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ABSTRACT  After collision with their host cells, virus particles
may remain mobile on cell surfaces until they become attached at
firm binding sites. We propose that a virion will arrive within a
typical median time at such a site, generating a membrane signal
such as an increased membrane fluorescence in cells labeled with
the voltage-sensitive dyes 8-anilino-1-naphthalene-sulfonate (Mg-
salt) (ANS), N-phenylnaphthylamine (NPA), or 3, 3'-dipentyl-2, 2'-
oxacarbocyanine (di-O-Cs[3]). We found that the time span be-
tween virus adsorption and fluorescence response varies widely
among phages and also depends on bacterial strain, metabolic
state, and type of dye. di-O-Cs[3]-labeled cells react within 1 sec
to uncouplers such as carbonyl cyanide m-chlorophenylhydrazone
(CCCP). Cells labeled with ANS and NPA react to CCCP in 4-6
sec. Bacteriophages T4, T5, x, and BF23, added to ANS-labeled
cells, change the fluorescence in 9-15 sec. T-even ghosts cause
a response at identical times. Baseplate-defective phage mu-
tant T4'?™ and isolated adsorption organelles of smaller viruses fail
to cause an effect. di-O-Cs[3]-labeled cells respond to T4 at a
multiplicity of infection =40 within 1 sec. A longer time (8 sec) is
required at lower multiplicities. The receptor-degrading phages
€15, €34, c341, and K29 need the longest time (1 min for ANS) to
cause a fluorescence increase. We suggest that the delayed flu-
orescence response is concomitant with the surface “walk” of the
virion, which is terminated at an injection site. T4 tail sheath con-
traction coincides with the onset of the membrane fluorescence
response.

The infection process starts with virus—cell collision and ter-
minates with the permeation of nucleic acid into the host bac-
terium. It was postulated earlier that a one-hit collision event
would suffice to produce an infected cell (1, 2). However, more
recent evidence shows greater complexity: receptor-containing
cell surfaces (3) require sufficient density of receptor molecules
or patches (4), and critical levels of membrane energization (5,
6) are needed for infection (7, 8) and for development of the
virion (6). Mathematical models (1, 2, 9) consider the entire cell
surface as being available for collision and capture with a virion.
However, the well-documented positioning of infecting phage
particles at discrete membrane-adhesion sites (10, 11) strength-
ens the hypothesis that a phage is translocated after the initial
collision event, either by multiple successive collisions (4, 12)
or by a two-dimensional surface walk along the receptor coat
(11, 13, 14).

We describe here the response of cell membranes to phage
attachment. To measure changes in the electric potential of cell
membranes, we used fluorescence dyes that probe the hydro-
phobic regions of membranes, probably the vicinity of mem-
brane proteins (15, 16): (i) 8-anilino-1-naphthalene sulfonate
(ANS); (i) N-phenylnaphthylamine (NPA); and (i) 3, 3'-dipen-
tyl-2, 2'-oxacarbocyanine (di-O-Cs[3]) (17, 18). Uptake of the
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dye depends on the membrane potential (5, 17-19), which is
reduced after interaction of bacterial membranes with a number
of colicins (20, 21) and bacteriophages (22, 23). Diminished
energization is concomitant with increasing fluorescence (24,
25); we show here that this state of the membrane is initiated
by the firm irreversible binding of phage particles. We observed
great differences among a variety of phage types in the time of
the fluorescence response, probably reflecting the various
modes of virus—cell interaction.

