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Abstract

Previous work had shown that, in some Staphylococcus aureus strains, low concentrations of the virulent phage
vB_SauM_philPLA-RODI (philPLA-RODI) promoted the formation of DNA-rich biofilms, whose cells exhibited
significant transcriptional differences compared to an uninfected control. This study aimed to dissect the sequence of events
leading to these changes. Analysis of phage propagation throughout biofilm development revealed that the number of phage
particles increased steadily up to a certain point and then declined. This partial phage inactivation seemed to be a
consequence of medium acidification due to glucose fermentation by the bacterium. Computer simulation of phage—host
dynamics during biofilm development showed how even small differences in pH evolution can affect the outcome of phage
infection. An acidic pH, together with successful phage propagation, was also necessary to observe the phage-associated
changes in biofilm architecture and in the transcriptional profile of the bacterial population. Altogether, this study shows how
the dynamics between phage and host can be tightly coordinated through an environmental cue, even in the context of a

complex biofilm population.

Introduction

As highly specialized predators, bacteriophages need to
coexist with their bacterial hosts. Indeed, prey extinction
would unavoidably lead to disappearance of the viral
population. Temperate phages avoid this by integrating into
the host chromosome at a frequency that depends on the
environmental conditions [1]. It is not so clear, however,
how virulent phages, i.e., those that only follow the lytic
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cycle, achieve coexistence. Some authors have explored
“Red Queen” models of a co-evolutionary arms race [2], or
fluctuating selection dynamics (FSD) [3], two strategies that
may alternate depending on the environmental conditions
[4, 5]. In the first model, phage infectivity and bacterial
resistance increase over time up to a certain point, while
FSD reflects the existence of a fluctuation in the resistance
and infectivity phenotypes. In some environments, how-
ever, the phenomenon of local adaptation seems indicative
of a higher selective pressure on the phage population to
become more infective than on the bacterial population to
acquire resistance [6]. Another explanation of phage—host
coexistence would be the likelier selection of phages that
are “mediocre Kkillers” compared to more efficient phage
variants that would rapidly die off after eradicating their
host [7]. This reduced virulence may be achieved through
the evolution of various phage life traits (e.g., reduced
adsorption, delayed lysis, etc.). Another potential factor is
spatial heterogeneity, as is observed in soil and biofilms,
which might slow down phage propagation and favor the
evolution of more ‘“cautious” infection strategies (e.g.,
mediocre killers, vertical transmission, etc.), as well as favor
low interaction rates between phage and bacteria [8]. A
recent study has found that spatial heterogeneity also plays
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a role in bacterial communities living in the mammalian gut
[9]. A further possibility for coexistence is related to the
phenomenon of phenotypic resistance [10, 11]. None-
theless, there may be additional factors influencing the
balance between phage propagation and decay that may
ultimately lead to co-survival, perhaps in coordination with
bacterial growth. For instance, propagation rates vary
according to the metabolic state of the host, which is, in
turn, dependent on nutrient availability [12, 13]. Addition-
ally, production of certain bacterial metabolites at certain
growth stages might, as a collateral effect, contribute to
phage inactivation if they have a deleterious impact on
phage particle stability [14]. Understanding the nature of
such interactions would help us acquire a more realistic
view of phage-host dynamics, and might provide some
clues regarding the potential effect of releasing bacter-
iophages into the environment for therapeutic purposes.
Biofilms are the most widespread microbial lifestyle
outside microbiology laboratories. As a result, most inter-
actions between bacteria and bacteriophages will likely take
place within these complex structured communities. Fur-
thermore, there are multiple examples in which phages
affect biofilm development [15]. For instance, prophages in
Shewanella oneidensis MR-1 enhance matrix accumulation
by releasing extracellular DNA (eDNA) [16]. Other tem-
perate phages, however, participate by triggering biofilm
dispersal [17, 18] or structural development [19]. There are
also some examples involving virulent phages at low con-
centrations. Although research regarding this phenomenon
remains scarce, we do know that its underlying mechanisms
are diverse and depend on the specific phage-host pair.
Indeed, a study reported that phage predation resulted in
enhanced biomass in Pseudomonas aeruginosa, Salmonella
enterica, and Staphylococcus aureus [20]. In the first
example, this phenotype was due to the selection of strong
biofilm-forming mutants, while nonevolutionary mechan-
isms lay behind the increase observed in the latter two
species. Additionally, Tan et al. [21] determined that phage
KVP40 promoted cell aggregation in Vibrio anguillarum
PF430-3, whereas infection of strain BA35 by phage ®H20
decreased the attached biomass. Previously, we observed
that low-level predation by phage philPLA-RODI resulted
in increased adhered biomass in S. aureus IPLA1 due to
eDNA accumulation in late stages of biofilm development
[22]. Also, cells in the infected biofilms remained suscep-
tible to the phage and displayed major transcriptional
changes compared to uninfected biofilms. Indeed, 1063
genes exhibited differential regulation, including 76 genes
that suggested an activation of the stringent response. This
response is activated by the alarmone (p)ppGpp under dif-
ferent stress conditions, including amino acid starvation,
carbon source starvation, depletion of fatty acids, and
osmotic stress. The stringent response is known to play a
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Table 1 S. aureus strains used in this study.

Strain Description Reference
IPLA1 Dairy industry surface [43]
IPLA1S Meat industry surface [43]
RN450 Derivative of strain NCTC8325 [44]
ISP479r Derivative of strain NCTC8325 [45]
Newman Wild type [46]
rshyy, (Newman- ~ Newman with deletion of [37]

86) nucleotides 942 to 950 of rsh gene

compl (Newman-  rsh,y, complemented with full-length  [47]
86-199) rsh

role in different phenotypes such as entry into the stationary
phase, biofilm development, virulence, and even antibiotic
tolerance [23-26]. Here, we set out to unravel the
mechanisms behind the changes in biofilm architecture and
transcriptional profile associated to phage pressure.

