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Most bacteriophages (phages) release their progeny through the action of holins that form lesions in the
cytoplasmic membrane and lysins that degrade the bacterial peptidoglycan. Although the function of each protein
is well established in phages infecting Streptococcus pneumoniae, the role—if any—of the powerful bacterial autolysin
LytA in virion release is currently unknown. In this study, deletions of the bacterial and phage lysins were done in
lysogenic S. pneumoniae strains, allowing the evaluation of the contribution of each lytic enzyme to phage release
through the monitoring of bacterial-culture lysis and phage plaque assays. In addition, we assessed membrane
integrity during phage-mediated lysis using flow cytometry to evaluate the regulatory role of holins over the lytic
activities. Our data show that LytA is activated at the end of the lytic cycle and that its triggering results from
holin-induced membrane permeabilization. In the absence of phage lysin, LytA is able to mediate bacterial lysis and
phage release, although exclusive dependence on the autolysin results in reduced virion egress and altered kinetics
that may impair phage fitness. Under normal conditions, activation of bacterial LytA, together with the phage lysin,
leads to greater phage progeny release. Our findings demonstrate that S. pneumoniae phages use the ubiquitous host
autolysin to accomplish an optimal phage exiting strategy.

Streptococcus pneumoniae (pneumococcus), a common and
important human pathogen, is characterized by the high inci-
dence of lysogeny in isolates associated with infection (34, 44).
Pneumococcal bacteriophages (phages) share with the major-
ity of bacteriophages infecting other bacterial species the “ho-
lin-lysin” system to lyse the host cell and release their progeny
at the end of the lytic cycle. Genes encoding both holins and
lysins (historically termed “endolysins”) are indeed found in
the genomes of all known pneumococcal phages (8, 28, 31, 37).
Supporting this mechanism, a lytic phenotype in the heterolo-
gous Escherichia coli system was achieved only by the simulta-
neous expression of the Ejh holin and the Ejl endolysin of
pneumococcal phage EJ-1 (8). When these proteins were in-
dependently expressed, cellular lysis was not perceived. Similar
results were shown for pneumococcal phage Cp-1, not only in
E. coli, but also in the pneumococcus itself (28).

Phage lysins destroy the pneumococcal peptidoglycan net-
work due to their muralytic activity, whereas holins have been
shown in S. pneumoniae to form nonspecific lesions (8), most
likely upon a process of oligomerization in the cytoplasmic
membrane, as observed for the E. coli phage N (13, 14, 43). It
was generally proposed that holin lesions allow access of phage
lysins to the cell wall (52, 54), as the majority of phage lysins,
including the pneumococcal endolysins, lack a typical N-termi-
nal secretory signal sequence and transmembrane domains (8).
However, recent evidence also highlights the possibility for a
holin-independent targeting of phage lysins to the cell wall,
where holin lesions seem to be crucial for the activation of the
already externalized phage lysins (42, 50, 51). Regardless of the
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mechanism operating in S. pneumoniae to activate phage ly-
sins, holin activity compromises membrane integrity.

Pneumococcal cells present their own autolytic activity, mainly
due to the presence of a powerful bacterial cell wall hydrolase,
LytA (an N-acetylmuramoyl-L-alanine-amidase), responsible for
bacterial lysis under certain physiological conditions (47). Al-
though other bacterial species also encode peptidoglycan hydro-
lases, the extensive lysis shortly after entering stationary phase
caused by LytA is a unique feature of S. pneumoniae. Interest-
ingly, LytA is translocated across the cytoplasmic membrane to
the cell wall—where it remains inactive—in spite of the absence
of a canonical N-terminal sequence signal (7). In the cell wall,
autolysin activities are tightly regulated by mechanisms that seem
to be related to the energized state of the cell membrane. In fact,
depolarizing agents are able to trigger autolysis in Bacillus subtilis
(16, 17), and bacteriocin-induced depletion of membrane poten-
tial triggers autolysis of some species of the genera Lactococcus
and Lactobacillus, closely related to streptococci (29). It is there-
fore possible that the holin-inflicted perturbations of the S. preu-
moniae cytoplasmic membrane upon the induction of the lytic
cycle may trigger not only the lytic activity of the phage lysin, but
also that of inactive LytA located in the cell wall. Accordingly,
LytA could also participate in the release of phage particles at the
end of the infectious cycle, especially considering its powerful
autolytic activity. Previous studies have suggested a role for the
host autolytic enzyme in the release of phage progeny (11, 38), but
in fact, the evidence is unclear and dubious, considering that the
existence of phage-encoded lysins was unknown or very poorly
understood and some of the experimental conditions used to
show a role of LytA could have also affected the activity of the
phage lysin (38).

To clarify the possible role of the bacterial autolysin in host
lysis, we used the S. pneumoniae strain SVMC?28, lysogenic for the
SV1 prophage (34), which contains a typical “holin-lysin” cas-
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TABLE 1. Bacterial strains, plasmids, and DNA constructs used in this study

Strain, plasmid, or DNA
construct

Relevant characteristics®

Use in this study

Sourceb or reference

S. pneumoniae
SVMC28

SVMC28 AlyA
SVMC28 Asvl

SVMC28 Asvl AlytA

Lysogenic for phage SV1; parental strain Expression of LytA and Svl

susceptible to Ery and Cm
SVMC?28 AlytA::erm(B); Ery"

SVMC28 Asvl::cat; Cm"

SVMC28 Asvi::cat AlytA::erm(B);

Cm" Ery"
CP1500 Nov"
R36A Laboratory strain; nonlysogenic;
susceptible to Ery and Cm
R36A AlytA R36A ytA::(pJDCY)::lytA; Ery"
R36AP R36A lysogenic for phage SV1
R36AP AlytA R36A AlytA lysogenic for phage
SV1; Ery"
R36AP Asvi R36A lysogenic for phage SV1

R36AP Alytd Asvl

Asvl::cat; Cm"
R36A Alyt4 lysogenic for phage SV1
Asvl::cat; Cm" Ery"

Expression of Svl, absence of LytA
expression

Expression of LytA, absence of Svl
expression

Absence of LytA and Svl expression

Donor of point markers, control in
transformation assays
Recipient for phage infection