MATERIALS AND METHODS

The bacterial strains and the bacteriophages used in this study
have been carried for many years in our laboratory; only those
not referenced before are listed, with the laboratory of origin
given in parentheses: strains—Escherichia coli AW405 (Adler),
HBI11 (Boyer), Salmonella ado (Uetake); phages—T4'*" (Yan-
agida), BF23 (Luria), x (Adler), MS2 (Walker), fd (Marvin).
Cells were grown in nutrient broth (10, 13) or in M9 (2)/0.4%
carbon source. Phages were purified from lysates (2) by CsCl
density gradients and stored at 4°C after dialysis against either
nutrient broth or M9/glucose. Cells were grown at 37°C to
densities of 2 or 3 X 10® in culture tubes bubbled with air or
N,, sedimented at 25°C, 2000 X g for 3 min, and suspended
in M9 medium to 1 X 10%/ml. 1.5-ml suspensions were placed
in the quartz cuvette of an Aminco Bowman Fluorimeter, and
kept at 37 = 0.5°C, unless otherwise noted. Ten microliters of
6 mM ANS in M9 was injected into the cuvette and quickly
stirred by bubbling with N, or air. di-O-C5[3] was used at final
concentrations of 0.1-0.5 uM. Fluorescence was measured at
the maxima 480, 425, and 510 nm for ANS, NPA, and di-O-
C[3], respectively; the corresponding excitations were 360,
325, and 470 nm. Rapid phage adsorption was studied by mixing
with cells and virus for 1 sec, diluting the mixtures (0.1 ml) into
cold medium to 1/1000, pelleting at 6000 X g for 10 min, re-
suspending the cells in 200 ml of cold medium, and centrifuging
as above. Cells of the pellet were negatively stained at 4°C in
0.05% uranyl acetate (21, 27), and the adherent phages were
counted. To estimate the percentage of infected cells after ad-
sorption times of 0.8-1 sec, we subjected [*“C]lysine-labeled
cells to the same treatment but avoided staining. Plating of these
cells on host cell lawns provided the number of infected cells.
Assaying their radioactivity enabled us to correct for loss of cells
during washing procedures. ANS and NPA were from Eastman;
di-O-C4[3] was a gift of A. Waggoner, Amherst College.

Abbreviations: ANS, 8-anilino-1-naphthalenesulfonate (Mg salt); NPA,

N-phenylnaphthylamine; di-O-Cs[3], 3,3-dipentyl-2,2'-oxacarbocy-

anine; CCCP, carbonyl cyanide m-chlorophenylhydrazone; moi, mul-

tiplicity of infection (in this paper, the term should be understood as

the number of infectious phages offered to a cell).

* Parts of this work were reported at the Annual Meetings of the Amer-
ican Society for Microbiology (1978) abstr. #S51; (1979) abstr. #5247;
and (1980) abstr. #]1.
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RESULTS

The membrane fluorescence of dye-labeled E. coli and Sal-
monella was measured as it responded to bacteriophage infec-
tion. The fluorescence intensity showed sensitivity to O, (by
quenching) and caused de-quenching with uncouplers of oxi-
dative phosphorylation' such as carbonyl cyanide m-chloro-
phenylhydrazene (CCCP), as well as with the majority of
phages. Unless indicated otherwise, the fluorimeter cuvette
was kept open to ~ir, providing 2 condition in which injection
of 0.5 ml of O, or air with either glucose or lactate present
caused both the-ANS and the di-O-C;[3] fluorescences to de-
crease-within 1 sec, indicating an increased membrane potential
(ref. 28; Fig. 1). Without an extra supply of O, the fluorescence
yield returned to the previous level in 60—80 sec. With glucose
as the carbon source, CCCP caused a.sharp fluorescence in-
crease in 7-9 sec (due to reduction of membrane potential); ad-
dition of T4D at a multiplicity of infection of 5-10 had a similar
effect (see below). These responses reached a plateau within 2
min. In M9/glucose, the effect of CCCP could be partially re-
versed by forcing 0.5 ml of air through the cuvette. However,
once the fluorescence plateau had been reached, T4-infected
cells showed no response. With lactate as the carbon source,
bubbling of 0.2 ml air into the cuvette caused a steeper decrease
(quenching) of fluorescence but otherwise the responses were
similar to those in glucose-grown cultures. CCCP (0.5 uM) in-
creased the fluorescence in lactate-grown E. coli B in 21.9 *
6.2 sec (24 experiments); maximum effect was reached in 2.min.
After addition of CCCP, addition of T4D had no measurable
effect (Fig. 1). di-O-C5[3] responded more rapidly: addition of
either CCCP or T4 (of =40) led to a fluorescence increase within
1 sec. However, this dye did not fluoresce measurably in our
Salmonella strains or in capsulated E. coli.

ANS Fluorescence Response to Virus Attack. The outcome
of these experiments was greatly affected by the following:

Cell Density and moi. To obtain sufficiently strong fluores-
cence signals, cell densities of 1 or 2 X 10°/ml were used. Cal-
culations (29) show that, at a moi of 1, virus—cell collisions (mean)
will occur within 5.4 sec for & phages or =9 sec for T4. A de-
crease in cell density from 5 X 10%/ml to 5 X 107/ml delayed
the fluorescence response 16-60 sec. The onset of the fluo-
rescence response, as well as its intensity, depended on the moi
of the virus. Multiplicities. of 100 T4 showed the shortest re-
action times (9 sec with ANS); however, a moi >50 was avoided.