Materials and methods

Bacterial strains, bacteriophages, and culture
conditions

All bacterial strains used are shown in Table 1. S. aureus
cultures were routinely grown in TSB (Tryptic Soy Broth,
Scharlau, Barcelona, Spain) with shaking or on Baird-
Parker agar plates (AppliChem, Germany) at 37 °C. Phage
philPLA-RODI was propagated on S. aureus IPLAI as
previously described [27]. Phage titer was determined by
using the double-layer technique using S. aureus IPLA1 as
a host strain [28]. To assess the stability of philPLA-RODI
particles at different pH values, a phage suspension was
diluted in TSB adjusted by adding 0.1 N HCI to a pH of 7,
6, 5, 4.75, or 4.5 at a final titer of 1x 108 PFU/ml and
incubated for 2 h at 37 °C. These phage suspensions were
then titrated as indicated above.

Biofilm formation assays

Biofilms were developed in 12-well microtiter plates
(Thermo Scientific, NUNC, Madrid, Spain) as previously
described [22]. Briefly, cell suspensions containing 10°
CFU/ml were prepared by diluting overnight cultures in
fresh medium. Depending on the experiment, the medium
used was TSB (TSB-7), TSB supplemented with 0.25%
glucose (TSBG) or TSB adjusted at a pH of 6 (TSB-6).
Each well was inoculated with 1 ml from this suspension
and 1 ml of fresh medium containing different phage titers.
These plates were incubated at 37 °C for 3, 5, 7, 9, or 24 h.
Following incubation, the planktonic phase was removed
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and serially diluted to determine viable cell counts and free
phage titer. Additionally, the pH of the planktonic phase
was monitored by using a calibrated pH meter. The adhered
phase was also recovered after two washing steps by adding
I ml of PBS and scraping with a sterile pipette tip. The
number of viable cells in the biofilm was then determined
by serial dilutions followed by plating. In both phases
(planktonic and biofilm), the number of free phages and
infectious phage particles stored inside cells (cell-associated
phages) was determined as previously described [29].
Briefly, all samples were centrifuged at 10,000 x g for 3
min. To estimate the number of free viral particles, the
supernatant was then filtered (0.45 um; VWR, Spain) and
titrated as described above. In turn, the pellets were resus-
pended in 500 pl of PBS and cells were lysed by adding
50 pl of chloroform in order to release the phage particles.
Next, samples were vortexed for 30s and subsequently
centrifuged to remove the cell debris. The supernatant was
then filtered and used to estimate the number of cell-
associated phages by the double-layer technique.

To estimate the eDNA content of the biofilm matrix, 24-
h biofilms were treated with 1 ml of 200 ug/ml DNase I in
activity buffer (150 mM NaCl and 1 mM CaCl,) or buffer
alone for 1h at 37 °C. After removal of this treatment, the
total attached biomass was quantified by crystal violet
staining as described previously [30]. Comparison of bio-
mass data between DNase-treated wells and control wells
allowed estimation of the biofilm eDNA content. To test the
effect of the combination between DNase and phage RODI,
24-h preformed biofilms were treated with 10° PFU/well of
philPLA-RODI with or without DNase for 24 h at 37 °C.
Afterwards, the number of viable cells and phage particles
were determined by serial dilution, and total biomass was
estimated by crystal violet staining.

Reactivation of the lytic cycle

Phage-infected biofilms were allowed to develop as
described above using an initial phage titer of 10 PFU/well
(MOI of 107%). After incubation for 24h at 37°C, the
attached cells were harvested and resuspended in 5ml of
fresh TSBG. This suspension was then incubated without
shaking at 37 °C and aliquots were taken at 0, 10, 30, and
45 min. The number of free phages and cell-associated
phage particles (those found inside unlysed infected cells)
was determined as described above.

Monitoring phage propagation under shaking
conditions

Overnight cultures of strain IPLA1 were diluted to obtain a
suspension containing 1 x 10° CFU/ml in different media,
namely TSBG, or TSB-7, and then combined 1:1 with a

phage dilution containing 10 PFU/ml prepared in the same
growth media. These samples were subsequently incubated
at 37 °C under shaking, and samples were taken at 3, 5, 7,
and 24 to determine the phage titer and pH as
described above.

Phage-host dynamics simulation model

A computational framework in Python 3 was developed to
simulate formation of a S. aureus biofilm in the well of a
12-well plate under different levels of phage pressure
throughout a 24-h period (for further details, please see
Supplementary file 1). To do that, the script recalculated
every 30 min the environmental pH, as well as the size of
three different populations in the biofilm and the planktonic
phase: free phage particles, newly infected bacterial cells,
and uninfected susceptible cells. Several parameters (bac-
terial growth rates, phage propagation and pH-stability
rates, and rate of pH decrease) were calculated from
experimental data. To do that, the number of cells and free
phage particles were determined at different time points for
samples representing different starting infection levels
(starting titers of 0, 1, 10, 100, 1000, and 10,000 corre-
sponding to MOIs of 0, 107%, 107°, 107%, 1073, and 1072).
The data obtained in the uninfected samples were used to
calculate the growth rate of the bacterial population, as well
as the evolution of pH in the growth medium (Supple-
mentary file 1, Figs. A and B). Additionally, phage propa-
gation rates and phage pH-stability rates (the proportion of
the phage population that survives at a given pH value)
were determined based on the data obtained with an initial
MOI of 1073, Conversely, the probability of infection rates
(defined as the number of infected cells per infective viral
particle) at different growth stages were estimated compu-
tationally in order to maximize the goodness of fit of
the model.

Transcriptional analysis

Samples from synchronized infection experiments, those in
which most cells are simultaneously undergoing the lytic
cycle, were obtained by growing bacterial cultures in
TSBG with aeration up to an ODgy ~1.0 and then
infecting them or not with phage philPLA-RODI (MOI 10).
For RNA preparation, 0.5-ml samples were taken at 10
and 20 min postinfection, before the onset of cell lysis. Prior
to storage at —80°C, these samples were pelleted at
10,000 x g for 3 min.