Recipient for phage infection

Expression of LytA and Svl

Expression of Svl, absence of LytA
expression

Expression of LytA, absence of Svl
expression

Absence of LytA and Svl expression

Recipient for pZ1-pZ3
Recipient for pZ4-pZ6

Cloning vector

Cloning vector

Cloning vector

Template for PCR product aLTA

Cloning vector

Cloning vector

Template for PCR product aL.S1

Source of cat gene; template for PCR
product CAT

34
SVMC28 X aLTA
SVMC28 X aLSl
SVMC28ASV1 X aLTA
30

Rockefeller University
Collection

S. Filipe

R36A infected with SV1

R36A AlytA infected with
Svi

R36A infected with SV1 with
svl deleted

R36A AlytA infected with
SV1 with svl deleted

Invitrogen

IytAup (AFLYTA, ARLYTA)
IytAdw (BFLYTA, BRLYTA)

svlup (AFLYS1, ARLYSI)
svldw (BFLYS1, BRLYS1)
CAT (BMI8H, PEVP3-1R)
5

E. coli
DH5a lacZAM15
IM109 F' lacI"ZAM15
Plasmids
pGEM-3Z lacZo Amp®
pZ1 pGEM-3Z::lytAup; Amp"
pZ2 pZ1:lytAdw; Amp*
pZ3 pZ2::erm(B); Amp" Ery"
pZ4 pGEM-3Z::sviup; Amp*
pZ5 pZA4::svldw; Amp”
pZ6 pZ5::cat; Amp" Cm*
pEVP3 Cm"
pJDC9 Ery"
Amplicons
aLTA lytAup::erm(B)::lytAdw
al.S1 svlup::cat::svldw

Source of erm(B) gene 4

For insertion-deletion replacement for /yz4 aLTA (AFLYTA, BRLYTA)
For insertion-deletion replacement for svi

alL.S1 (AFLYS1, BRLYSI)

¢ Ery", erythromycin resistance; Cm", chloramphenicol resistance; Amp*, ampicillin resistance; Nov", novobiocin resistance.
b Strain construction by a cross carried out by using transformation is indicated as recipient X DNA donor. Primers used to amplify DNA fragments by PCR are

indicated in parentheses.

sette, and a different host strain lysogenized with the same SV1
phage. Our results show that LytA is activated by the holin-
induced membrane disruption, just like the phage endolysin. In
the absence of the endolysin, LytA is capable of mediating host
lysis, releasing functional phage particles able to complete their
life cycle. Still, sole dependence on LytA results in an altered
pattern of phage release that may reduce phage fitness. Impor-
tantly, we also show that, together with the endolysin, the con-
current LytA activation is critical for optimal phage progeny re-
lease.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. S. pneumoniae strains SVMC28
and R36A were obtained from the Rockefeller University collection (A. To-
masz). R36A Alyt4 was kindly provided by S. Filipe. SVMC28 is a clinical isolate
lysogenic for phage SV1. All S. pneumoniae strains were grown in a casein-based

semisynthetic medium (C+Y) at 37°C without aeration (21) or in tryptic soy agar
(Oxoid, Basingstoke, England) supplemented with 5% (vol/vol) sterile sheep
blood and incubated at 37°C in 5% CO,. Pneumococcal mutant strains were
grown in the presence of 2 pg/ml erythromycin or 4 pg/ml chloramphenicol
(Sigma, Steinheim, Germany), or both, as appropriate. E. coli strains were
usually grown in LB medium (Difco, MD). When required, the medium was
supplemented with 100 wg/ml ampicillin (Sigma, Steinheim, Germany), 1 mg/ml
erythromycin, or 20 wg/ml chloramphenicol for plasmid selection. M9 minimal
medium agar containing thiamine (1 mM; Sigma, Steinheim, Germany) was used
for JM109 growth prior to the preparation of competent cells.

Antibiotic susceptibility. Chloramphenicol and erythromycin MICs were de-
termined by Etest following the manufacturer’s guidelines (AB Biodisk, Solna,
Sweden). Susceptibility to novobiocin was tested with impregnated paper discs
(Oxoid, Hampshire, England). PCR to detect the cat gene, which amplifies a
338-bp fragment internal to the gene, in the SVMC28 strain was performed using
the primer pair CATd and CATr (24) (Table 2).

DNA techniques. All routine DNA manipulations were performed according
to standard methods (40). The PCR primers are listed in Table 2. Chromosomal
DNA from S. pneumoniae and phage DNA were isolated similarly to previously
described procedures (1, 27, 46). Plasmids were prepared using either the High
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TABLE 2. PCR primers used in this study

Primer Sequence (5'—=3")* Reczigtr:non

CATd TTAGGYTATTGGGATAAGTTA

CATr CATGRTAACCATCACAWACCAG

AFLYTA AGCGAATTCGGCAGGATATAAGG EcoRI
GTGTTATC

ARLYTA ATAGGATCCATTCTACTCCTTATCA BamHI
ATTAAAAC

BFLYTA GCAGTCGACTAATGGAATGTCTTT Xmil
CAAATC

BRLYTA CAATAGCATGCGATATTCCTTTCAC  Pael
CTTTTTCC

DINF-D4 GCAAAAGATCCTTCCTCTAGTTTC

ORF1-R3 CTTCACCATCAGCTCCCAAC

AFLYS1 AGCGAATTCAGGGGTTCTCTTACT EcoRI
GATGATC

ARLYS1 ATAGGATCCTCCCTATCGTCCTTTC BamHI
CATGC

BFLYS1 GCAGTCGACTGAAGACAGGCTGG Xmil
GTCAAGTAC

BRLYS1 CAATAGCATGCGCTATTTCCCAAG Pael
GTGCTGG

BM18H ATAGGATCCGGGTTCCGAGGCTCA BamHI
ACGTCAA

PEVP3-1R CGAGGTCGACGGTATCGATAAGCT Xmil

28HA37-X1 TCAGGTTACTTGAAAAGGCAATAG

28HA37-RS CAACGTCGCCGTTCTGTTGAATC

“ Recognition sites are underlined.

Pure plasmid isolation system or the Genopure plasmid Midi system (Roche,
Mannheim, Germany), and PCR products and endonuclease digests were puri-
fied using the High Pure PCR product purification system (Roche, Mannheim,
Germany). The enzymes used in the manipulation of DNA were purchased from
MBI Fermentas (Vilnius, Lithuania). All oligonucleotides were obtained from
the Invitrogen Co. (Paisley, Scotland). Nucleotide sequences were analyzed using
VECTOR NTI Deluxe (Invitrogen, Barcelona, Spain) software.

