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Bacterial viruses, or phage, play a key role in shaping natural
microbial communities. Yet much research on bacterial-phage
interactions has been conducted in liquid cultures involving sin-
gle bacterial strains. Critically, phage often have a very narrow
host range meaning they can only ever target a subset of strains
in a community. Here we explore how strain diversity affects
the success of lytic phage in structured communities. In par-
ticular, we infect a susceptible Pseudomonas aeruginosa strain
PAO1 with lytic phage Pseudomonas 352 in the presence versus
absence of an insensitive P. aeruginosa strain PA14, in liquid cul-
ture versus colonies growing on agar. We find that competition
between the two bacterial strains reduces the likelihood of the
susceptible strain evolving resistance to the phage. This result
holds in liquid culture and in colonies. However, while in lig-
uid the phage eliminate the whole sensitive population, colonies
contain refuges wherein bacteria can remain sensitive yet es-
cape phage infection. These refuges form mainly due to reduced
growth in colony centers. We find little evidence that the pres-
ence of the insensitive strain provides any additional protection
against phage. Our study reveals that living in a spatially struc-
tured population can protect bacteria against phage infection,
while the presence of competing strains may instead reduce the
likelihood of evolving resistance to phage, if encountered.

Bacterial colony | resistance | evolution | microbial communities | population
dynamics | spatial structure | phage therapy

Correspondence: sara.mitri@unil.ch

Introduction

Lytic bacteriophage, or simply “phage”, are viruses that in-
fect bacterial cells, replicate within them and then lyse them
to spread and infect new hosts. Lytic phage are major bac-
terial predators that are highly abundant in number and dis-
tribution, thereby playing a key role in regulating bacterial
population dynamics (1). Despite this potential importance,
phage are rarely considered in studies of natural bacterial
communities, such as the human microbiome project, or the
Earth microbiome project — although this is beginning to
change (2-5).

Their ability to reduce bacterial populations has also been
harnessed as a therapeutic method, in “phage therapy”,
whereby specific phage targeting a given bacterial pathogen
is administered to patients to eliminate infections (6, 7). As
we struggle to find solutions to tackle the emergence of
antibiotic resistance (8), phage therapy has experienced re-
newed interest as a possible replacement or complementary
treatment to antibiotics.
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Although our appreciation of the importance of phage biol-
ogy is on the rise, the experimental systems used to study
phage still limit our understanding of their ecology and evolu-
tion in natural environments (9). Phages are typically studied
in liquid cultures in the laboratory using a single phage and a
single bacterial strain at a time. On the other extreme of the
spectrum, clinical studies have been performed where phage
cocktails are administered to animal or human hosts (10-13).
Given all the complexity that such environments bring, it is
difficult to explain differences between the results of labora-
tory and clinical studies (10, 11, 14, 15). Knowledge at an
intermediate scale of complexity is clearly missing. Here, we
expand on typical laboratory methods to study two dimen-
sions of environmental complexity that likely matter in real
microbial ecology: the presence of other bacterial strains, and
life in a spatially-structured environment.

Bacteria rarely live in clonal groups, but typically share their
environment with different microbial strains and species in
dense, surface-attached cell groups called biofilms. Natural
communities such as the human microbiome, or soil com-
munities are hugely diverse (16, 17), including a large reper-
toire of phages (3, 18-20). Each of these phages tends to
be quite host-specific, killing only a narrow range of bacte-
rial strains (but see (21)). When phage attack a given target
strain, we can expect little collateral damage to surrounding
strains, and may therefore be tempted to also expect infec-
tion of the target to be independent of community structure.
However, the presence of insensitive strains has been found
to alter treatment outcomes by affecting target strain survival.
Indeed, Harcombe & Bull (22) have shown that competi-
tion with a co-inhabiting species could reduce the ability of
the targeted sensitive strain to survive phage attack. Their
study considered liquid cultures, however. Since then, it has
been shown that the spatial organization of different bacterial
strains and species within biofilms can drive social interac-
tions and the evolutionary trajectories of bacterial communi-
ties (23, 24). Biofilm-associated bacteria also have a higher
survival rate compared to planktonic bacteria (25), particu-
larly when exposed to antibiotics and importantly, also to
phage (26). More generally, phage population dynamics dif-
fer radically between liquid bacterial cultures and bacteria
growing on solid surfaces (27).