To obtain RNA from sessile cells, biofilms were developed
for 3, 5, 7, or 24 h without phage (MOI of 0) or by using
different initial subinhibitory MOIs (ranging from 107 to
1000) depending on the strain. After biofilm formation, the
first step involved removing the planktonic phase and
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washing the attached cells with PBS. Then, cells were scraped
from the well in 0.5 ml PBS mixed with 1 ml of RNA protect
(Qiagen) and incubated at room temperature for 5 min, sub-
sequently pelleted at 5000 x g for 10 min and further stored at
—80°C.

After thawing the samples on ice, RNA purification and
quality control were performed according to the protocol
described previously [22]. Transcriptional analysis was
performed by RT-qPCR as described by Fernandez et al.
[22]. Three biological replicates, each repeated in duplicate,
were analyzed for each condition. Fold changes were cal-
culated according to the Ct method. The reference genes
were ribosomal 16S rRNA for strains Newman and its
derived rshyy, mutant, and rp/D for all the other strains.
Statistical analysis was performed by using a two-tailed
Student’s ¢ test and p values<0.05 were considered
significant.

Statistical analysis

Unless otherwise indicated, all experiments were performed
with three independent biological replicates, each in dupli-
cate. Data were analyzed with one-way or two-way
ANOVA and p values <0.05 were considered significant.

Results and discussion

Propagation of philPLA-RODI during S. aureus IPLA1
biofilm formation

In previous work, we monitored total attached biomass
and the evolution of bacterial cell counts in the planktonic
phase and the biofilm of S. aureus IPLAI1 cultures
infected with the strictly lytic phage philPLA-RODI at a
low MOI (107%), corresponding to an initial inoculum of
10 PFU/well and 10° CFU/well [22]. After 24 h of incu-
bation, biomass in infected wells was significantly
higher than in control samples. The number of cells in the
biofilm and the planktonic phase were, respectively, 5 X
10°£2.65x10° and 1.00x 10®+9.17 x 10’ CFU/well,
and the total phage titer had increased up to 10° PFU/well.
Yet, there was no information regarding phage propaga-
tion dynamics throughout biofilm development to help
understand how it relates to the increase in biomass. Here,
we set out to examine phage titer evolution during biofilm
formation.

The data obtained in these experiments revealed a gra-
dual increase in the total phage titer in the biofilm from the
starting inoculum to ~104, ~106, and ~108 PFU/well at 3,5,
and 7 h of incubation, respectively (Fig. 1a). Afterwards, the
phage titer declined drastically, being ~5 x 10° PFU/ml at
the 24-h time point. During most of the development, the
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number of free and cell-associated phages was quite similar.
However, in 24-h biofilms, most phages were stored inside
cells. These assembled phage particles might indicate the
presence of infected cells in which the lytic cycle paused
just before cell lysis. It is known that phage multiplication
comes to a halt when the bacterial population enters sta-
tionary phase [31]. These “hibernation mode”, in which the
viruses are stored inside the cells at different developmental
stages, will last until more nutrients allow the lytic cycle to
resume.

Phage propagation in the planktonic phase followed the
same trend (Fig. la). In this case, the number of free
phages and cell-associated phages was similar at 3, 5, and
24 h of development, while free phages represented most
of the population at 7h. The greater abundance of free
phages compared to cell-associated phages at 7h post-
infection may indicate that phage propagation is slowing
down as the bacterial population approaches stationary
phase. It is worth noting that phage propagation was
slower in the biofilm than in the planktonic phase, which
is in good agreement with the idea that structured envir-
onments delay phage propagation [8]. Additionally, it
appears that the biofilm has a protective effect from phage
decay, as most particles were “hidden” inside sessile cells
at 24 h of development. One possible explanation for this
would be that the latency period of philPLA-RODI is
longer in the biofilm than in the planktonic phase.
Nonetheless, this hypothesis would have to be experi-
mentally confirmed in a subsequent study. Overall, these
results show that, after successful propagation during
biofilm development, there is a substantial loss of active
phage particles between 7 and 24 h of incubation.

Phage inactivation is likely due to acidification of
the extracellular milieu by bacterial metabolism end
products

After observing the existence of phage inactivation during
biofilm formation, we sought to determine the mechanism
behind this phenomenon. One possible explanation for the
decrease in free phages might be that phage DNA entered
the cytoplasm of infected cells, thereby decreasing the
number of infective particles in the culture, but could not
proceed with the lytic cycle due to bacterial growth arrest or
an adverse metabolic state. To test this hypothesis, we
followed the release of phage particles (due to completion
of the lytic cycle) upon resuspension of mature biofilm cells
in fresh medium. The number of free phages and preformed
virions stored inside cells was estimated at different time
points throughout 45 min of incubation, which is approxi-
mately the duration of the philPLA-RODI lytic cycle [23].
At the beginning of the experiment, the number of free
phages was 2.18 x 10* = 1.24 x 10* PFU/well, while the
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Fig. 1 Analysis of the propagation and inactivation of bacter-
iophage philPLA-RODI during biofilm development of S. aureus
IPLA1 and the potential role of pH in phage inactivation. a
Number of free (white and light gray) and cell-associated (striped and
dark gray columns) phage particles in the biofilm (light gray and dark
gray columns) and the planktonic phase (white and striped columns) at
different time points during biofilm development in the presence of an
initial inoculum of 10 PFU/well and 10° CFU/well. b Reactivation of
the lytic cycle in mature biofilm cells infected with philPLA-RODI
resuspended in fresh medium and incubated at 37 °C for 45 min. The

number of preformed virions inside cells was 1.19 x 10° +
8.00 x 10* PFU/well (Fig. 1b). However, after 45 min, the
number of free and cell-associated phage particles increased
up to 1.77x10°+8.69x 10° and 4.81 x 10° £3.72x 10°
PFU/well, respectively. At this time point, any previously
infected cell should have completed the lytic cycle and
released the viral progeny. However, the number of phage
particles is still much lower than 1 x 108 PFU/well,
the phage titer present in the 7-h biofilms, that is, before the
start of phage decay. Therefore, it does not appear likely
that halted lytic cycles are the only explanation for the sharp
reduction in viral particles.