Construction of pneumococcal mutants by insertional deletion of lyz4 and svl.
The mutant strain SVMC28 Alyt4, in which the lyt4 gene was deleted and
replaced by the erm(B) gene, was constructed essentially as described previously
(9). First, lytAup (529 bp), the sequence encoding the upstream fragment of lytA4,
was amplified with the primers AFLYTA and ARLYTA from SVMC28 chro-
mosomal DNA. The PCR product was digested with EcoRI and BamHI and
inserted into the plasmid pPGEM-3Z to generate pZ1. Next, lytAdw (509 bp), the
sequence encoding the downstream fragment of lyt4, was amplified from chro-
mosomal DNA of SVMC?28 using the primers BFLYTA and BRLYTA, and the
PCR product was inserted as an Xmil-Pael fragment into pZ1, generating pZ2.
Lastly, the BamHI/Clal fragment (2,051 bp) from pJDC9, which contained the
Erm" cassette [erm(B) gene] (4), was cloned into the BamHI/Xmil-digested
plasmid pZ2, yielding pZ3. Plasmid pZ3 contained the erm(B) marker flanked by
the upstream and downstream regions of lyzt4 and was used as a template for
PCR with AFLYTA and BRLYTA to produce an aLTA fragment. After trans-
formation of SVMC28 with aLTA, the deletion of lyt4 in the erythromycin-
resistant SVMC28 AlytA mutant was confirmed by PCR amplification and sub-
sequent sequencing with primers DINF-D4 and ORF1-R3, external to AFLYTA
and BRLYTA. An identical strategy was used to construct the mutant SVMC28
Asvl, in which svl was replaced by the cat gene. svlup (583 bp) and svidw (477 bp)
were PCR amplified from SV1 phage DNA using the primer pairs AFLYSI-
ARLYS1 and BFLYS1-BRLYSI. svidw contained 185 bp of svl. A CAT frag-
ment (1,053 bp), containing the Cm" marker (cat), was amplified from pEVP3
with BM18H and PEVP3-1R and cloned into pZ5 as a BamHI-Xmil fragment.
alL.S1 was produced with AFLYS1 and BRLYS1 from pZ6, and the resulting
PCR product was used to transform the pneumococcal strain SVMC28. The
deletion of sv/ in the chloramphenicol-resistant SVMC28 Asv/ mutant was con-
firmed by PCR amplification and sequencing with primers 28HA37-R5 and
28HA37-X1, external to AFLYS1 and BRLYSI1. To construct the double-dele-
tion mutant SVMC28 Asvl AlytA, the PCR fragment aLTA was used to transform
SVMC?28 Asvl. The chloramphenicol- and erythromycin-resistant strain SVMC28
Asvl AlytA was confirmed to carry deletions of the lyt4 and svl genes by the
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procedures described above. For all PCRs, except those used as templates in
sequencing reactions, the High Fidelity PCR Enzyme Mix kit (MBI Fermentas,
Vilnius, Lithuania) was used. The amplicons (DNA products amplified by PCR)
are described in Table 1.

Transformation of S. pneumoniae and selection of transformants. Transfor-
mation of pneumococcal cells was carried out as described previously (9). Trans-
formants were selected on tryptic soy agar supplemented with 5% (vol/vol) sheep
blood and chloramphenicol (4 pg/ml) and/or erythromycin (2 pg/ml).

Analysis of phage excision. The pulsed-field gel electrophoresis (PFGE) pro-
cedure for the visualization of extrachromosomal phage DNA was adapted from
the method of Ramirez et al. (34), except that cells were harvested after a 2-h
period of mitomycin C (MitC) (Sigma, Steinheim, Germany) treatment. The
electrophoresis conditions were 6 V/cm, ramping of the pulse between 1 and 2 s,
and a total running time of 16 h. The buffer was maintained at 14°C during
the run.

Construction of lysogenized strains. The lysogenized strains were constructed
using the laboratory strain R36A. SV1, obtained from wild-type SVMC28, was
used to lysogenize strains R36A and R36A AlytA, resulting in strains R36AP and
R36AP AlytA (Table 1). To obtain lysogenic strains defective in the phage lysin,
R36A and R36A AlytA were infected with SV1 Asv/ extract from SVMC28 Asvl.
The resulting lysogens were named R36AP Asvl and R36AP AlytA Asvl, respec-
tively (Table 1). Phage infection was performed by phage plaque assays (see
below). Agar was picked at the edges of plaques. The presence of both wild-type
and mutant phages was tested for by PCR with primers for SV1 (AFLYS1 and
ARLYSI [Table 2]). MitC-induced lysis was performed on selected PCR-positive
colonies. We considered that response to MitC was indicative of phage excision
and consequently of successful prior lysogeny. The released phages were able to
infect and lyse cells of the wild-type R36A strain, producing phage plaques and
confirming that the strains were indeed lysogenic and that the phages were fully
functional.

Lysis assays. Overnight cultures of wild-type, mutant, and lysogenized strains
in C+Y supplemented with the appropriate antibiotics were diluted 1:100 in
fresh medium (without antibiotics), and the cultures were grown until the optical
density at 600 nm (ODy) reached approximately 0.2 to 0.25. MitC was then
added to a final concentration of 0.1 wg/ml to induce the lytic cycle (32). Incu-
bation was continued, and growth was monitored by the OD. Cultures treated
with deoxycholate (DOC) (0.04% [wt/vol]) and nisin (1 pg/ml) (Sigma, Stein-
heim, Germany) were grown to an ODjq, of 0.4 and 0.2 to 0.25, respectively. All
assays were carried out at least in duplicate. Lysis was expressed directly as the
ODgq drop or as the percentage decrease in the ODy, relative to its maximal
value (the OD value prior to lysis). The degree of lysis at each time point was
calculated from the following equation: lysis extent (percentage) = 100 — (per-
centage of maximal OD).

Phage plaque assays. Plaque assays were performed as described elsewhere
(22) with the following modifications: C+Y medium with 170 U catalase/ml agar
was used, top agar was not added, and phage were applied in 10-pl aliquots
directly on the soft agar (0.35%) with the indicator strain. Incubation was per-
formed at 30°C. Lysogenic phages were induced with MitC. At specific times
(between 40 and 180 min) after MitC treatment, cultures were filtered through
a 0.45-um-pore-size membrane, and the supernatant was stored at 4°C for a
maximum of 24 h until it was used. To lysogenize the strains, cultures were
filtered after total lysis (180 min). To eliminate the possibility that lysis of the
indicator strain was caused by the bacterial products (e.g., bacteriocins) and not
caused by phage infection, a fractionation of the culture medium was performed.
Cultures treated for 180 min with MitC were prefiltered through a 0.45-um-
pore-size membrane, followed by filtering them with a 100-kDa mass cutoff
polyethersulfone membrane (Vivaspin 20 concentrator; Sartorius Stedim Bio-
tech, Goettingen, Germany), which retained the SV1 phage but not proteins that
could cause bacterial lysis, such as LytA, Svl, holins, and bacteriocins (mass <
100 kDa). Both the filtrate containing proteins of <100 kDa and that containing
the phage particles were used. Phage plaques were observed with a Leica MZ7.5
high-performance stereo microscope (Leica Microsystems, Germany).

