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Influence of Internal Capsid Pressure on Viral Infection by Phage 2
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ABSTRACT Ejection of the genome from the virus, phage 2, is the initial step in the infection of its host bacterium. In vitro, the
ejection depends sensitively on internal pressure within the virus capsid; however, the in vivo effect of internal pressure on infec-
tion of bacteria is unknown. Here, we use microfluidics to monitor individual cells and determine the temporal distribution of lysis
due to infection as the capsid pressure is varied. The lysis probability decreases markedly with decreased capsid pressure. Of
interest, the average lysis times remain the same but the distribution is broadened as the pressure is lowered.

INTRODUCTION

Phage 4 is an important and widely used model system for
viruses that infect bacteria. It is also important and widely
used in biotechnology, where it serves as both a platform
for phage display and a vector for cloning recombinant
DNA. The genome of phage A is double-stranded DNA
~17 um in length. To infect its host, Escherichia coli, the
genome must be injected into the bacterium, leaving behind
the protein capsid. However, the mechanism for this injec-
tion into the cytoplasm is still not fully understood. Entry
into the cell requires the DNA to overcome a cytoplasmic
pressure of at least 3 x 10” kPa, corresponding to an aston-
ishingly high value of 3 atmospheres (1). However, the pres-
sure inside the phage capsid, which is caused by the strong
bending of the DNA and the repulsive forces between neigh-
boring negatively charged chains, is considerably higher, on
the order of 5 x 10° kPa (2). Indeed, in vitro experiments
confirm that it is this internal capsid pressure that drives
the DNA out of the phage capsid (2). Presumably, the
same internal pressure is also responsible for driving the
DNA into the cytoplasm of the host bacterium; however,
there is no direct means to verify this assumption for the
in vivo case. Bulk experiments, with mixtures of cells and
phage in solution, can probe the evolution of cell and phage
concentrations resulting from the infection. Although such
studies provide important information about the competition
between cells and phage, these ‘“‘classic’ multicell experi-
ments are restricted to ensemble averaging over populations.
For example, conditions for a stable equilibrium between
phage and bacteria populations have been established (3,4).
However, these experiments cannot access information on
the level of single cells, which provides the most direct
measure of the probability of infection; in particular, the
dependence of the infection probability on the internal pres-
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sure cannot be investigated. Instead, experiments on indi-
vidual cells are required. Such experiments must determine
the time-dependent behavior of a population of individual
cells. However, experimental probes at this level are difficult
to realize and very rare.

Here we study the infection by phage A of individual
E. coli cells confined in isolated environments with volumes
of a few picoliters. We vary the pressure within the capsids
by using phage genomes of different lengths, and by
changing the solution salt concentration. We find that the
probability of cell lysis decreases with decreasing pressure
inside the phage capsid. Control experiments confirm that
lysis results from cell infection. Therefore, our results indi-
cate a correlation between internal pressure and efficiency
of in vivo phage infection.

MATERIALS AND METHODS

To isolate individual cells, we encapsulate bacteria in aqueous drops
suspended in an inert oil using a microfluidic chip fabricated via soft lithog-
raphy from poly(dimethylsiloxane) (PDMS). A schematic of the microflui-
dics device is shown in Fig. 1. The fluid connections are indicated by the
circular regions. The drops are made in a flow-focusing geometry (5) shown
in the magnified inset on the upper right. Drops containing cells are trapped
for further study in the array of circular enclosures at the bottom of the sche-
matic (6); a magnified view of these is shown at the bottom right. The drops
can be easily loaded into this array as they are constrained within the circular
traps by their surface tension; this prevents them from moving through the
constrictions that connect the traps together. We use 8-pL drops that are flat-
tened to a height of 10 um by the depth of the channels; this leads to a drop
diameter of 40 um, ensuring that the full drop remains in the field of view of
the microscope used to monitor the bacteria. The drops contain liquid broth
medium (LB, Sigma, St. Louis, MO) to provide the cells with the usual
nutrient environment (7), and a PFPE-PEG-block-copolymer surfactant
(RainDance Technologies, Lexington, MA) prevents the drops from coa-
lescing (9). E. coli MC4100 cells are grown in LB overnight to obtain a
saturated culture at a concentration of 2.25 x 10° cells/mL.
Bacteriophages A cI857 with genome lengths of 48.5 kbp (wild-type
(WT)) and a shorter DNA mutant phage (b211) with a 37.7 kbp genome
are produced by thermal induction of lysogenic E. coli strains. To increase
the yield of phage induced in the cell, the strains are modified to grow
without LamB protein expressed on their surface. The culture is then lysed
by a temperature shift from 30°C to 42°C in a shaking water bath. The phage
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FIGURE 1 Microfluidics device used in the experi-