An alternative explanation for the decrease in phage titer
might be the selection of resistant mutants that can no
longer support phage propagation. However, previous data
indicated that cells in the phage-infected biofilms remained
susceptible to philPLA-RODI [22].
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was estimated at different time points throughout incubation. The
dotted line has been added only as a guide and does not represent true
data points. ¢ pH evolution in the growth medium during development
of S. aureus IPLA1 biofilms in TSBG. d Phage titer after incubation of
philPLA-RODI in TSB medium at different pH values for 2 h at 37 °C.
The graphs represent the means and standard deviation of three
independent biological replicates (averaged from two technical
duplicates). Statistical analysis was performed with a one-way
ANOVA with post-hoc Tukey’s multiple comparison.*p value < 0.05.

Next, we explored the potential inactivation of phage
particles by pH. Gonzédlez-Menéndez et al. [32] had already
shown that philPLA-RODI stability was lost after 1 h at a
pH of 4.5. In S. aureus, glucose catabolism produces
acetate, which gradually lowers the pH. During biofilm
formation in TSBG, the pH dropped from 7 to ~4.75
(Fig. 1c). A 2-h incubation of phage philPLA-RODI in TSB
at different pH values (7, 6, 5, 4.75, and 4.5) demonstrated
phage inactivation at pH <5 (Fig. 1d). Thus, the number of
active phage particles after incubation at pH values of 5 and
4.75 had decreased by 0.70 and 2.93 log units, respectively
(Fig. 1d). As expected, a pH of 4.5 inactivated the phage
below the detection level of 100 PFU/ml (Fig. 1d). Perhaps,
instability of the phage particle is related to the fact that the
major capsid protein has an isoelectric point of 5.24
according to the program Protein Calculator v3.4 (http://
protcalc.sourceforge.net/). Thus, when pH decreases below
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Fig. 2 Biofilm development under predation with an initial MOI of
1075 of phage philPLA-RODI (10 PFU/well) in TSB-7 for 24 h at
37 °C. a The pH of the planktonic phase was monitored throughout the
incubation period. Number of viable cells (4p) and phage titer (ll) in
the biofilm (b) or the planktonic phase (c¢) during development. The
results represent the average and standard deviation of three inde-
pendent repeats.

this point, this protein would go from having a negative
charge to having a net positive charge. An acidic pH may
also lead to phage inactivation by promoting precipitation
or aggregation of the viral particles, as has been observed in
other phages [33, 34]. Interestingly, Langlet et al. [34]
observed aggregation of phage MS2 when the pH was less
than or equal to its isoelectric point.

To further confirm the impact of pH on the final phage
titer during biofilm development, biofilms infected with
philPLA-RODI (starting MOI = 10~) were also grown in
TSB-7 (TSB with a pH of ~7). In this medium, pH never
went below 5.9 and, after reaching that value, it started
increasing up to ~6.2 (Fig. 2a). This was likely due to
glucose exhaustion and subsequent use of acetate as an
energy source. Under these conditions, there was no net
decrease in the number of free phage particles between 7
and 24 h of incubation neither in the biofilm (Fig. 2b), nor in
the planktonic phase (Fig. 2c). The effect of phage infection
in TSB-7 on the bacterial population was also examined.
The average number of viable cells in the mature 24-h
biofilm was 2.77 x 108+ 1.37 x 103, which is significantly
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lower than 7.28 x 108 £1.30 x 108, the cell counts deter-
mined in infected biofilms grown in parallel in TSBG (two-
tailed t-test, p value = 0.014). The difference was also sig-
nificant in the planktonic phase, where the respective cell
counts in TSBG and TSB-7 were 1.13 x 10®+3.29 x 10’
and 1.67 x 107 £3.51 x 10°, respectively (two-tailed r-test,
p value =0.036). All these findings seem to indicate that
acidification of the extracellular environment by accumu-
lation of bacteria-produced acetate is probably the factor
behind phage decay. In turn, phage inactivation appears to
have a positive impact on the survival of the host
population.

In order to establish whether phage decay due to pH was
specific to biofilms, phage propagation and decay was
monitored in a well-mixed environment in two different
media: TSBG and TSB-7. In TSBG, we observed a gradual
increase in the number of free phages up to the 7h time
point (Fig. S1). Then, similarly to the results obtained in the
biofilm experiments, there was a significant decrease in the
phage titer (0.51 £0.11 logarithmic units) (Fig. S1). In
parallel to this reduction, the pH of the medium declined
from 5.93+0.02 to 5.22+0.16. Under these conditions,
phage decay was clearly not as dramatic as during biofilm
development. This can be explained by the lesser acid-
ification of the growth medium under constant shaking
compared to static incubation. In contrast to these results,
there was no significant phage inactivation between 7 and
24 h when cultures were grown in TSB-7, in which pH only
decreased from 6.39 £ 0.08 to 6.21 +£0.05 (Fig. S1). This is
in good agreement with the data obtained in the phage
inactivation assays, in which no decay was observed when
pH=>6. Therefore, it does appear that the correlation
between environmental pH and phage decay also applies in
well-mixed populations, although the greater acidification
displayed during biofilm development seems to enhance
this effect.

The evolution of pH during biofilm development
affects the outcome of philPLA-RODI predation

Once established that pH was likely responsible for phage
inactivation, we tried to better understand how changes in
this parameter affect the interplay between philPLA-
RODI and S. aureus cells during biofilm development.
With this in mind, a numerical simulation model was built
to mimic the development of the phage and bacterial
populations depending on the environmental pH (Sup-
plementary file 1). Importantly, phage inactivation was
modeled as a function of pH (Supplementary file 1). Once
established all the data-derived parameters, the model was
optimized for the best probability of infection values at
different time points for the biofilm and the planktonic
phase. When using the optimal probability of infection
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values, the goodness of fit for all conditions tested was
>0.75 (Fig. S2).