Viability assays. Flow cytometry analysis of cultures treated with MitC was
performed. As a control for cell death, the cultures were treated with nisin and
DOC. All compounds used were filtered through a 0.22-pm-pore-size membrane
before flow cytometry measurement. In these assays, selective overnight cultures
of wild-type SVMC?28 and the derived mutants strains were diluted 1:100 in fresh
0.22-pm-filtered C+Y and grown to the appropriate ODg. Cells were collected
immediately after exposure and at 20-min intervals during a 2-h period and then
diluted in sterile-filtered 0.85% NaCl to a concentration of ~1 X 10° cells/ml.
Cell viability was assessed by using the Live/Dead BacLight bacterial viability kit
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Briefly,
1.5 pl of Syto 9 (green fluorescent nucleic acid stain; 3.34 mM) at a final
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concentration of 5 uM and 1.5 pl of propidium iodide (PI) (red fluorescent
nucleic acid stain; 2 mM) at a final concentration of 3 uM were added to each
1-ml diluted sample of cells. PI stock solution was diluted to 2 mM in sterile-
filtered distilled H,O immediately prior to staining. The samples were then
incubated at room temperature in the dark for 20 min and analyzed on a Partec
CyFlow space flow cytometer (Partec GmbH, Miinster, Germany) with 488-nm
excitation from a blue solid-state laser at 50 mW. Forward scatter (FSC), side
scatter (SSC), and two fluorescence signals were measured. Green fluorescence,
indicating the population of live cells (nonpermeabilized cytoplasmic mem-
branes) was detected in the FL1 channel, and red fluorescence, indicating the
population of dead cells (permeabilized cytoplasmic membranes), was detected
in the FL3 channel. Optical filters were set up so that FL1 measured at 520 nm
and FL3 measured above 610 nm. The sample analysis rate was kept below 1,000
events/s. The trigger was set for the FSC channel, and the combination of FSC
and SSC was used to discriminate bacteria from the background. Twelve thou-
sand events were collected for each sample taken. Data were collected and
analyzed using FloMax software (Partec GmbH, Miinster, Germany). Assays
were carried out at least in duplicate.

Cell viability was also assessed by fluorescence microscopy to confirm staining
by the different strains after MitC treatment. Syto 9/PI-labeled cell suspensions
were microscopically analyzed 40, 80, and 120 min after MitC addition with a
Zeiss Axiovert 200 M microscope (Carl Zeiss, Germany) equipped with a 100-W
halogen lamp, the appropriate excitation and emission filters for Syto 9 and PI
(excitation wavelengths, 450 to 490 nm [Syto 9] and 540 to 552 nm [PI]; emission
wavelengths, 515 to 565 nm [Syto 9] and >590 nm [PI]), a Plan Apochromat
63X/1.4 objective lens, and a CoolSnap HQ charge-coupled device camera
(Roper Scientific Photometrics, Tucson, AZ). Fluorescence photographs were
acquired with Metamorph software (version 6.1r0).

Statistical analysis. Differences in the mean values of the lysis extent between
strains were analyzed by a Student ¢ test. For all comparisons, a P value of <0.05
was considered to represent statistical significance; 95% confidence intervals for
the average of the OD measurements from different experiments were calculated
based on the Student ¢ distribution.

Nucleotide sequence accession number. The DNA sequence of the 1.719-kb
SV1 lytic cassette has been assigned GenBank accession number FJ765451.

RESULTS

The prophage SV1 lytic cassette and construction of the
lysin mutants. Strain SVMC28, an S. pneumoniae clinical iso-
late lysogenic for the inducible phage SV1, was selected for
study (34). The SV1 lytic cassette is localized downstream of
the structural cluster and adjacent to the a#tP site in the SV1
genome, similarly to other pneumococcal lytic cassettes, and
shows a high nucleotide sequence identity to the pneumococcal
phage MM1 (31). In addition, it exhibits a typical three-com-
ponent organization in which the two open reading frames
encoding putative holins (Svh1 and Svh2) precede the endoly-
sin gene, which encodes a putative amidase (Svl). Attempts to
clone svil and svh2 open reading frames in E. coli resulted in
loss of viability, strongly indicating that these proteins corre-
spond to holins (data not shown).

In order to construct S. pneumoniae mutants without bac-
terial and phage lytic activities, the lyt4 and svl genes were
eliminated by insertion-deletion in the clinical isolate SVMC28
(Table 1). Elimination of the lytic genes did not alter the
growth rates of the mutants. In fact, all strains displayed
growth curves indistinguishable from those of the parental
strain, indicating that the modifications introduced had no
significant impact on pneumococcal physiology. As expected,
the lytA-deficient strains SVMC28 AlytA and SVMC28 Asv/
AlytA were greatly resistant to autolysis in stationary phase
(data not shown) and when treated with nisin or DOC (see Fig.
3). In these cases, only 30% to 45% lysis occurred 280 min after
nisin or DOC addition, which was far less than that exhibited
by the wild-type strain SVMC28 (close to 95%). The phage
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lysin played no role in the response to these stimuli, since
SVMC28 AlytA and SVMC28 Asvl AlytA showed similar lytic
phenotypes. Thus, residual lysis was probably caused by other
pneumococcal autolysins, such as LytC, which is also respon-
sible for lysis in stationary phase but with a lower activity than
LytA at 37°C (6, 12). The elimination of sv/ in the SVMC28
Asyl mutant did not alter the lytic response upon nisin and
DOC treatment, which was characterized by the same lysis rate
as the wild-type strain (see Fig. 3), confirming that LytA is fully
functional in this mutant strain.

Phenotypic evaluation of phage-induced lysis. To investigate
the possible role of the autolysin LytA in phage release in S.
pneumoniae, we started by comparing the lytic phenotypes of
the parental and mutant strains after induction of the SV1 Iytic
cycle with MitC. As indicated in Fig. 1A, SVMC28 Alyt4 cul-
tures showed pronounced lysis 80 min after MitC addition, in
contrast to the control untreated cultures. This is consistent
with the known role of phage lysins in bacterial cell wall deg-
radation to allow the release of new phage particles. Remark-
ably, in the mutant lacking endolysin (SVMC28 Asvi), lysis was
unequivocally detected after treatment with MitC, clearly dem-
onstrating that LytA is activated after prophage induction.

Analysis of the MitC-treated double mutant SVMC28 Asv/
AlytA, which lacks LytA and Svl, revealed negligible lysis with
a maximum of 35% lysis at 180 min (Fig. 1A), which may
reflect the activity of LytC (12). A PFGE analysis of the total
DNA showed no considerable changes in prophage excision
compared to the wild type in SVMC28 Asvl and SVMC28 Asv/
AlytA mutant strains, with all MitC-treated cultures showing
free phage DNA (~33 kb), which was not detected in the
untreated control cultures (Fig. 1B). This was also observed for
the IlytA-deficient mutant SVMC28 AlytA (data not shown).
The extra fragments visualized below the chromosome are con-
catemers of the phage genome, as already demonstrated for SV1
(34). These observations clearly demonstrate that, similarly to the
wild type, in all mutant strains, the phage successfully initiated the
lytic cycle with DNA excision and replication, indicating that
the observed lysis after MitC addition was phage mediated.