Here we show that both of these factors — the presence of
other strains, and spatial structure — separately and combined
affect the outcome of phage predation on the pathogen Pseu-

Testaetal. | bioRxiv | February 15,2019 | 1-10


https://doi.org/10.1101/551754
http://creativecommons.org/licenses/by/4.0/

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

13

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

bioRxiv preprint doi: https://doi.org/10.1101/551754; this version posted February 15, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

domonas aeruginosa, and its ensuing population dynamics. 1«7
In particular, we target P. aeruginosa strain PAO1 with Pseu- 14
domonas phage 352 to which it is sensitive, in the presence 14
and absence of a second strain, P. aeruginosa PA14 that is in- 1s
sensitive to the phage. Since phage are so specific, we believe s
the choice of a closely-related phage-insensitive strain to be s
a realistic one. We compare the outcome for PAO1 in a well- 153
mixed liquid environment and a structured biofilm (colony) s
growing on a solid agar surface. 155
We find that in liquid, competition between the two strains s
can reduce the population size of the target strain PAO1, giv- 1s7
ing a competitive advantage to the phage and eliminating s
PAOI1 without the emergence of resistance. Indeed, evolv- 1se
ing resistance to the phage was the only way for PAO1 to e
survive phage attack in liquid. In contrast, in a biofilm
treated with phage, PAO1 survived in the presence of the e
phage-insensitive strain PA14 without becoming resistant it- 1es
self. Survival in the face of a phage attack, however, did

not depend on PA14 but occurred in all biofilms, regardless e
of the presence of other strains. Instead, slower growth in s
the colony center appears to be the main mechanism that re- tes
duces the ability of the phage to replicate and spread through 67
biofilms containing sensitive bacteria. The main effect of tes
PA14 in the biofilm was instead in greatly reducing the like- 160
lihood of phage-resistance in PAO1. 170

17
172

Results

173
Inter-strain competition increases phage infectivity .,
and reduces resistance evolution in liquid. We first
sought to understand how treating a target strain P. aerugi- ,,
nosa PAO1 (henceforth PAO1) with Pseudomonas phage 352 ,,,
in well-mixed liquid cultures is affected by the presence of ;5
a phage-insensitive strain P. aeruginosa PA14 (henceforth .,
PA14). These liquid experiments involved growing bacteria g,
in 96-well plates containing TSB and inoculated with mix-
tures of bacteria and phage over a period of 48 hours. 182
In control treatments with PAO1 growing alone, we observed g,
that phage treatment resulted in a drop in PAO1 population g,
size after 6 hours, after which the population recovered some- 45
what but not entirely (Fig. 1A). Assays testing for phage re- ;4
sistance (see Methods) revealed that after 24 hours of culture, g,
62 out of 63 tested colonies (98.41%) were resistant to the g
phage, while after 48 hours, 24 out of 24 (100%) were resis- (g
tant. As a control, resistant PA14 cells growing alone were 4,
not significantly affected by the phage (Fig. 1B). 161
Next, we co-cultured the two strains in the absence of phage ,q,
and found that PAO1 grew worse than when it was alone, ;g
presumably due to competition with PA14 (Fig. 1C). Fi-
nally, adding the phage to this co-culture eliminated all PAO1 1s4
within 6 hours (Fig. 1D). Compared to growing alone then, 1ss
PAOL1 resistance could not emerge when growing with a com- 1s
petitor. 197
We hypothesized that the presence of PA14 prevented PAOL 10
from increasing its population size, thereby decreasing its s
potential to evolve resistance to the phage and survive the 200
treatment. To test for the effect of population size on resis- 2o
tance evolution, we conducted two experiments. First, we 20

2 | bioRxiv

grew PAOLI in the presence of phage with different starting
population sizes, while maintaining the multiplicity of in-
fection (MOI) constant at 1 (1 phage for each bacterium).
In agreement with our hypothesis, resistance to the phage
emerged when the initial population size was greater than 10*
CFU/ml (Fig. 1E). Second, we kept the initial population
size of PAOI constant at 10° CFU/ml and varied the start-
ing population size of its competitor PA14 in the presence
of phage (MOI=1). Again, as predicted, phage resistance
could emerge when there were fewer competitors, but once
the number of competitors at the start exceeded 10% CFU/ml,
PAOI1 cells were all killed by the phage at the end of 21 hours
of co-culture (Fig. 1F). In all cases, PAO1 survival depended
on becoming resistant to the phage.