With ANS- and NPA-labeled cells (10%/ml), the average timing -

for the response to T4 was =13 sec.
Temperature. At 21°C, Salmonella phage €15 (moi 20-80)

= N W oA o

Fluorescence units (arbitrary)

Time, min

. F1c. 1. Fluorescence responses of ANS-labeled E. coli B after in-
jection of air (0.5 ml), CCCP (2 uM), and T4D. (moi = 5). The small
spikes in the curve are caused by the injection process.
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failed to elicit a fluorescence response even 4 min after phage
addition (Table 1). At 23°C and a moi of 10 or 20, a delayed re-
sponse (85-90 sec) was observed. In contrast, T4D. elicited a
strong fluorescence at 20-21°C, but showed a time delay of up
to 18 sec.

Growth Conditions and Cell Strain. Stationary E. coli B from
“overnight” glucose-nutrient agar plates, washed and resus-
pended in M9/glucose at 37°C, needed 70 sec to respond to
phage F4D in ANS (Table 1). E. coli B, with.a generation time
£ 55 min in M9/(.4% lactate, responded to T4D after =40 sec
(see Table 2), whereas E. coli B growing in M9/glucose had a
generation time of 25 min and responded to T4 in 13 sec. Sig-
nificant differences were also found between cell strains: E. coli
M72, growing aerobically in M9/glucose with a 25-min gen-
eration time, responded to T4D after 28 * 4.0 sec, twice the
time for E. coli B under identical conditions.

Comparison of Fluorescence Response Among Different
Phages. The fluorescence response times (comparable culture
conditions) varied considerably among bacteriophages (Table
2). T4, T5, and BF23 averaged 13, 13, and 11.5 sec, respec-
tively; the flagellotropic phage y needed 15 sec. Phage T2, how-
ever, required 48 sec with E. coli B as host (Fig. 2) and 60 sec
with E. coli Cla as host. € and K phages elicited the signal in
5466 sec (Fig. 3). The small phage ¢X174 required an unex-
pectedly long time span (42 sec) with E. coli Cla as host cell
(Fig. 3). Phage T5, adsorbed to E. coli B under glycolytic con-
ditions, showed an initial response after 13 sec. We did not
study the later response, occurring after 4-6 min, reported
previously (22, 23, 33). Phages MS2 and fd, requiring the F pilus
for adsorption, caused very little increase in fluorescence ac-
tivity, measurable only at a moi.of 25-100.

Anaerobic conditions led to long response times: 39 *+ 10 sec
for T4D and 30 * 6 sec for T5. In contrast, the receptor-de-
grading phage €15 showed no. prolonged response time under
either glycolytic or aerobic conditions.. Fluorescence: of cells
maintained under N, in M9/lactate did not respond to addition
of phage T4.

Defective Phage and Ghosts. Empty capsids (ghosts) ob-
tained by osmotic' shock treatment of phages T2 and T4 (34)
showed a fluorescence timing indistinguishable from that of the
infectious virus preparations (Table 2). Baseplate-defective mu-
tant T4!2™ (26) falls off the cell during tail contraction (35, 36).
Accordingly, T4!%" failed to cause a measurable effect (moi,
3-50) (Fig. 2; Table 2).

Table 1. Temperature dependence of fluorescence
response in ANS

Onset of

Temperature, response,.
Phage moi Cells °C sec
€15 20 S. anatum 41 60
€15 20 S. anatum 37 60
€15 10 S. anatum 23 90
€15 20 S. anatum 23 85
€15 20 S. anatum 21 None*
€15 80 S.-anatum 21 None*
T4D 4 E.coliB 20 18
T4D 4 E.coliB 21.5 18
T4D 5 E. coli Bt 37 18
T4D 5 E.coli B 37 10
T4D 5 E. coli Bt 37 70

Response of cells (10°/m] unless otherwise noted) in the logarithmic
phase of growth in M9/glucose was measured in the presence of air
after addition of phage at ¢ = 0.