To test whether this newly discovered role of LytA was inde-
pendent of the bacterial genetic context, we characterized the lysis
of similar mutants generated in the R36A background by lysog-
enizing the laboratory strains R36A and R36A AlytA4 with phages
SV1 and SV1 with syl deleted (SV1 Asvl) (Table 1). As depicted
in Fig. 1C, MitC induction of phage excision in the endolysin-
deficient R36AP Asv/ strain resulted in pronounced lysis, confirm-
ing the activation of LytA. Thus, independently of the host ge-
netic background, LytA mediates phage-induced lysis of the host
cell in the absence of the endolysin.

It is noteworthy that the lysis rates of the Asv/ mutant were
similar to those of the Alyt4 mutant in both SVMC28 and
R36A backgrounds (Fig. 1A and C), indicating that the exclu-
sive presence of the autolysin LytA in the absence of any phage
lytic enzyme is sufficient for an accentuated decrease in OD at
the end of the lytic cycle. However, the bacterial autolysin
appears not to influence the lysis rate or the lysis extent pro-
moted by Svl, since these parameters were similar between the
SVMC28 and R36AP strains (containing both enzymes) and
the respective AlytA mutants, in which just the Svl activity is
present (Fig. 1A and C). Nevertheless, for R36A in the ab-
sence of LytA (strain R36AP Alyt4), the lysis timing was de-
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FIG. 1. Participation of bacterial and phage lysins in pneumococ-
cal-phage-induced lysis. (A) Lysis profiles of SVMC28 strains. Wild-
type SVMC28 and the derived mutants were grown to an ODg, of 0.2
to 0.25, and 0.1 pg/ml of MitC was added to induce phage excision (0
min). (B) PFGE analysis of extrachromosomal phage DNA induced
with MitC. Total DNA was isolated from cultures of SVMC28,
SVMC28 Asvl, and SVMC28 Asvl AlytA treated with MitC or left
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layed. Thus, in contrast to the experiment performed in the
SVMC28 genetic background, in the R36A strain, LytA is
essential to control the exact timing of lysis.

In both genetic backgrounds, exclusive reliance on LytA for
lysis resulted in a 20-min delay relative to when both phage and
host lysins were present (Fig. 1A and C). This delay was not a
reflection of a difference in growth rates, as the doubling time
of the Asvl mutants was comparable to those of the SVMC28
and R36AP strains. In addition, a substantial reduction of the
total lysis percentage in the Asv/ mutants relative to the strains
carrying both bacterial and phage lysins was also observed (at
180 min, SVMC28 Asvl and SVMC28, P < 10~ *[Fig. 1A], and
R36AP Asvl and R36AP, P < 10~ * [Fig. 1C)).

Collectively, these results suggest that in the absence of
phage endolysin, although LytA is able to mediate bacterial
lysis, already assembled phage particles may be retained inside
the bacterial host for a longer time, and that relying exclusively
on the host autolysin could have an important impact on the
quantity of phage particles released.

Phenotypic assessment of phage release. Although the dif-
ferent lytic phenotypes provide clues about the changes in the
phage particles released, the measurement of phage produc-
tion was essential to determine if a significant difference in the
release of phage progeny was observed. A phage plaque assay,
using strain R36A as an indicator, was therefore performed
using the supernatant of the MitC-induced strains SVMC28
and R36AP and the corresponding mutants at different time
points. When the R36A lysogens (with phage already adapted
to infect R36A) were used, the plating efficiency was improved
relative to the phage obtained directly from SVMC28, provid-
ing excellent conditions to explore the differences attributed to
LytA in virion release.

In the absence of endolysin, phage plaques were clearly
observed, indicating that LytA by itself allows the release of
functional phages capable of completing their life cycle (Fig.
2A). However, in accord with the delayed lysis timing, phage
plaques obtained for R36AP Asvl were observed only from 100
min onward, whereas for R36AP, phage plaques were already
visible 80 min after MitC addition, when culture lysis was
detected (Fig. 2A). In agreement with the reduced lysis medi-
ated exclusively by LytA relative to that observed in the pres-
ence of both host and phage lysins, the number of phage
released when only LytA was present was also significantly
diminished (at 180 min, P < 107°) (Fig. 2D). Thus, these

untreated (control). The preparations were separated by PEFGE. The
white arrow indicates the bacterial chromosome (about 2.2.Mb), while
the black arrow indicates phage DNA. Similar PFGE profiles were
obtained for SVMC28 AlytA (data not shown). M\, lambda ladder
PFGE marker (New England Biolabs, Beverly, MA). (C) Lysis profiles
of lysogenized R36A strains. R36AP, R36AP AlytA, R36AP Asvi, and
R36AP AlytA Asvl were grown to an ODy, of 0.2 to 0.25, and 0.1 pg/ml
of MitC was added to induce phage excision (0 min). In panels A and
C, the arrows represent the times at which lysis started: 80 min after
MitC addition for SVMC28, SVMC28 AlytA, and R36AP (black ar-
rows) and 100 min for SVMC28 Asvl, R36AP Asvi, and R36AP AlytA
(white arrows). The untreated SVMC28 and R36AP cultures are rep-
resentative of the growth curves of all untreated strains. The results are
averages of a minimum of four independent experiments, and 95%
confidence intervals are indicated.
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FIG. 2. Participation of bacterial and phage lysins in phage release. (A) Phage release patterns. The culture media of R36AP, R36AP Asvi,
R36AP AlytA, and R36AP AlytA Asvi treated with MitC were filtered (0.45 wm) at 20-min intervals after the start of lysis in the R36AP strain, and
the supernatants were used directly in phage plaque assays of the indicator strain R36A. The time after MitC addition is indicated. The results are
representative of three independent experiments. (B) Phage plaque assay using indicator strains differing only in the presence or absence of LytA.
The supernatant of the culture medium of R36AP was collected 180 min after MitC treatment and used on indicator strains R36A and R36A AlytA4.
The results are representative of three independent experiments. (C) Indicator lawn lysis is due to phage induction. As a control, R36A indicator
lawns were exposed to C+Y medium with MitC at the same concentration used for phage induction. For R36AP Alyt4 Asvl, the supernatant
collected 180 min post-MitC addition produced no phage plaques. The supernatant of an R36AP culture treated for 180 min with MitC was filtered
through a 100-kDa-cutoff membrane to retain phages while eliminating small proteins. The <100-kDa filtrate showed no phage plaques, unlike
the retained fraction (>100-kDa filtrate; 10~ " dilution), demonstrating that the plaques were due to phage and were not due to the action of
bacterial and phage lysins, holins, or bacteriocins (mass < 100 kDa), which can cause cell lysis. (D) Comparison of the numbers of PFU per ml
detected upon phage induction. The numbers of PFU per ml were determined for strains R36AP, R36AP Asvl, and R36AP AlytA after 180 min
of MitC treatment on indicator lawns of strains R36A and R36A AlytA4, as indicated. Averages and 95% confidence intervals are indicated. For
R36A in the indicator lawn, the comparisons were between supernatants obtained from R36APA lyt4 and R36AP (P < 10~ %), R36AP Asvl and
R36AP AlytA (P < 107%), and R36AP Asvl and R36AP (P < 10~°). When the R36AP supernatant was plated on indicator lawns of strains R36A
and R36A AlytA, P was <10~ °. Magnification (A to C), X6.3 or X8.0.