In sum, in liquid culture, competition with a resident strain
can prevent a targeted strain from surviving phage treatment,
which is consistent with previous research (22).

Phage infect sensitive PAO1 in mono-culture colonies.
To simulate a setup where a biofilm forms on a solid surface
and is later exposed to phage, we first grew the bacteria on
a membrane filter placed on LB agar for approximately 12
hours until they had formed a small colony. We then trans-
ferred the filter with the 12-hour colony onto a new LB agar
plate containing an air-dried drop (approximately the diame-
ter of the filter) of either ~10° phage, ~10° phage, or no drop
as a control. All colonies were left to grow in the presence
or absence of the phage for an additional 36 hours, approxi-
mately (see Methods, Fig. 2A).

In PAOI mono-culture colonies treated with phage, popu-
lations ceased to grow following phage arrival (comparison
of CFUs at 12 and 48 hours, df =29, P = 0.58, Fig. 2C,
S1, S2), and there were significantly fewer bacteria in the
phage treatment compared to the control (7.9646.02x107
with phage, versus 7.5143.82x10® without, df = 23, P <
0.001, Fig. S1, S2). Fluorescence microscopy images taken
immediately prior to infection and 36 hours later showed that
colonies treated with phage were smaller in diameter than
non-treated colonies, with the fluorescent cells still visible
in the center of the colony (Fig. 2B, middle column, Fig.
S3). In the colonies that had been treated with phage, re-
sistance to the phage was detected in 14 out of 15 colonies
across five similar experiments, with resistant cells forming
between ~0.04 and 20% of the total population at low (~10°
PFU/ml) initial phage dose (Fig. 2D, Fig. S5). At high initial
phage dose (~10° PFU/ml), the majority of surviving cells
were found to be resistant to the phage, but a sub-population
of sensitive cells survived in all replicates (Fig. S2F).

Infection and the emergence of phage-resistance in
PAO1 occurs mainly at colony edges. We wondered why
so many sensitive cells survived and where in the colony re-
sistance had occurred. To answer this question, before har-
vesting the colonies for quantification, we touched an inocu-
lation loop in the center of the colony, resuspended its con-
tents in PBS and plated the suspension to quantify the number
of resistant and sensitive cells, as well as phage (see Meth-
ods). We found no resistant cells in the center of any of the

Testa etal. | Phage infect dual-strain P. aeruginosa biofilms
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Fig. 1. Phage efficacy in liquid. (A) Growth of PAO1 (in
CFU/ml) in liquid over 48h. PAO1 grows without phage (solid