samples are purified by CsCl equilibrium centrifugation. The samples are
dialyzed from CsCl against TM buffer (50 mM Tris-HCI, pH 7.4, and
10 mM MgSO4). The final titer is 1.5 X 10" virions/mL, as determined
by plaque assay. These phages have a temperature-sensitive repressor that
restricts them to the lytic cycle at 37°C, which is the temperature of optimal
growth of the host bacterium. The lysogenic cycle, in which latent phage
DNA is present within the cell, is suppressed at 37°C, the temperature
used in these experiments. Thus these phages are well suited for the study
of cell lysis due to phage infection.

To confirm the adsorption of the phage 4 on the E. coli, we fluorescently
label the virus DNA with SYBR gold in a bulk experiment. A micrograph of
a bulk sample of fluorescently labeled phage is shown in Fig. 2 a. Upon
addition of E. coli, the phage adsorbs to the cells, as demonstrated by a
comparison of the bright-field image showing the location of the cells
(Fig. 2 b), and the corresponding fluorescence image showing the location
of the phage (Fig. 2 ¢).

For the microfluidics experiments, we mix cells and phage at ~7 viruses
per bacterium in the presence of 20 mM MgSO,, and incubate and shake
the mixture in an open tube at 30°C to allow the phage to adsorb to the cells.
We estimate the diffusion-limited time for encounter between a phage and
a bacterium to be 100 s; therefore, we incubate for 15 min before quenching
further adsorption of phage by dilution with LB to a final concentration of
1.13 x 10® cells/mL. We adjust the suspension to a final concentration of
10 mM MgSO, and incubate at 37°C for 60 min. This procedure ensures
that the cells have time to overcome their lag phase before they enter their
exponential growth phase, where we study the bacterial susceptibility to
phage infection. The relative phage concentration is chosen to ensure that
neither species becomes extinct in a bulk experiment in which oscillatory
growth for the cell and phage populations occurs instead (3,10). These oscil-
lations reflect the dynamics of the interactions between the bacteria and
virus. When the bacteria population dominates, the virus population can
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ments. A micrograph of the drop production site is shown
on the upper right, and a micrograph of the trapping region
is shown on the bottom right.

infect numerous individual cells; as a result, the viruses replicate faster,
increasing their population. However, this increase is ultimately limited by
the availability of bacteria cells, and thus does not persist; instead, the bacte-
rial population again increases and the cycle starts anew. These conditions
are adjusted to optimize the experiments on the microfluidics device. We
image the drops at one frame per minute over 4 h using a 20x objective,

10 pm

phage + SYBR Gold

20 pm

fluorescence

bright field

FIGURE 2 (a) Micrograph of a bulk sample of fluorescently labeled
phage. (b and ¢) After addition of E. coli. Compare the (b) bright-field image
showing the location of the cells, and (c) the fluorescence image showing the
location of the phage.
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enabling us to simultaneously monitor 40 drops, which contain ~70 cells
in total.

RESULTS AND DISCUSSION

To ensure the compatibility of the microfluidics (7,9), we
confirm that the E. coli growth in droplets is similar to that
in bulk culture in the absence of phage; the initial doubling
times, as well as the saturation concentration, are both com-
parable. Of interest, however, the cells grow into long chains
or tighter bunches, and daughter cells do not always break
off after cell division (for typical examples, see Fig. 3 a
and Movie S1, Movie S2, Movie S3, and Movie S4 in the
Supporting Material). This may result from environmental
or confinement effects; however, similar growth structures
are observed for a closely related strain after it develops
a resistance to phage (11).