In the simulation, the starting and final pH values were
set at 7.0 and 4.75, respectively. Throughout the different
steps of the model, pH decreases gradually with bacterial
growth. However, due to the deleterious effect of phage
predation on bacterial growth, the minimum pH of 4.75
was only observed in the uninfected control, closely fol-
lowed by 4.95, the final pH achieved with 1 or 10 PFU/
well. In turn, infection with 100, 1000, or 10000 PFU/well
resulted in final pH values of 5.54, 5.82, and 6.45,
respectively. As phage inactivation was set to start at
values below 5.55, pH-mediated inactivation of philPLA-
RODI would only be a factor at the lowest starting phage
concentrations (1, 10, and 100 PFU/well). In order to
determine how much the final pH would affect infection
dynamics, the model was run setting the lowest pH value
at5.9,5.5,5.0, and 4.75 with starting titers of 10 and 100
PFU/well (MOIs: 107> and 10~%). These conditions would
mimic, for example, small differences in the availability
of glucose in the growth medium. As can be seen in
Fig. 3, the most obvious change in both the biofilm and
the planktonic phase at both starting MOIs is the increase
in the final phage titer with higher pH values due to a
lesser phage inactivation (Fig. 3). Indeed, the total phage
titer (planktonic and biofilm) with an initial inoculum of
10 PFU/well was 1.15x 10%, 1.26x 107, 7.90 x 10%, and
7.32 x 10° for final pH values of 4.75, 5.0, 5.5, and 5.9,
respectively. In turn, the total phage for a starting inocu-
lum of 100 PFU/well was 8.36 x 10° and 7.32x 10" for
pH values <5.5 and 5.9, respectively. Looking more clo-
sely at the graphs, it is also apparent that pH affects
bacterial population survival. For instance, when the
starting phage titer was 10, no decrease in the biofilm cell
population was observed at final pH values of 4.75, 5.0,
and 5.5, but a slight decrease in the number of viable
uninfected cells was predicted if the pH remained over
5.9. At the same starting titer, phage predation marginally
reduced the number of cells in the planktonic phase at all
pH values, although an even greater impact was observed
in the absence of phage inactivation at a pH of 5.9. When
the model was run with a starting phage titer of 100 PFU/
well, the most notable changes were observed for the
biofilm population. In turn, the outcome in the planktonic
phase was independent of the final pH due to the elim-
ination of susceptible uninfected cells prior to the outset
of phage inactivation. Surface-attached susceptible cells,
however, were only eradicated when the final pH was
set at 5.9.

Besides the final pH value, another factor that would
have an impact on phage infection outcome would be the
timing of phage inactivation start in relation to biofilm
development dynamics. To examine this possibility, the

model was run with a starting pH of 6 and a final pH of 5
without changing any other parameters. With a lower
initial pH, it would be expected to reach values that lead
to phage inactivation at an earlier time point. The results
obtained under these conditions showed that, for a start-
ing titer of 10 PFU/well, phage inactivation started ~360
min after inoculation (Fig. 4). In contrast, phage inacti-
vation did not begin until ~480 min of incubation when
the initial pH was 7 (Fig. 3). As a result of this difference,
with a lower initial pH, the starting phage titer necessary
to eliminate the susceptible bacterial population in both
phases (biofilm and planktonic phase) was 10° PFU/well
(Fig. 4) instead of 1000 PFU/well, as was predicted for an
initial pH of 7 (Fig. S2). That said, the model predicted
that bacteria in the planktonic phase could be killed with a
lower titer (1000 PFU/well) even when the starting pH
was 6 (Fig. 4), suggesting that cells in the biofilm might,
to some extent, be protected from viral attack. Next, we
examined experimentally whether biofilm development in
TSB medium adjusted at a pH of 6 (TSB-6) had an impact
in bacterial survival to a viral challenge. The results of
these assays showed that inhibition of visible bacterial
growth in TSB-6 required an initial phage titer of 10°
PFU/well, thereby reflecting the trend predicted by the
model (data not shown). Nonetheless, it must be taken
into account that this prediction did not consider that a
more acidic pH during early growth stages might affect
the bacterial growth rate or the probability of
infection (for instance, by altering the number of phage
receptors on the cell surface). These additional factors
may, at least to some extent, explain the difference
between the model and the experimental data, and deserve
to be explored in a subsequent study. Overall, all these
results indicate that both the timing and the degree of
phage inactivation by pH might have an impact on bac-
terial population survival.

A mildly acidic pH is required for the development
of phage-promoted eDNA-enriched biofilms

Our subsequent objective was to determine whether pH
also had an effect on the development of the DNA-rich
phenotype displayed upon low-level phage infection. As is
mentioned above, infection with a starting phage number
of 10 PFU/well led to greater killing in TSB-7 than in
TSBG. Additionally, upon infection by philPLA-RODI,
the total biofilm biomass decreased in TSB-7 while it
increased in TSBG (Fig. 5a). In contrast, when biofilms
were formed in TSB-6 certain concentrations of phage did
lead to a biofilm increase (Fig. 5a). Nonetheless, an
inoculum of 10* PFU/well was necessary to observe this
phenotype, as opposed to the 10 PFU/well that promoted
biofilm accumulation in TSBG. This correlates with the
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Fig. 3 Output of the optimized philPLA-RODI infection model for
different starting phage concentrations (10 and 100 PFU/well) in
the biofilm and the planktonic phase when the lowest possible pH
value was set at 4.75, 5.0, 5.5, or 5.9. The starting number of cells
was always set at 10° CFU/well, and the initial pH was set at 7. The

fact that a higher initial MOI is required to achieve growth
inhibition in this medium, as is mentioned above. Indeed,
Fernidndez et al. [22] had already observed that a higher
initial phage titer was necessary to promote biofilm
development in strain IPLA 15, which was less susceptible
to philPLA-RODI than IPLA1. Altogether, these results
suggest that two key conditions are required for the for-
mation of eDNA-rich biofilms in these two strains, namely
a mildly acidic environment and phage infection of a
fraction of the bacterial population. It has been well
established that biofilm formation in S. aureus is favored
at pH values around 5, as mildly acidic conditions favor
electrostatic interactions between the negatively charged
cell surface, positively charged moonlighting cytoplasmic
proteins and the negatively charged eDNA [35, 36]. It is
possible that some strains do not release sufficient cyto-
plasmic proteins and/or DNA to form the extracellular
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bacterial and phage populations are represented by a discontinuous
line and a continuous line, respectively. The vertical dotted lines
indicate the point right before the start of phage inactivation, that is,
before the pH goes below 5.55.