R36APAsvi R36APAlytA R36AP

R36APAsvl

=

N
0
i

MitC R36APAlytAAsvl

1)
=3
L

—
w
t

PFU(105)/ml
[+
|+
I

<100 KDa filtrate >100 KDa filtrate

results support previous observations and confirm that lysis
strictly dependent on LytA may severely impair phage fitness
by reducing phage progeny release and delaying its timing.
Surprisingly, the bacterial-lawn clearance due to infection
with supernatant from R36AP AlytA was different from that
due to R36AP (Fig. 2A). The lysis delay between R36AP AlytA

and R36AP prevented a direct comparison of the phage
plaques obtained at most of the time points studied. Never-
theless, at 180 min, when the two lytic processes reached in-
distinguishable and approximately stable lysis extents (Fig.
1C), the bacterial lawn clearance due to infection with R36AP
AlytA supernatant was much less pronounced than that due to
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infection with R36AP supernatant (Fig. 2A), resulting from
fewer phage being released (P < 10~ %) (Fig. 2D). Similarly, for
the SVMC28 genetic background, in the absence of LytA, the
bacterial clearance due to phage infection was always less
marked at any given time than that observed for the wild type
(data not shown). This was also unexpected, since the lysis of
SVMC?28 AlytA and the wild type was characterized by the same
overall extent, timing, and rate (Fig. 1A). Thus, one would expect
that the numbers of phage released would be equivalent at any
given point of the lytic process for those strains.

Thus, these data reveal a negative impact on phage release in
the absence of LytA, indicating that the bacterial autolysin, to-
gether with the phage endolysin, maximizes progeny release, con-
tributing substantially to this process. In fact, another set of ex-
periments further established this role. When the same phage
preparation obtained after total lysis of MitC-treated R36AP was
used to infect strains R36A and R36A Alyt4 as indicators (differ-
ing only in the presence of a functional LytA), fewer phage
plaques were obtained for R36A Alyt4 (P < 10~°) (Fig. 2B and
D), demonstrating the importance of the presence of the host
lysin for plaque formation and supporting its role in phage re-
lease.

Membrane permeabilization and cell lysis. It has been
shown for some bacteria that holins strictly control the lysis
timing by disrupting the bacterial cytoplasmic membrane,
which results in the triggering of the endolysin activity (13, 39,
42, 51, 52). In S. pneumoniae, phage endolysins depend on
holin activity for efficient peptidoglycan degradation (8, 28),
but whether the timing of lysis, and thus the endolysin activity,
is controlled by holins has yet to be determined. Given the
observation that LytA is able to mediate phage-induced lysis,
we tested if the permeabilization and consequent depolariza-
tion of the cytoplasmic membrane caused by the holins (13, 43)
is responsible for the activation of both lysins.

To address this issue, a real-time flow cytometry analysis of
bacterial viability based on membrane integrity was performed
after phage induction. In this assay, using a Live/Dead Bac-
Light bacterial viability kit (Invitrogen, Carlsbad, CA), cells
with damaged membranes (the dead population) allow the
uptake of PI, fluorescing red (FL3 channel), whereas undam-
aged cells (the live population) internalize only the Syto 9 dye,
fluorescing green (FL1 channel). The first step consisted of
setting gates that differentiated between the two populations.
As a control for cell death, we used the antimicrobial agent
nisin, which, by inserting into the cytoplasmic membrane,
causes irreparable membrane damage and triggers pneumo-
coccal LytA activity (Fig. 3A) (45). After 10 min, before com-
plete lysis occurred in the wild-type culture, the untreated and
the nisin-treated cells formed two well-defined and distinct
populations (Fig. 3B). Therefore, the gates representing dam-
aged (R2) and undamaged (R3) cells were constructed using a
1:1 mixture of untreated and nisin-treated cells. Gating with
R2 and R3 revealed that 99% of the untreated cells remained
intact compared with less than 0.2% of the nisin-treated cells
(Fig. 3B). To assess the robustness of the constructed gates, we
used the detergent DOC, a well-known trigger of LytA activity
(33, 47), which is assumed to have membrane-permeabilizing
properties. In this experiment, the LytA-lacking mutant SVMC28
Asvl AlytA was used to avoid immediate lysis (Fig. 3C and D).
The untreated cells fit entirely into gate R3, and immediately
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after DOC addition, the cells were distributed almost exclu-
sively in gate R2 (Fig. 3D). Similar results were obtained with
strain SVMC28 AlytA (data not shown). Therefore, the chosen
gates allowed complete differentiation of damaged cell popu-
lations due to other membrane perturbations, in addition to
those induced by nisin.

The validated gates were then applied to determine the
proportions of viable and permeabilized populations in wild-
type and mutant cultures treated with MitC. Depending on the
strain analyzed, different fluorescence patterns emerged. For
the double mutant SVMC28 Asvi AlytA, a shift of the bacterial
population toward increased red fluorescence intensity (R3 to
R2) was observed, indicating that the cells were becoming
permeabilized with increasing time after phage induction (Fig.
4). In fact, after 120 min of phage induction, almost all cells
were within the R2 gate. This feature was not observed for the
wild-type strain (Fig. 4) or the SVMC28 AlytA strain (data not
shown). At 80 min, membrane integrity was already compro-
mised in a significant fraction of the SVMC28 Asvl AlytA bac-
terial population, precisely when lysis was evident in the wild
type (Fig. 1A). In contrast, in both the SVMC28 Alyt4A and
wild-type strains, the majority of the population detected was
viable, with the holin-damaged fraction corresponding to about
7% (Fig. 4). This can be attributed to rapid lysis upon holin
membrane permeabilization. The compartment of damaged
cells that had not yet lysed was therefore very sparsely popu-
lated due to the extremely fast lysis triggered by holin activity.
These data provide definite evidence that holin-induced mem-
brane lesions trigger the lytic activity of the phage endolysin.