* No increase after 4 min.
tCells at 2 x 10°/ml..
#Cells from overnight L-broth plate suspended in M9/glucose:
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Table 2. ANS-fluorescence response of host cells to

bacteriophage adsorption/infection
Fluorescence
Phage response
Phage moi Host cell receptor* time, sec
T4D 1-80 E.coliB LPS-C (30) 136+ 1.8
T4D 10-30 E.coliB LPS-C 1.+ 1
T4D 5-25 - E. coli Bt LPS-C 553 + 52
T4D 1-20 E.coliBt: LPS-C 39 *10.7
T4D 1-20 E.coli Bt* LPS-C None
T4D 1-20 E. coli M72 LPS-C 28 * 4
T4'% 350 E.coliB LPS-C None
T4 ghosts 1 E.coliB LPS-C 15 = 3
T2 5-10 E.coliB Protein Ia-(31) 483 + 9.0
T2 3 E.coliCla 60 + 4
T2 ghosts 2 E.coliB 60 + 5
K29 10-100 E. coli Bil46 Capsule 668 85
(K29) polysac-
charide (14)
€15 2-100- S. anatum LPS-0.(14,32) 628 = 10.1
[3, 10]
€15 5-30 S.anatum' LPS-O 655+ 95
€34 10-60 S. anatum LPS-0 (14) 541+ 53
(3, 15]
c341 10-30 S. anatum LPS-O 60 *+ 8
[3, 10]
$X174 5-80 E.coliCla LPS-C (14) 425 + 10.2
¢X174 E. coli Cla LPS-C None
(spikes
only)
¢X174 E. coli Cla LPS-C None
(spikes,
then
virus)
™ 5-20 E.coliB LPS-C (3) 45+ 56
T5 520 E.coliB ProteintonA 13 + 2
(8, 52)
T5 5-20 E. coli Bt Protein tonA 30 = 6
BF23 4-5 E.coliB Protein 115+ 15
bfe (52)
X 20-50 E.coli AW405% Flagellum(3) 15 =+ 1
MS2 25-200 E.coli HB111  F pilus 8 =+10
fd 50-100 E.coli HB11Y  F pilus 674 + 185

Response of cells (10°/ml) was measured in M9/glucose and in pres-
ence of air unless otherwise noted.
*LPS-C and LPS-O, lipopolysaccharide core and O antigens, respec-
tively. Values in brackets represent S. anatum O-antigen types.
TN, purged.
+ Response measured in M9/lactate.
§ Response measured in M9/galactose.
YResponse measured in M9/lactose.

Isolated adsorption organelles of phages £,5 and $X174 (27,
37) did not change the host cell fluorescence (Table 2; Fig. 3);
however, their addition to host cells blocked subsequently
added complete virus from generating the fluorescence signal.

Superinfection. During infections that are followed within
a few minutes by a second infection of homologous virus, the
genetic information of the superinfecting phage is excluded
(38-40). Homologous superinfecting phages T2, T4 (Fig. 2),
€15, €34, and K29 failed to affect the fluorescence yield unless
superinfection occurred before maximum fluorescence from the
first infection had been reached; although a steeper increase in
the intensity was produced, the maximal fluorescence intensity
was identical to that of a singly infected culture.

di-0-C;[3] Fluorescence Response to Virus Attack. di-O-
Cs[3], a sensitive probe for membrane potentials (24, 25), is
rapidly incorporated into the membranes of E.. coli B, CIA, and
HB11. Addition of 10° uninfected cells to the dye (0.1 uM in
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Superinfection with either T4D or T2
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FiG. 2. Increase in fluorescence of ANS-labeled E. coli B (1 x 10°
cells/ml) after addition of phages T4, T4'2", and T2 at moi = 5.

M9/glucose) caused a 10-fold higher fluorescence intensity
than the analogous procedure using 6 uM ANS. However, cap-
sular E. coli K29 and “smooth™ lipopolysaccharide-containing
Salmonella anatum failed to show a significant increase with the
cyanine dye, possibly due to interference in penetration of the
charged-surface polysaccharides of these cell strains; other
membrane components (proteins, pores) might also be respon-
sible. In contrast, the ANS label allowed us to.compare a wide
range of cell strains including the cyanine-impermeable cells.
However, the response with di-O-C;[3] is considerably faster
than that with ANS. Addition of T4D to labeled E. coli B (moi,
40-70) produced a steep fluorescence increase within 1 sec; at
a moi of 6-10, the fluorescence signal occurred after 8 sec (Fig.
4). The response to CCCP required 1 sec with cyanine and 7-9
sec with ANS. Similarly, the fluorescence response to other
phages, such as T2 (moi, 8) (48.3 sec with ANS-labeled cells),
was 13 sec with the cyanine dye, that of $X174 (42 sec in ANS)
was 30 sec in di-O-C;[3]. A fluorescence plateau was reached
after 3 or 4 min in all experiments and persisted until mea-
surement was stopped 3 or 4 min later.