A PAO1 B PA14 E PAO1 with phage green lines), but in its presence (dashed green lines) PAO1
—_ o Phage resistant PAO1 decreases then rebounds, resulting in a resistant population
10" 10" § 10| e Total PAO1 (statistics in main text). The phage population (in PFU/mlI,
§ 1 % ; e 5 é gray lines) increases accordingly. (B) PA14 (phage resistant),
5 10° BT St £ 5 10° == ——— < 10° L ] grows similarly in the presence or absence of phage (dashed
g <, e? g ‘a;‘) or solid red lines, respectively), while phage (gray) remain ap-
S 4ot v’ S 4ot 5 10t ° proximately constant. (C) When PAO1 (green) and PA14 (red)
2 I ,'328} ggm cvi r?gigze o e Eﬁ}: ﬁgggm \r:vi r?r;g;;e <6( are grown in co-culture in the absence of phage, PAO1 grows
10° Phage (PFU/mI) 10° Phage (PFU/ml) T ole @ @ @ worse than alone. (D) When phage are added to the co-
0 10 20 30 40 50 0 10 20 30 40 50 12 10' 10 10° culture, PAO1 population size drops below the detection limit at
Time (h) Time (h) Initial PAO1 [CFU/mI] 6 hours and does not recover. (E) PAO1 is grown together with
phage in triplicate at different initial population sizes (MOI=1).
(o] PAO1+PA14 no phage D PAO1+PA14 with phage F PAO1+PA14 with phage At the end of the experiment, bacteria are plated onto agar
g e Phage resistant PAO1 plates saturated with phage or not to count the resistant and
102 102 > 10% :;‘:i’tp“m total population (see Methods). A starting population size
§ § PP - &} px * g g8 g0 greater than ~10* allows resistance to emerge. (F) Initial
s 10° s 100 |* £w|® population size of PAO1 was always ~10°, while initial PA14
K] K] q 5 e § numbers varied as on the x-axis. Once PA14 became too nu-
§- 10t §- 10¢ W G 10¢ . merous (greater than ~10%), PAO1 could no longer maintain
& & Y § e its population size high enough for resistance to the phage to
10° 10° | I I I . g g0 b o emerge. Red, light green and dark green points show popula-
0 10 20 30 40 50 0 10 20 30 40 s % 0 102 10 10° 10 tion size of PA14, total PAO1 and resistant PAO1, respectively,

Time (h) Time (h) Initial PA14 [CFU/ml] at21h.

colonies (Fig. 2D, Fig. S5), suggesting that resistance arose s
closer to the colony edges where most cellular growth oc- 240
curs (28). Phage were nevertheless detected in the center, but 2
the ratio of phage to uninfected cells was significantly lower 2:
than in the colony as a whole (PFU/CFU of 0.99+0.27 in 24
the center and 276.5+11 in the whole colony, paired t-test, 24
P<0.001, Fig. 2E). This suggests that the phage could spread 2ss
to the center of the colony, but left a proportion of cells un-
infected. Further evidence that some cells in the center were ;7
infected was that after washing to remove phage and plating 2
on fresh agar, most cells lysed (Fig. S7), resembling “pseu- zo
dolysogeny” or “hibernation”, which occurs in starved cells s
in stationary phase or persister cells, where phage DNA ac- »s;
cumulates in the cell. Only once bacteria start growing again s
do viral capsids form and the phage resume their lytic cy- »s;
cle (27, 29-33). However, transmission electron microscopy sss
images of the colony revealed many intact cells containing ss
phage with assembled capsids that had not yet lysed, in addi-

tion to to some debris from lysed cells (Fig. S8). While phage
were able to assemble — contrary to expectations for pseu-
dolysogeny — the presence of unlysed and uninfected cells
suggests a delay in lysis, which may explain why phage could |
not spread further and increase their numbers in the colony ,

center. 261

262
Phage penetration into colonies of insensitive PA14 2
is limited. In contrast, PA14 (the phage insensitive strain) zss
mono-culture colonies were indistinguishable with and with- 265
out phage treatment (Fig. 2B, C, t-test CFUs with and with- 2s
out phage, df=2.6, P=0.87, Fig. S1, S6). On sampling the 27
colony centers, we never found phage in any of the colonies s
treated with a low phage dosage, but detected a few at the 26
high initial dose of phage (on average 1 phage to every 863 270
PA14 cells). This suggests that phage could not diffuse much 2
from the agar into PA14 colonies. Indeed, total phage popu- 272
lations fell to 11+2.8% of their original size in PA14 colonies 273
over the 36 hours, which we suspect is due to toxicity of 27

Testa etal. | Phage infect dual-strain P. aeruginosa biofilms

LB to phage (34) or temperature sensitivity, given that phage
populations also fell to 8.1+£5.4% in the absence of any bac-
teria (Fig. 2C, t-test with and without PA14: P=0.21). To
determine whether phage could attach to PA14 cells, we per-
formed an adsorption assay in liquid, and found that after 5
minutes of exposure to bacteria, phage only attached to PAO1
cells, but not PA14 (Fig. S9).