Upon addition of phage A, we observe three distinct
classes of cell behavior. The largest group of cells is unaf-
fected and continues to grow, and the behavior is indistin-
guishable from that of the cells in the drops in the absence
of phage, as shown in Fig. 3 b. Surprisingly, we also find a
group of cells that remain in the drops as single cells with
no sign whatsoever of proliferation; an example is shown
in Fig. 3 c. These cells are clearly affected by the virus, since
we never observe such behavior in the absence of phage.
Nevertheless, the phage is apparently not able to replicate
and lyse the cell in a normal fashion. This group of cells
must be included in any model describing the infection
processes if the interaction between phage and its host is to
be fully understood. These cells cannot be observed in tradi-
tional bulk experiments, but we nevertheless expect that they
do affect the interplay of cell growth and virus replication
and the relative numbers in each population. However,
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although the exact origin of this behavior is unclear, this pop-
ulation of cells has no effect on our conclusions. Finally,
there are also a considerable number of cells that are lysed
by the phage, and we can precisely measure the time of their
disappearance, as indicated in Fig. 3 d. This enables us to
study cell lysis caused by phage infection on a single-cell
level for many cells simultaneously. We show the relative
probabilities for the fate of the cells in the presence of WT
phage in Fig. 4.

To investigate the role of internal pressure within the WT
phage capsid, we add 1 mM of spermine-tetrahydrochloride
to the solution after the initial 15-min incubation step during
which phage adsorption occurs. Spermine is a tetravalent
polyamine cation and should introduce an attractive interac-
tion that promotes DNA condensation and compaction (12),
thereby reducing the self-repulsion of the highly bent, nega-
tively charged DNA, which in turn reduces the internal pres-
sure (2). As a control, we ensure that the additional salt does
not affect normal bacteria growth in separate cell-culture
experiments. Upon addition of the spermine, we observe a
decrease in infection probability from 31% to 24%, as shown
in Fig. 4, and a concomitant increase in the fraction of
growing cells from 48% to 57%. In vitro experiments
show that only 40% of the genome is ejected in the presence
of 1 mM spermine, provided that DNase is added to digest
the ejected DNA (13). By analogy, we hypothesize that
in vivo, the decreased internal pressure caused by the
reduced DNA-DNA repulsion may be at least partially
responsible for the decreased infection probability (14).

Although a spermine-induced reduction of the internal
pressure is an appealing explanation for the decrease in infec-
tion probability, the difference is not significant (p > 0.05);
moreover, spermine can also affect the transmembrane poten-
tial of the cell, which may have an effect on infection. Thus,

FIGURE 3 (a) Control with no phage present in the
drop; cell growth. (b—d) Phage present in the drops. (b)
Cell growth. (¢) Cell remains without proliferation. (d)
Cell lysis. See Movie S1, Movie S2, Movie S3, and
Movie S4.
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FIGURE 4 Probability that cells will be infected by bacteriophage for
different parameters. Parameters that decrease the pressure in the phage
capsid also decrease the probability for infection. When the pressure is low-
ered by decreasing the genome length, the difference becomes significant
(p < 0.05).

a more compelling test of our hypothesis would be to directly
decrease the pressure within the capsid independently of the
salt concentration. We accomplish this by using the A-mutant
b221 (cI857), which has a shorter genome length of only
37.7 kbp (15) corresponding to ~78% of the 48.5-kbp-long
WT genome. This results in a decrease in capsid pressure
from 250 kPa to 150 kPa in Tris buffer, as measured by
in vitro experiments that include both the virus and the
receptor that triggers the genome release (16); however, the
packing efficiency of the DNA into phage capsids during
replication remains essentially constant (17) since this reduc-
tion in genome length is still within the limit for efficient
packing (18). For shorter genomes, the packing efficiency
of the genome in the capsid decreases dramatically, and we
refrain from using such genomes in our study. By selecting
the b221 deletion, which does not take out any particular
gene or function crucial for packaging (17) and lytic growth
(19), we ensure that the infectivity of the phage will not be
modified. Furthermore, the same deletion is made when
A-phage is used for cloning purposes. Other DNA inserts
are then introduced into this deletion region in A-chromosome
without affecting the efficiency of in vivo infectivity of phage
particles (20). Moreover, structurally, no differences are
observed between this deletion mutant and WT phage (21).
Thus, differences in the probability for a cell to become lysed
should result from differences in infection probability; these
in turn should reflect the effects of the modified internal
capsid pressure. The infection probability for the short
genome is indeed decreased significantly (p = 0.038) to
21% from 31% for the long genome, as shown in Fig. 4. At
the same time, the percentage of cells that show growth in
the drops is increased from 48% to 67% with decreased
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genome length. Thus, a pressure drop of 40% leads to a
decrease in infection probability by 30%. These results
support our hypothesis that a lower capsid pressure leads to
a lower probability of cell infection. The deletion of a part
of the genome could potentially also impair one of the
many steps of the viral cycle, which could lead to lower infec-
tion probability. However, the combined results from
complementary experiments with added salt and those with
a shorter genome phage mutant, as well as the parallelism
to in vitro experiments employing mutant phage (16), suggest
that the lowered capsid pressure is most likely responsible for
the decreased probability of infection.