We then went on to analyze by flow cytometry the mutant
SVMC28 Asvl after MitC treatment to test the hypothesis that
LytA may also be activated by the same holin lesions that
induce Svl endolysin activation. In line with the observed lysis
caused by LytA, the SVMC28 Asvl pattern resembled that of
the wild-type strain, with a large population of intact cells (gate
R3) and a smaller fraction of damaged cells (gate R2) at every
time point after MitC phage induction (Fig. 4). Contrary to the
large reservoir of dead bacteria observed in SVMC28 Asv/
AlytA, the fraction of damaged cells was substantially smaller in
SVMC28 Asvl, as the population driven into the R2 gate by the
holins underwent lysis, becoming undetectable by flow cytom-
etry. Thus, membrane permeabilization caused by the holins is
responsible for triggering LytA activity. However, in SVMC28
Asvl, a larger population of membrane-damaged cells (gate
R2) was clearly visible from 80 min onward, in contrast to the
residual fraction observed in the wild type (Fig. 4). This ob-
servation is in agreement with the previously observed lysis
delay mediated by LytA in the absence of endolysin. In this
case, as the time between holin action and LytA-induced lysis
was more prolonged, a greater percentage of holin-permeab-
ilized but still unlysed cells was detected than with the wild
type. Besides the well-defined population of membrane-per-
meabilized cells, exclusively distributed in the R2 gate, there
was also a population located between the R2 and R3 gates.
This mixed population was also observed in SVMC28 Asv/
AlytA, and since it was increasingly found in R2, it may corre-
spond to chains containing both damaged and undamaged
cells, where the number of damaged cells increased with time.
This was indeed confirmed by fluorescence microscopy. As shown
in Fig. 5, the number of PI-stained cells within the chains in-
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FIG. 3. Kinetics of nisin- and DOC-triggered lysis of wild-type S. pneumoniae SVMC28 and mutants and corresponding flow cytometry analysis.
(A) Kinetics of nisin-triggered lysis. Nisin at a final concentration of 1 ug/ml was added to cultures at an ODy, of 0.2 to 0.25, and the OD was
monitored. The arrows indicate the times at which nisin-treated cultures were harvested for flow cytometry analysis (10 min). (B) Flow cytometry
analysis of wild-type SVMC28 and SVMC28 Asvl AlytA after nisin treatment. Exponentially growing cells were treated with nisin or left untreated
(panel A), stained with a mixture of Syto 9 and PI, and analyzed on a flow cytometer. Similar analysis patterns were obtained for SVMC28 Alyt4
and SVMC28 Asvl (data not shown). Gates R2 and R3 differentiated between damaged and undamaged cell populations, respectively, and were
designed over gate R1, which included the total stained population. The results are representative of a minimum of two independent experiments.
(C) Kinetics of DOC-triggered lysis. DOC at a final concentration of 0.04% (wt/vol) was added at time zero to cultures in mid-exponential phase
(ODygqy = 0.4), and the turbidity was monitored. (D) Flow cytometry analysis of SVMC28 Asvl AlytA exposed to DOC. Exponentially growing cells
were treated with DOC at 0.04% (wt/vol). Culture samples were collected at 0, 40, and 80 min after DOC addition (panel C), stained with a mixture
of Syto 9 and PI, and analyzed on a flow cytometer. As a control, the same cells were left untreated. Gate definitions were as for panel A. The
results are representative of a minimum of two independent experiments. In panels A and C, the results presented for each strain correspond to
the mean value of at least two independent assays, and 95% confidence intervals are indicated.

creased with time after SV1 induction. For instance, at 80 min,
when the total population was almost evenly distributed between
R2 and R3 (Fig. 4), approximately half of most chains in fact
consisted of damaged, Pl-stained cells (Fig. 5C). In addition,
these observations also confirm the increased permeabilization
perceived from flow cytometry analysis. In line with these data, in
the SVMC28 Asvl flow cytometry profile, more chains were ob-
served with a mixture of damaged and undamaged cells than in
the wild type (Fig. 4). This persistence of chains, which are not

promptly dispersed by cell lysis, is caused by the delayed LytA-
induced lysis of holin-damaged cells.

DISCUSSION

The “holin-lysin” strategy to release phage progeny through
host lysis is the most widespread system in nature (53) and
appears to be present in every S. pneumoniae phage (8, 28, 31).
In this system, phage endolysins ultimately destroy the host
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FIG. 5. Fluorescence microscopy analysis of Syto 9/PI-stained strain SVMC28 Asvl AlytA after MitC phage induction. SVMC28 Asvl AlytA
culture samples were collected at 40, 80, and 120 min after the addition of 0.1 pg/ml MitC, stained with a mixture of Syto 9 and PI, and visualized
on a fluorescence microscope (magnification, X630). As a control, the same cells were not treated with MitC. Different fluorescence patterns were
clearly detected. (A) The untreated control corresponds mostly to bacteria exclusively stained with Syto 9. (B) After 40 min of phage induction,
PI stained a few cells (dead cells), although the majority of cells stained only with Syto 9, indicative of intact membranes. (C) Eighty minutes after
phage induction, almost half of the cells were stained with PI, with chains containing a mixture of PI- and Syto 9-stained cells. (D) After 120 min
of phage induction, PI stained almost every cell. The chains showed few bacteria stained only with Syto 9. Each panel is from a representative
experiment of four independent assays.

envelope, allowing the escape of fully assembled virions, and
therefore, this phage-encoded function is essential (8, 28, 54).
However, the presence in S. pneumoniae of the powerful au-
tolytic amidase LytA, which both structurally and functionally
closely resembles pneumococcal-phage endolysins (10, 23, 34—
36), raises the possibility that it could play an important role in
phage-mediated lysis. Since holins, the other protein compo-
nents of phage “holin-lysin” systems, form lesions in the host

membrane (8, 13, 43) and membrane depolarization leads to
autolysis in B. subtilis (16), it is tempting to hypothesize that
cell wall-resident LytA could be activated by the holin-induced
lesions. Although it has been suggested that the pneumococcal
autolytic enzyme LytA contributes to phage release, convinc-
ing evidence has never been provided (11, 38). In the earlier
reports, some experimental conditions used to analyze the role
of LytA (e.g., culture transfer after Dp-1 infection to medium

FIG. 4. Effect of phage holin activity on S. pneumoniae cell membrane permeabilization. Cultures of SVMC28, SVMC28 Asvi AlytA, and
SVMC28 Asvl were treated with MitC and tested for membrane permeabilization at various times by flow cytometry analysis using a mixture of
Syto 9 and PI staining (Live/Dead BacLight bacterial viability kit; Invitrogen, Carlsbad, CA). Experimentally defined gates R2 and R3 were used
to differentiate between damaged and undamaged cell populations and were designed over gate R1, which included the total stained population
(Fig. 3). The left column shows a shift in the Syto 9/PI staining pattern through time after phage induction of strain SVMC28 Asvl AlytA, which
lacks both the phage endolysin and the S. pneumoniae autolysin, LytA. In the presence of lytic enzymes (middle and right columns), a different
scenario was observed, with only a few damaged cells detected. The data are from a representative experiment of a minimum of three independent
experiments.
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containing ethanolamine instead of choline) inhibit autolysin
activity, as indicated by the authors (38), but also inhibit the
activity of phage lysins, which depend on choline for proper
function in the majority of phages, including Dp-1. Thus, the
inhibition of phage release could be attributed to inhibition of
the Dp-1 endolysin activity. On the other hand, LytA was
essential for lysis of strain R6 at a low multiplicity of infection
(<1) of the virulent phage Dp-1, since no lytic phenotype was
observed in the derived lyt4-deficient strain, regardless of an
evident role of the endolysin at a high multiplicity of infection
(>1) in the strain lacking LytA (11, 38). Given those inconsis-
tencies, we set out to clarify the role of the bacterial autolysin
in host lysis and release of newly assembled phage particles,
using SV1, a lysogenic pneumococcal phage that carries a
typical lytic cassette encoding putative holin (Svh) and lysin
(Svl) activities.