Taken together, in single-strain colonies we observe that
PAOI1 death and the emergence of phage resistance occurs
mainly at the edges of the colony where cells are more ac-
tively growing. Only very few phage could spread into insen-
sitive PA14 colonies at high phage titer, demonstrating that
physical diffusion into colonies is very limited. Instead, cy-
cles of attachment, infection and lysis allow phage to propa-
gate deeper into colonies of sensitive PAO1. Phage can there-
fore infect some, but not lyse all PAO1 cells at the colony
centers, where they are less metabolically active.

Phage infect sensitive PAO1 in mixed colonies. Know-
ing that phage cannot diffuse much into PA14 colonies, we
next asked how the presence of this insensitive strain would
impact the survival of the targeted PAO1 within a colony con-
taining both strains and treated with phage. We repeated the
experiment (Fig. 2A) with a mixture of both PAO1 and PA14
at an initial ratio of 1:10, such that an approximate 1:1 ratio
was reached on phage exposure after 12h (Fig. S1).

As in the phage-treated PAO1 mono-culture colony, PAO1
in the treated mixed colonies did not increase significantly
following phage treatment (df = 17, P = 0.47, Fig. 2C,
Fig. S2), and the phage treatment significantly reduced PAO1
cells compared to the untreated control (df =17, P < 0.001),
demonstrating significant bacterial infection by phage. In ad-
dition, microscopy showed that patches of PAO1 (white ar-
rowheads in Fig. 2B, right center) were absent from the edges
of the colonies treated with phage (Fig. 2B, bottom right).
Together, these data suggest that as in PAO1 colonies, cell
lysis occurs at the actively growing edges.
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We observed two significant differences between mono- and e
co-culture colonies, however. First, as in the liquid co- 2s
culture, phage resistance was much less likely to emerge, 204
with no phage resistance in mixed colonies infected with 2ss
the low phage dose (Fig. 2D, S5), while at high infec- 20
tive dose, 0.640.3% of cells were resistant compared to the 207
vast majority in the mono-culture colonies (Fig. S2). Sec- 20
ond, co-culture colonies contained a lower infectious load 2
(fewer phage per sensitive bacteria) compared to mono- sw
culture colonies at the end of the experiment (df = 20, P < s
0.05, Fig. 2E, Fig. S2), indicating that phage could repli- s
cate less in the presence of PA14. To further verify this, we

increased the number of PA14 in the colony inocula while 4
keeping PAOI constant, and found that phage abundance in g,
the colony follows a strong negative correlation with initial 4
PA 14 abundance (Spearman’s p = 0.91, P < 10~7, Fig. 2F). s
Both these findings can be explained by what we observe in 4

4 | bioRxiv

PAO1 + PA14

F Phage abundance

1011
Z10°
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o 10
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o 10° 10*
PA14 in inoculum
(CFU/col)

Fig. 2. Phage efficacy in colonies. (A) All
colonies (PAO1 alone, PA14 alone or PAO1
+ PA14) were first grown by inoculating a
drop of cells onto a membrane filter placed
on a 0.1x LB agar plate in 9 replicates.
After 12 hours (duration varied somewhat
between experiments), 3 filters were re-
moved to quantify CFUs, 3 were trans-
ferred to a new 0.1x LB agar plate con-
taining a dried 501 drop of phage contain-
ing ~10% PFU/mI, and 3 to a new 0.1x LB
agar plate containing no phage. After 36
hours (with some variation) the remaining
6 filters were harvested to quantify CFUs
and/or PFUs (see Methods). (B) Fluores-
cence microscopy images of the colonies
at 12 and 48 hours. PA14 are tagged with
mCherry (red) and PAO1 with GFP (green).
Sectors that normally formed in untreated
colonies (white arrowheads, center right)
were absent in the phage treatment (bot-
tom right) suggesting that phage kill cells
at the colony edges where cells are most
active, while cells in the center survive.
See Fig. S3 for images from a similar ex-
periment. (C-F) Data coming from tripli-
cate colonies of a single experiment us-
ing unlabelled PA14. These data do not
correspond to the images in (B), whose
quantification was less precise (see Fig.
S6) because PA14-mCherry were difficult
to distinguish from PAO1-GFP (identical
drug resistances). (C) the ratio of popu-
lation sizes at 48 and 12 hours (see Fig.
S1 for growth curves). Phage decrease
the population size of PAO1 (green), resis-
tant PA14 grow similarly across conditions
(red), and phage decrease in the absence
of PAO1 and increase in its presence. (D)
We observed no phage resistance in the
sampled centers of PAO1 colonies, or in
colonies mixed with PA14. (E) To deter-
mine whether phage could reach colony
centers, we quantified PAO1 and phage
in the colony centers. The ratio of PFUs
to CFUs was lower in the colony centers,
and in whole mixed colonies compared to
whole colonies of PAO1 alone. (F) Phage
abundance in the colony at 48h is inversely
proportional to the initial abundance of
PA14 in the colony inoculum. PAO1 was
held constant at 102 CFU/col.