matrix, and may benefit when these molecules are released
through partial cell lysis of the population by phage pre-
dation. Considering the data described above, it becomes
apparent the importance of ensuring that pH does not go
below 5 when using phage philPLA-RODI, and poten-
tially other pH-sensitive phages, to treat S. aureus bio-
films. However, if it is necessary to use this phage in
acidic environments, the phage preparation could be sup-
plemented with DNase. Indeed, treatment of preformed
biofilms with 10° PFU/well of philPLA/RODI supple-
mented with DNase I prevented the increase in biomass
observed during treatment with the phage alone (Fig. 5b).
Furthermore, there was a reduction in viable cell counts in
the attached phase compared to an untreated sample
despite the existence of phage inactivation (Fig. S3). This
phenomenon is probably linked to increased biofilm dis-
persion through degradation of the matrix by the enzyme.
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Fig. 4 Output of the optimized
philPLA-RODI infection
model for different starting
phage concentrations (10, 100,
1000, 10%, and 10° PFU/well) in
the biofilm and the planktonic
phase when the starting pH
value was set at 6 and the
lowest pH value reached
during growth was set at 5.
The starting number of cells was
always set at 10° CFU/well. The
bacterial and phage populations
are represented by a
discontinuous line and a
continuous line,

respectively. The vertical dotted
lines indicate the point right
before the start of phage
inactivation, that is, before the
pH goes below 5.55.
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Fig. 5 Impact of phage predation on biofilm formation and elim-
ination of S. aureus. Total biomass was determined by crystal violet
staining by reading absorbance at 595 nm. a Biofilm formation of S.
aureus IPLA1 in different media (TSBG, TSB-7, and TSB-6,
respectively represented by white, light gray and dark gray bars) and
infected with different starting concentrations of phage philPLA-
RODI. Biofilms were allowed to develop for 24h and then were
stained with crystal violet. For each medium, biomass of the treated
samples was compared to that of the control. b IPLA1 biofilms were
formed in TSBG for 24 h at 37 °C and then treated for another 24 h
with 10° PFU/well of phage philPLA-RODI with or without 100 pg/ml
DNase I. Biomass of the treated samples was then compared to that of
the control. ¢ Effect of rsh mutation on biofilm formation for 24 h at
37°C of S. aureus Newman in the presence of increasing initial titers
of bacteriophage philPLA-RODI. Dark gray and white bars represent
the wild-type Newman strain and the rshy,, mutant strain, respectively.
Light gray bars correspond to the complemented rsh strain. For each
strain, biomass of the treated samples was compared to that of the
control. Also, for each phage concentration, biomass of the wild type
was compared to that of the other two strains. All graphs represent the
means and standard deviation of three independent biological repli-
cates (averaged from two technical duplicates). Statistical analysis was
performed with a one-way (a, b) or two-way (c) ANOVA with post-
hoc Tukey’s multiple comparison. *p <0.05.
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These results are relevant in the context of phage ther-
apeutic applications. Indeed, it seems to be important to
establish whether the pH in a given environment is mildly
acidic prior to phage administration and, if that is the case,
DNases could be used in combination with the phage to
prevent increased biofilm formation.

The transcriptome of infected biofilms varies
depending on the pH

Besides altering biofilm composition, development under
low phage predation in TSBG also led to changes in the
transcriptome [22]. Here, we sought to study the underlying
causes of this phenomenon. In order to do that, we selected
five genes that exhibited phage-related dysregulation in
24-h TPLA1 biofilms, and analyzed their expression under
different conditions involving phage infection (Table 2).
These genes were interesting for different reasons. For
example, rsh, encoding a bifunctional (p)ppGpp synthase
and hydrolase, was chosen as an indicator of activation
of the stringent response, which has been known to parti-
cipate in biofilm formation. In turn, c/pC, an ATP-binding
subunit of the ATP-dependent Clp protease, was selected
because we observed downregulation of multiple clp pro-
tease genes, which are known to exert regulatory roles in
diverse cellular processes. The major autolysin-encoding
gene, atlA, and icaA, which participates in the synthesis of
extracellular polysaccharide, were analyzed because of their
participation in biofilm formation. Indeed, eDNA release
due to activity of AtlA is very important, at least in early
biofilm stages. Finally, crtP, one of the genes involved in
the production of the carotenoid pigment staphyloxanthin,
indicates activation of the sigma B regulon, which plays a
role under different stress conditions, including biofilm
formation. In 24-h biofilms formed in TSBG, four of these
genes (rsh, atl, crtP, and icaA) were upregulated during
infection with phage philPLA-RODI, whereas clpC was
downregulated (Table 2).

First, we analyzed whether the expression of these genes
changes as a result of phage replication inside the host cells.
To do that, it is important to synchronize the lytic cycle in
practically all the cells in the population by using an MOI
that leads to complete lysis of the culture within one lytic
cycle, which is more easily achieved by infecting a liquid
culture rather than a biofilm. In the case of philPLA-RODI,
this process has been estimated to take ~50 min [15], and
was attained by infecting the bacterial culture with an MOI
of 10 (Fig. S4). Under these experimental conditions lysis
started after 20 min of incubation. Therefore, samples for
transcriptional analysis were taken at 10 min (time point 1)
and 20 min (time point 2) after infection start and compared
to a noninfected control. The results obtained in this
experiment indicated that expression of all the analyzed
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Table 2 Gene expression changes associated to phage infection of S. aureus cultures under different conditions.

