PR8 particles. 

The interval before new particles appeared in the allantoic fluid increased 
as the particle-cell ratio was decreased with both Lee and PRS. At ratios of 
0.2 or less, the appearance time for infective particles was nearly identical 
to that for hemagglutinating particles with both viruses. At ratios of about 
1.0, the "latent period" in the allantoic membrane t~er se was computed to 
be 150 to 160 minutes for both Lee and PRS. 

The number of particles, both infective and hemagglutinating, increased 
at a constant logarithmic rate for 6 hours or more after the adsorptive period. 
With Lee virus, at a particle-cell ratio of 5 or less, the doubling time was 
constant and had a value of 43 minutes. The dynamics of the logarithmic 
increase period suggest that reproduction corresponds to an autocatalytic 
reaction in which the rate is proportional to the amount of material pro- 
duced. When the particle-cell ratio was increased to 10 or more, either with 
infective or non-infective (inactivated at 35°C. or 22°C.) particles, the doubling 
time increased to 65 minutes. Comparable effects from high ratios were found 
with PR8. 

Non-infective particles accumulated at a rapid rate after the interval of 
constant logarithmic increase regardless of the particle-cell ratio. This accu- 
mulation was even more striking with Lee than with PR8 as was expected 
because of the shorter half-life of the infective property. With both viruses 
at particle-cell ratios of 4 or more, a large proportion of the particles were 
non-infective within a few hours after new particles appeared. 

At particle-cell ratios of 0.2 or less, the maximal yield was relatively con- 
stant, i.e., about 900 to 1400 hemagglutinating particles per ceil with Lee 
and 500 to 900 with PR8. However, even with very low ratios, i.e. 0.001 or 
less, it was not possible to obtain more than about 160 infective particles per 
cell with either virus regardless of the interval. As was expected, the lower 
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the ratio, the longer was the interval before maximal yields were produced. 
At ratios of about 10, the maximal yield was reduced by 50 per cent or more 
with both viruses. Comparable reductions in yield were obtained whether 
the high particle-cell ratio was due to infective or non-infective (inactivated 
at 35°C. or 22°C.) particles. 

These findings indicate that there is a critical particle-cell ratio above which 
alterations appear in the dynamics of reproduction of influenza viruses. This 
ratio has a value of approximately 3. The observed alterations in the repro- 
ductive process are discussed in relation to the hypothesis that adsorption 
of 3 or more infective or non-infective particles per cell induces cell damage. 

Ad~e~m.--After this manuscript was completed, the reports of FLuter, Lin, and 
Henle (37) and Paucker and Henle (38, 39) on the multiplication of influenza A 
virus (PR8) in the allantoic sac were published. Certain of their dam appear to pro- 
vide additional support for the concept, developed in the preceding paper (8) and 
extended in the present communication, that non-infective influenza virus particles 
emerge from the cells only when the total number of particles introduced, i.e. infec- 
tive and non-infective particles, is larger than the number of allantoic cells. 
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