Tail Contraction. Tail sheath contraction of phage T4 appears
to correlate with the fluorescence response of the cell. When
0.1 ml of cells at 37°C were squirted into a small virus-contain-
ing dish (starting adsorption, T4 at moi = 40) and the dish then
tossed into chilled medium to dilute the virus-cell mixture 1/
2000 and thereby stop further adsorption, adsorption times of
0.8-1.3 sec were regularly obtained. Inspection of these cells
in the electron microscope for adsorbed virus showed that, of
53 cells inspected, 7 had one T4 particle adsorbed, with each
virion showing a contracted tail (and an empty head). One cell
had two phages attached, one with an extended and one with
a contracted sheath. Plating of the washed cells on host cell

&15

$X174

Addition
of phage

— [N w oo
T

®X174 spikes

Fluorescence units (arbitrary)

0 1 2 3 4
Time, min
FiG. 3. Increase in ANS fluorescence in response to Salmonella

phage 15, to capsule-specific phage K29, to $X174, and to isolated .
adsorption organelles (“spikes”) of ¢X174 and €15.
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lawns showed that the number of infectious centers increased
with the moi (Table 3). T4-resistant cells were lacking adsorbed
virus particle, whereas their infectious-center counts (after a
1.4-sec adsorption time) represented the experiment’s back-
ground (trapped virions). These data suggest that tail contrac-
tion of phage T4 is concomitant with (i) infection of cells and
(#) the fluorescence increase in di-O-Cg[3]. Therefore, tail
sheath contraction or analogous capsid interactions appear to
affect the electrogenic processes of host cell membranes rapidly
(5, 6, 20, 22, 28).

DISCUSSION

We describe measurement of the time span between initial vi-
rus—cell collision and irreversible attachment of the virion. This
time period is thought to represent a continuing or rapidly re-
newing cell contact of adsorption organelles and cell—i.e., acell
surface “walk.” Infectious virions can still be desorbed during
this period (2, 9, 27). Virus adsorption kinetics is measured by
the decreasing amount of unadsorbed virus in the virus—cell
mixture and the increasing number of infected cells in the mix-
ture (13, 34). In such experiments, the fastest adsorption rates
follow one-hit kinetics with the speed of adsorption being lim-
ited by the diffusion of the virus particle (11). Table 4 shows the
computed time of virus—cell collision at a moi of 1. At higher
moi, the time of first collision is proportionally shorter (S.
Litwin, personal communication). After collision, a virus walk
may come about in several ways. (i) The virion may stay in the
neighborhood of the cell surface (4, 12); it will hit the cell re-
peatedly with a high probability and, eventually, attach to a site
at which injection of nucleic acid is triggered. (i) The “true”
walk is combined with receptor penetration as, for example, in
capsule-specific phage K29 and lipopolysaccharide-specific
phages (13). Electron microscope studies showed that these
virions maintain receptor contact as they “burrow” a path
through or “browse” along the polysaccharide surface layer
without releasing their nucleic acid (13, 27); for the viral DNA
to be ejected, further specific interactions of virus and cell sur-
face are necessary (7, 8, 32, 41). We demonstrated here that
T4D may cause a membrane response within 1 sec (Fig. 4), that
tail sheath contraction also occurs at that time, and that >10%
of the host cells are “infected” (Table 3). A short pre-infectious

5

Phage
addition

Fluorescence units (arbitrary)

moi = 10

0510 20 30 40 50 60 sec.
Time, sec

FiG. 4. Dependence of fluorescence response of di-O-C[3]-labeled
cells on phage and moi. Note the generally faster response compared
with ANS fluorescence.
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Table 3. Effect of moi on T4 infection at adsorption
times of1+ 0.1 sec

moi Adsorption time, sec Cells infected, %
1 11 0.1

10 0.9 1.8

15 0.8 2.1

41 0.9 4.8

70 ‘1.0 13.2

46* 14 0.3

E. coli B cells at 2 x 10° were washed and suspended in 1 ml of M9
medium. Cell suspensions provided infectious centers after plating on

E. coli B lawns.
* Experiment using T4-resistant cells (E. coli B/3, 4, 7).

period was also concluded from an elegant set of experiments
in which the infection of T4 was terminated by osmotic shock;
plating of the shock mixture showed infected cells 10-15 sec-
onds after virus adsorption (34). DNA packaging in the phage
head, when measured with electron spin resonance, showed a
relaxation within 15 sec after mixing of virus and host (42). The
relatively slow relaxation of the phage DNA packing may be due
to slow release of the DNA or to differences in cell concentration
and growth conditions. Furthermore, one phage is able to gen-
erate a strong fluorescence due to the amplification of the flu-
orescence over the entire cell membrane (43). Phage T4'2",
which failed to produce a fluorescence response (Fig. 2; Table
2), also showed a rather weak DNA uncoiling in the presence