Conditions Genes*
rsh clpC atl crtP icaA

IPLA1-Biofilm TSBG 24 h (MOL: 10~3 vs MOIL: 0) 33.9+17.2 —5.0+1.0 31.9+18.8 25.6+14.8 4.1+0.7
IPLA1-Sync. inf. TSB-7 10 min (MOI: 10 vs MOI: 0) —16.8 £+ 8.1# —10.7 £ 7.1# —6.4+2.1# —3.9 +1.6# —35+23
IPLA1-Sync. inf. TSB-7 20 min (MOI: 10 vs MOI: 0) —54.3 + 40.5# —18.0 £ 12.2# —12.4 £ 1.6# —43.6 + 2.1# —43+23
IPLA1-Biofilm TSB-7 (MOL: 10~> vs MOIL: 0) —1.7£0.2# —4.2 + 1.0# —7.1+0.9# —1.7+£0.3# 1.1+0.5
IPLA1-Biofilm TSBG 3 h (MOIL:10~° vs MOL: 0) —-19+1.3 1.1+1.2 —26=%1.5 —-1.7+0.9 1.6+1.0
IPLA1-Biofilm TSBG 5h (MOI:10~° vs MOI: 0) —1.5+0.5 —1.8+04 1.0+0.1 —1.7+0.5 1.0+04
IPLA1-Biofilm TSBG 7 h (MOI:10~° vs MOI: 0) —-13+0.2 —2.0+0.3 1.1+0.3 —24+19 —2.1+0.5
IPLA15-Biofilm TSBG 24 h (MOI:0.01 vs MOI: 0) 2.9 +0.9# 09+0.3 1.1£04 1.1+£0.1 1.2+0.2
RN450-Biofilm TSBG 24 h (MOI:1000 vs MOI: 0) —1.2+0.1 —-1.2+0.3 —-1.6+x04 1.6+0.4 1.2+0.1
ISP479r-Biofilm TSBG 24 h (MOI:0.001 vs MOL: 0) —1.8+0.7 —2.3+0.5# 1.1x£0.2 —2.9 + 0.6# —2.3+04#
Newman-Biofilm TSBG 24 h (MOI:0.01 vs MOI: 0) 31.4£0.94.1# 1.0£0.1 26.8 +4.1# 104 +7.1# 1.6+0.7
rshyy,-Biofilm TSBG24h (MOI:0.01 vs MOI: 0) 24+24 -1.7+1.0 2927 24+19 —9.1+7.38

®atl (bifunctional autolysin AtlA), rsh (bifunctional (p)ppGpp synthase and hydrolase), clpC (ATP-binding subunit of ATP-dependent Clp
protease), crtP (diapolycopene oxygenase involved in staphyloxanthin synthesis), and icaA (poly-p-1,6-N-acetyl-D-glucosamine synthase/

exopolysaccharide synthesis).

#p value <0.05; cells in gray correspond to overlaps with the dysregulation observed in infected 24-h biofilms grown in TSBG; Sync. inf. stands

for synchronized infection.

genes, except icaA, was significantly lower in phage-
infected samples at both time points (Table 2). Therefore, it
is clear that the host genes do exhibit changes in the tran-
scriptome during infection by philPLA-RODI, although
they do not resemble those previously observed in infected
biofilms.

Next, we examined gene expression trends in 24-h
phage-infected biofilms grown in TSB-7 instead of TSBG
to assess the influence of pH on the transcriptional pattern
of infected biofilms. We found that infected biofilm cells
grown in TSB-7 displayed a lower expression of rsh, clpC,
atl, and crtP, but not icaA, compared to the uninfected
samples (Table 2). These results are very similar to the ones
observed during synchronized infection (Table 2). There-
fore, it is plausible that they reflect the predominance of
infected cells in the biofilm. Indeed, the data presented
above suggest that the biofilms formed in TSB-7 contain a
higher number of phage-infected cells than those developed
in TSBG, which actually seems likely given the viable cell
count data presented above (Fig. 2). Nonetheless, we cannot
discard the possibility that the transcriptome of phage-
infected cells varies depending on environmental pH.
However, carrying out a synchronized infection experiment
at a low pH is challenging due to phage inactivation under
these conditions, which would make it necessary to use a
very high MOI. Overall, with the available information, it
seems that the transcriptional pattern displayed by phage-
infected biofilms does not appear to be associated to the
development of the lytic cycle in infected cells, and vary
depending on the final pH of the growth medium.

The transcriptional pattern of phage-infected
biofilms is linked to the changes in structure and
composition

The data presented above suggest that the transcriptional
differences observed in TSBG-grown phage-infected
mature biofilms may not be a direct result of the develop-
ment of the lytic cycle inside the infected cells, although
this remains to be demonstrated. With these results in mind,
the next step was to determine if these changes had already
started at an earlier time point during biofilm formation. To
do that, gene expression of samples from biofilms infected
with philPLA-RODI at an MOI of 107> were taken at dif-
ferent time points (3, 5, and 7h) and compared to those
developed without phage pressure. We observed that there
were no significant differences between infected and non-
infected biofilms at 3, 5, and 7 h of development (Table 2).
Data obtained in a previous study had already shown that
there were no significant differences regarding the amount
of attached biomass between infected and uninfected sam-
ples at these three time points [22]. Notably, the pH at these
time points remained greater than or equal to 5.9, suggest-
ing again the need for a lower pH to observe the phenotypic
and transcriptional changes associated to phage infection of
S. aureus IPLAL.