Since changing either the DNA length or the DNA-DNA
interaction leads to a decreased infection probability, we also
investigate the consequences of both effects by adding 1 mM
spermine to the phage with the shorter genome length.
Presumably, both effects are independent and thus should
decrease the internal capsid pressure in an additive manner.
Our results show that this is indeed the case: The infection
probability decreases to 17%, corresponding to a 50% reduc-
tion from the WT phage in the absence of spermine; this
decrease is highly significant (p = 0.003). However, we
also observe an increased number of cells that remain but
do not proliferate by comparison to the other experiments.
The origin of this behavior is unclear and requires further
investigation.

To help elucidate the origin of the dependence of phage
infection on the pressure inside the capsid, we investigate
the time dependence of lysis. Our measurements provide
data from individual cells and thus allow us to determine
the full distribution of lysis times; this is a unique feature
of this microfluidic approach. We focus on the variation of
pressure with genome length since it is the most direct way
of varying pressure in the capsid and is independent of the
trafficking of salt ions into the capsid. We compare the distri-
bution for the WT phage with that of the mutant with the
shorter genome and fit the data to Gaussians, as shown in
Fig. 5; surprisingly, we find that the average time for lysis
is virtually unaffected by the genome length. We obtain
189 *+ 1 min for the WT genome compared to 178 = 5 min
for the short genome; these lysis times are comparable to
those measured in bulk samples (22). By contrast, the width
of the distribution for the short-genome phage is consider-
ably larger (by a factor of ~3.5) than that for the WT genome.

The markedly wider distribution of lysis times for the
shorter genome phage suggests that some cells are lysed
much earlier than with WT phage, whereas other cells are
lysed much later. This may reflect two competing effects:
The long-time tail in the distribution may reflect the effects
of the lower internal pressure within the capsid of the mutant
phage, which decreases the likelihood of DNA entering the
cell, thereby delaying phage infection and subsequent lysis
for some cells. However, once the DNA is injected into
the cell, transcription of the shorter genome will be faster,
resulting in more rapid replication of the phage. Thus, the
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FIGURE 5 Time distribution for cell lysis after infection for (a) WT
A-DNA (48.5 kbp) and (b) short A-DNA (37.7 kbp).

short-time tail in the distribution may reflect lysis of those
cells that are infected at early times. Alternatively, it is
possible that the reduced osmotic pressure in the capsid is
not sufficient to inject the full genome into the cell, resulting
in incomplete expression of the full suite of genes. This may
also result in differences in the infection rate, which is
reflected by the modified distribution of lysis times.

The unique ability to study phage infection on the single-
cell level provides important new information that helps
elucidate the effect of internal pressure within the phage
capsid on the infection mechanism. This technique can easily
be adapted for measurements on animal and human viruses
to provide new insights into the infection mechanisms.
Furthermore, an enormous parameter space, which currently
can only be explored by computer simulations, becomes
experimentally accessible with this method. For example,
the effects of varying incubation times and cell concentra-
tion, number of viruses per cell, or valence of added salt
can all be explored. This should significantly improve our
understanding of the infection mechanisms.

SUPPORTING MATERIAL

Four movies are available at
supplemental/S0006-3495(09)01227-2.

http://www.biophysj.org/biophysj/
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