-of host bacteria (42), probably due to shedding of phage DNA
. into the medium after abortive cell contact (44). Our results

show that the surface contact by tail fibers and other adsorption
organelles alone does not evoke a fluorescence signal, whereas
the effect of ghosts of T4 or T2 is equivalent to that of complete
phage in which the fluorescence response parallels tail sheath
contraction of adsorbed virions. Other phages exhibiting dif-
ferent DNA-ejection mechanisms (14) also trigger the fluores-
cence response of voltage-sensitive dyes, expressing membrane
de-energization (15, 17, 24, 25, 28, 45). ANS-labeled cells seem
to measure membrane events at another level or compartment
of the cell surface; such labeled cells respond to air in 1 sec (or
less), while CCCP-induced de-energization becomes visible in
=7 sec. In contrast, cyanine dye-labeled cells respond to both
conditions in 1 sec. However, ANS can interact with the mem-
branes of all of our cell strains, making the comparative studies
possible. Another dye, 3,3-dimethylindodicarbocyamine io-
dide, does not fluoresce in our cells but seems to require
EDTA-pretreated cells (46). A decreased fluorescence shortly
after infection (47) was not observed with our cyanine dye.

In conclusion: (i) The diffusion constant of the virion does not
permit prediction of the timing of the fluorescence signal; the
largest virus particle tested (T4) showed the most rapid cell re-
sponse. However, the slow actions of phage T2, which has the
same adsorption rate constant as T4, and of a “receptor” protein

Table 4. Comparison of time required for virus—cell collision and
onset of fluorescence

_Collision time, Fluorescence response
Kp sec _ . time,* sec
Phage  cm?%/sec Mean Median - ANS di-0-C;(3]
T4D 32x10°8 13 9 136+ 1.8 8+15
T2 33x10% 13 9 483+ 9 31+2
#X174 19 x 1077 2.2 1.6 425+102 32+2
€15 9 x 1078 74 54 62.8 = 10.1

Collision times were calculated for 1 x 10° cells/ml and moi = 1; at
higher moi, for example, 5, the median time at which a cell is hit by
a virion is reduced to one-fifth of that at moi = 1.

*moi = 5.
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(Ia; ref. 31), which constitutes an abundant outer membrane
protein in E. coli B, remain unclear.

(i) The fluorescence response time is independent of the
‘chemical class of receptor: of the phages specific for “rough”
lipopolysaccharide (30), ¢X174, with its small size and fast ad-
sorption rate (11, 46), has-a fluorescence-response time 3 times
that of T4. In contrast, capsule-degrading E . coli phage K29 and
O-antigen-degrading Salmonella phages €15, £34, and c341
cause a fluorescence increase in 55 and 65 sec, respectively,
independent of the moi (moi = 1).

(iii) Phage €15 failed to elicit a fluorescence response at 21°C
or below (Table 1), at which infection is blocked (32).

(iv) The difference in T4-induced fluorescence between E.
coli B and M72 may be due to differences in adsorption rate
constants (4.06 X 10™'*ml/min for E. coli B vs. 1.85 X 10~°ml/
min for M72). Also, slower adsorption rates of T4 (k = 3 x 1071°
ml/min) were found with E. coli B grown in lactic acid; the flu-
orescence onset was delayed in comparison with that of cells in
glucose. We hypothesize that fluorescence timing may reflect
the concentration of “triggering” sites or different walking
mechanisms affecting the efficiency among virus types: T-even
viruses need their long tail fibers for adsorption (48), phages T5
and A require small tail fibers for efficient adsorption (49), and
phages such as P22 (50) depend for infection on functional pro-
teins of their adsorption oxganelles, including the ability to hy-
drolyze the receptor molecule (51).

As bacteriophages infect the cells at the areas of adhesion
(11), most of the virus—cell collisions occur outside these areas.
A high moi will elicit more direct hits at the adhesion site, an
increased rate of infected cells, and fast fluorescence responses.
A low moi necessitates a time-consuming search for the pro-
spective injection site. We hypothesize that virus migration
stops on encounter with a cell surface site capable of triggering
tail sheath contraction (in T-even phages) or unplugging of the
capsid (in $X174), or induction of analogous responses (52).
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