Subsequently, we aimed to establish whether the gene
expression trends of infected biofilms were linked to the
increased biofilm phenotype. Previous work had shown that
low-level infection of strains IPLA1 and IPLAI1S led to a
greater amount of attached biomass, which in IPLA1 was
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shown to be due to a greater eDNA content [22]. Here, we
assessed whether this was also the case for other three S.
aureus strains: Newman, RN450 and ISP479r. Biofilms of
these strains were formed without phage pressure or infec-
ted with a starting subinhibitory phage titer for transcrip-
tional analysis (100 times below the lowest titer inhibiting
bacterial growth). These titers were 10° PEU/well MOI =
107%), 10* PFU/well (MOI = 10~2), 10* PEFU/well (MOI =
1072, and 10° PFU/well (MOI = 1000) for strains ISP479r,
Newman, IPLA15 and RN450, respectively. The results
obtained indicated that there was no significant increase in
biofilm formation for strains RN450 or ISP479r at sub-
inhibitory phage concentrations (Fig. S5). Additionally, in
these two strains there was a significant eDNA content in
the matrix of both infected and noninfected biofilms, as they
were all sensitive to DNase treatment. In contrast, the
phenotype of biofilms formed by strain Newman was more
similar to those of IPLA1 and IPLA15 (Fig. S5). Infected
biofilms exhibited a greater amount of total biomass than
their phage-free counterparts. Moreover, while the control
biofilms were not affected by DNase treatment, biofilms
grown in the presence of philPLA-RODI were DNase-
sensitive, indicating that they had a significant eDNA
content. Next, transcriptional analysis of these biofilms was
performed by RT-qPCR. The results of these tests showed
that, like IPLA1 (Table 2), both IPLA15 and Newman
exhibited an upregulation of gene rsh in infected biofilms,
and the latter also had a higher expression of the autolysin-
encoding gene arl and staphyloxanthin biosynthesis gene
crtP (Table 2). However, neither strain displayed a dysre-
gulation of genes clpC or icaA. By contrast, strain RN450
did not show any overlaps with the transcriptional trends
observed in IPLA1 mature biofilms upon phage infection
(Table 2). In strain ISP479, the only overlap was down-
regulation of clpC, but there was no significant change in
the expression of rsh or atl, and genes crtP and icaA dis-
played the opposite trend to that observed in IPLAI1
(Table 2). Overall, these findings show that a higher
expression of rsh is linked to the display of a biofilm-
architectural change involving an increase in DNA content
as a result of phage infection under acidic conditions. In S.
aureus, the product of rsh consists of two domains
respectively involved in the synthesis and hydrolysis of the
alarmone (p)ppGpp, which controls the stringent response
[37]. This result is interesting considering that a significant
fraction of the genes dysregulated in phage-infected bio-
films of strain IPLA1 were part of the stringent response
[22]. The regulatory cascade activated by (p)ppGpp is
known to participate in biofilm development in different
microorganisms. For example, Vibrio cholerae stringent
response mutants exhibited a lesser ability to form biofilms
than the wild-type strain [26]. The stringent response reg-
ulator DksA played a major role in biofilm formation of
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Salmonella Typhimurium [38], whereas accumulation of
inorganic polyphosphate inhibited biofilm formation in
Mycobacterium tuberculosis [39]. In Pseudomonas putida,
the stringent response leads to biofilm dispersal [40].
Therefore, it is possible that this response also contributes to
biofilm regulation in S. aureus, although its precise role is
yet to be defined. Altogether, it seems that the distinct
transcriptome of phage-infected biofilms of some S. aureus
strains, in particular the activation of the stringent response,
go together with the development of enhanced DNA-
enriched biofilms.

Mutation of rsh partially impairs phage-promoted
increase in biofilm formation

Taking into account the data presented above, we sought to
determine whether (p)ppGpp synthesis mediated by the
RSH protein participated in the observed biofilm phenotype.
To do that, we used a mutant derived from strain Newman,
previously obtained by Geiger et al. [39], carrying a dele-
tion in the synthase domain, while retaining the essential
hydrolase activity. First, we compared phage susceptibility
of the mutant strain with that of the wild type. Our results
showed that visible growth inhibition was achieved with the
same phage titer for both strains, that is, 10’ PFU/ml.
However, low-level predation by phage philPLA-RODI did
not lead to as much biomass induction as in the wild type
with some of the concentrations tested (Fig. 5c). Moreover,
enhancement of biofilm formation by the phage in a com-
plemented strain was similar to that observed in the wild
type, as no significant difference in total biomass was
observed between these two strains at any phage con-
centration (Fig. 5¢). Next, RT-qPCR analysis showed that
the rshyy, mutant did not display a significant upregulation
of genes rsh, atl, and crtP observed in the Newman wild
type (Table 2, Fig. 6). Therefore, it is possible that activa-
tion of the stringent response is involved in upregulation of
these genes. Altogether, these results suggest that the
increased DNA content in the wild type may not be due
exclusively to cell debris released by phage lysis, but also to
partial lysis of the population through other mechanisms
like autolysis. Previous studies had shown that different
staphylococcal proteins with autolytic activity, AtlA and
Slel, participate in biofilm formation by contributing to the
accumulation of eDNA in the extracellular matrix [41, 42].

Concluding remarks

Some of the preferred niches of S. aureus, including human
skin, have a mildly acidic pH, which favors biofilm for-
mation in this opportunistic pathogen. However, a low pH
is not enough for many strains, which seem to be poor
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biofilm formers under in vitro conditions. Yet, our results
suggest that this may not necessarily be the case in their
natural environment. Indeed, partial lysis of the population
due to phage infection seems to allow the survivors to form
stable and strong DNA-rich biofilms by providing addi-
tional extracellular material. Moreover, these changes in
biofilm structure and composition alter the population
transcriptional profile. This population reprogramming also
appears to contribute to biomass accumulation, presumably
through a mechanism that relies on activation of the strin-
gent response. Nonetheless, further work should confirm
this link and unearth the specific mechanisms involved. At
the same time, development in a mildly acidic environment
contributes to phage—host coexistence through partial
inactivation of the phage population. This would, in turn,
keep bacterial killing under control and prevent extinction
of the host population. It must be noted, however, that this
phenomenon is not desirable in the context of phage ther-
apy. Indeed, it seems that use of philPLA-RODI, and per-
haps other staphylococcal phages, in mildly acidic
environments like the human skin would require adding a
pH-raising agent or DNase to prevent increased biofilm
development. Overall, environmental pH can modulate the
ability of a bacterial population to thrive by fine tuning the
effects of phage attack in a way that ultimately benefits both
the phage and the host, and by contributing to enhanced
biofilm formation.
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