The data presented here reveal unambiguously that LytA is
activated during pneumococcal-phage-mediated lysis. In the
absence of endolysin, this extremely powerful autolysin is able
to mediate extensive host lysis that actually results in the re-
lease of a large number of fully functional phage capable of
infecting other hosts. Thus, pneumococcal phages are able to
use the bacterial autolysin LytA to exit from the host cell,
completing their life cycle, in contrast to all other phages
relying on a “holin-lysin” system. In the overwhelming majority
of phages studied so far, mutants in the genes encoding endo-
lysins are absolutely incapable of host lysis, trapping the phage
progeny within the host cell (53). In T7 and T4 E. coli phages,
artificial deletion of the endolysin did not prevent host lysis
(15). However, in these unusual cases, the phages evolved to
use another protein with muralytic activity encoded in their
genomes, whose native function is to assist in the initial stages
of infection to allow entry of the phage genome into the host
cytoplasm (15). Dependence on lytic factors of cellular origin
to disrupt the infected cell was indeed demonstrated only for
phage PM2 of Pseudoalteromonas (19). Still, this phage does
not encode an endolysin in its genome to autonomously
achieve bacterial-host lysis and uses a novel system different
from the typical “holin-lysin” strategy for progeny release (19).

If LytA is activated upon phage induction, leading to pro-
ductive lysis in the absence of phage endolysins, what part does
LytA play in the overall process under physiological condi-
tions? From the lytic phenotypes, it seems that LytA activation
does not contribute significantly to endolysin-mediated lysis
(except perhaps for earlier lysis in the R36A bacterial back-
ground). Given these observations, we hypothesized that LytA
activation is not crucial to accomplish efficient phage progeny
release and is merely a side effect of the induction of the phage
lytic system. However, the results from the phage plaque assays
point to a different and more complex scenario. Phage release
achieved by Svl endolysin is maximized by LytA, since the
number of phage particles released is diminished in the ab-
sence of bacterial autolysin. This was observed both in lyso-
genic SVMC28 and lysogenized R36A strains. Interestingly, in
the R36A genetic background, the absence of LytA (strain
R36AP AlytA) also resulted in delayed lysis relative to that of
the strain carrying both the phage and bacterial lysins. In
conclusion, LytA activation after phage induction is not merely
an inconsequential parallel process but seems to be essential
for efficient phage progeny release.
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Although LytA acts cooperatively with phage lysin to opti-
mize phage progeny release, we observed that dependence
solely on LytA might result in impaired phage fitness. In fact,
host autolysin-induced lytic phenotypes showed a delay in lysis
timing and a reduction in the proportion of total lysis. This
corresponded to a delay in the release of phage particles and a
significant reduction in the overall phage yield relative to what
happens in the presence of both autolysin and endolysin. While
retained in host cells, fully assembled phages lose the oppor-
tunity to infect naive hosts, with a detrimental effect on phage
propagation. Indeed, previous reports have shown an intimate
relationship between lysis timing and phage fitness (15, 49). In
addition, as the holins permeabilize the cells before lysis oc-
curs, the LytA-induced delay in lysis traps new phages inside an
already dead cell without biosynthetic capacity and thus inca-
pable of further particle assembly. This LytA-mediated subop-
timal phage release provides a provocative explanation for the
crucial role of endolysins.

Another important conclusion from our data is that holin-
induced lesions of the membrane not only activate phage en-
dolysin, but also result in LytA activation. Thus, relying simply
on holin function, phages elegantly accomplish the activation
of the entire lytic arsenal at their disposal. Although holin-
induced LytA activation could somehow be predictable, this is
a significant finding, as dissipation of the membrane proton
motive force does not always trigger the autolysins. Indeed, in
B. subtilis, the major autolysin does not respond to proton
motive force dissipation factors, despite other such enzymes
being responsible for cell lysis following death from energy
poisons (2, 25, 26). Thus, our data raise the possibility that the
energy status of the membrane is important in LytA regulation.
However, the underlying signaling mechanism induced by de-
polarization to trigger the activity of LytA is not understood.
Cell depolarization may induce structural and spatial changes
in the membrane (16, 18, 20) leading to LytA activation, prob-
ably by altering the inhibitory interactions between LytA and
cell wall components, such as lipoteichoic acids (3, 7). It must
be emphasized that LytA activity is not always indicative of
bacterial lysis, since the enzyme has been implicated in other
physiological processes, such as peptidoglycan synthesis and
turnover and daughter cell separation (41, 47). Given its po-
tentially lethal activity, however, LytA is tightly regulated to
ensure the maintenance of cell integrity. We may therefore
speculate that these physiological functions of LytA involve
small and controlled local changes in membrane architecture
activating LytA in a controllable fashion. In contrast, extensive
depolarization, such as that imposed by holins, with major
changes in the cell membrane and consequently in the cell wall
architecture, may lead to massive and uncontrolled LytA acti-
vation, resulting in cell lysis. In fact, LytA-induced lysis upon
the addition of B-lactams is related to the inhibition of pepti-
doglycan synthesis (48), which could also induce major changes
in cell wall structure.

Since LytA resides in the cell wall, our observation that LytA
is activated by holin lesions leads us to speculate on an alter-
native regulatory mechanism of phage endolysins. Pneumococ-
cal-phage lysins are structurally and functionally similar to the
bacterial cell wall hydrolase LytA (10, 23, 34, 36). Indeed, the
constitutive expression of the pneumococcal-phage lysin HBL-3
or CPL-1 in S. pneumoniae M31, a mutant with the lyz4 gene
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deleted, restored the ability of the strain to undergo lysis in
stationary phase and after exposure to DOC, two cellular re-
sponses that are dependent upon LytA activity (35). In spite of
the absence of a canonical N-terminal sequence signal, LytA is
translocated across the cytoplasmic membrane (7). Thus,
pneumococcal-phage lysins could also be transported by the
same unknown pathway that targets LytA to the cell wall and
could be subjected to the same type of physiological control.
Although the canonical model of “holin-lysin” systems indi-
cates that holins provide access of cytoplasmic lysins to the cell
wall through holes generated in the plasma membrane, in
pneumococci, holins could function simply to activate these
secreted endolysins through membrane depolarization, simi-
larly to LytA activation, rather than allowing their egress.

Taken together, our data provide the first evidence of the
involvement of bacterial lysins in the progeny release of endo-
lysin-equipped phages. Pneumococcal-phage dependency on
the host autolysin for optimal progeny release underscores the
complex relationship between lysogenic phages and their bac-
terial hosts.
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