the images: since only a small proportion of the edge of a
mixed colony is made up of PAOI cells (Fig. 2B, white ar-
rows), the effective population size of PAO1 (i.e. number of
growing cells) is smaller in the presence of PA14 than in its
absence (28, 35), making the emergence of resistance less

likely (Fig.

them smaller (Fig. 2F).
Given that the phage seems to mainly infect PAOI in the
edges of both mixed and mono-culture colonies, we hypothe-
sized that we would find phage refuges containing uninfected
cells in both conditions, regardless of the presence of PA14.

1D), and keeping phage populations that infect

All colony centers contain phage-free refuges where
sensitive PAO1 remain uninfected. To search for unin-
fected PAO1 in different areas of the colonies, we sampled
the mono-culture and mixed colonies previously exposed to
~10% PFU/ml by touching them with sterile toothpicks in

Testa etal. |
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Fig. 3. Sampling colonies to determine co-occurrence patterns of phage and bac-

teria. (A) The white dots indicate where we sampled in each colony using sterile 352
toothpicks (same images as in Fig. 2B). Position 2 and 3 are equidistant from the 353
center (position 1). (B) The toothpick-attached cells and phage were resuspended s
and a small drop of the suspension placed on LB agar containing gentamicin, and

on soft LB agar containing PAO1. On the left are two representative images of these 355
drops after ~15h at 37° C. To quantify the density of bacteria and phage, we applied zs¢
a threshold to the images (two images on the right) and then calculated the propor-
tion of white and black pixels in each picture respectively. These values are plotted

in panel C. (C) Density of PAO1 and phage in each sample. Each dot or triangle 358
corresponds to a sample in one position in one colony. The left and right panels zs9
show samples taken from 10 PAO1 and 10 mixed colonies, respectively (4x10=40 oo
points on each plot). Resistance was determined by similarly thresholding images

of drops grown on LB agar with gentamicin and saturated with ~10' phage (see 36
Fig. S10, S11 for the full data set). The different colors represent the positions zg2
sampled as shown in panel A. s

364
four different locations (Fig. 3A), resuspending the cells and

phage on the toothpicks in PBS and then spotting a drop of
each suspension onto different agar plates to quantify the den-
sity of PAO1, phage, and PAO1 cells that had become resis-
tant to phage (see Methods). To analyze these data (Fig. S10,
S11), we imaged each drop after 15h of growth and processed
the images (Fig. 3B) to quantify the density of healthy PAO1
cells and phage plaques in each position. 4
In agreement with previous experiments, we only observed ,,,
resistant PAO1 cells in samples coming from the mono-,
culture colonies, and these were detected in positions sam- ,,,
pled further away from the colony center (Fig. 3C, S12, tri- 4
angles). Moreover, in line with our previous observation that ,,,
PAOL1 at the edge were killed by phage, sampling at the edge ,,,
of the mixed colonies yielded very few PAOL1 cells, and also ,,,
very few phage (Fig. 3C, S12 black dots close to origin in
right panel). a1
For all remaining samples (where sensitive PAO1 and phage s,
density were > 0.1), phage density correlated negatively with s
the density of PAO1 (Pearson’s p = —0.9, P < 10710), as one 4,
would expect. We also found that 35% of the samples from s
the mono-culture colonies and 20% from the mixed colonies s
had sensitive PAO1 cells close to the center that were com- s
pletely uninfected by the phage (top left points in Fig. 3C, s
with PAO1 density > 0.25). This supports the presence of s
phage-protected refuges in the centers of all colonies, and re- s,
jects the hypothesis of phage-free refuges being caused solely g;
by the presence of PA14. 302
This assay can be seen to represent a scenario where cells ass
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would have a chance to leave a biofilm and reseed a new en-
vironment. Cells from the refuges that were uninfected by
phage would begin to grow and start new, healthy colonies
(see also Fig. S7).

Forced growth arrest and competition with a resistant
PAO1 strain recapitulate our findings. To explain why
many sensitive cells in the colony centers remained unin-
fected with or without PA14, we put forward two hypothe-
ses that we tested next: first, that cells in the center of any
colony can avoid phage infection because of a lack of growth;
and second, that phage-resistant cells (not only insensitive
PA14, but also newly emerging resistant cells) could create
phage-free refuges in colonies by preventing phage spread-
ing through reduced phage amplification. Accordingly, we
repeated the experiment of Fig. 2A with two new conditions:
in the first, we used phage-sensitive PAO1 cells (wildtype)
but after the 12 hours of growth, we moved them onto agar
lacking LB and containing EDTA to arrest bacterial growth,
forcing them into stationary phase (36); and in the second we
combined our wild-type PAO1 with 10x more of a phage-
resistant PAO1 strain isolated from the experiments described
above (see Methods, Fig. S7F). These resistant mutants were
found to be lacking the galU gene (Fig. S13), resulting in a
loss of LPS and preventing phage attachment, as observed in
previous work (37, 38) and verified by an adsorption assay
(Fig. S9). A significant fitness cost was associated with the
loss of LPS, as shown in a co-culture of wild-type and mutant
PAO1 without phage (Fig. S15B, G).

The growth-arrested colony grew slightly (by 1314+33.4%
over 36 hours), and the phage increased 19.9-fold, approx-
imately 3 orders of magnitude less than in a PAO1 colony
growing on LB agar (Fig. S14A, E). Even though the phage
replicated, they were not detected in the colony centers (0 in
all three replicates). In contrast, phage were found in the cen-
ters of colonies of the mixed phage-sensitive and -resistant
PAOI, at an infectious load that was similar to the mono-
culture colonies (Fig. S15J). In other words, even though
the colony started with 10 x more resistant cells, phage could
still easily infect the sensitive bacteria and spread through the
colonies (Fig. SI5A, C). It is therefore unlikely that a rare
mutant arising in a wild-type colony would provide protec-
tion to the sensitive cells, at least in part due to their reduced
fitness. No phage were detected in the centers of control
colonies containing only resistant PAO1, which were instead
comparable to PA14 mono-culture colonies (Fig. S14F).

The data from these treatments support our previous conclu-
sion: to reach the center of P. aeruginosa colonies, Pseu-
domonas phage 352 needs to attach to the surfaces of bacte-
rial cells, and infect them while they are actively growing and
dividing. Since phage-free refuges were observed in some
mono-culture colonies where no resistance was detected (Fig.
S11), and since phage could easily infect wild-type PAO1 in
the presence of a large initial population of resistant PAOI,
we conclude that growth arrest plays a more important role
in protecting sensitive bacteria against phage infection com-
pared to being surrounded by resistant or insensitive cells that
phage cannot attach to or infect.
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Discussion a4

In sum (Fig. 4), we show that phage-sensitive bacteria are *"°

more likely to survive a phage attack if they are growing
on a solid surface than in liquid culture. This is mainly be- "
cause cells grow more slowly in the colony center, making “"°
the phage replicate more slowly and reducing their ability to
amplify, lyse cells and spread into the center (Fig. 4B). The
uninfected, phage-sensitive cells that remain can then poten-
tially seed new, healthy bacterial colonies, if dispersed. We #22
found little evidence that an insensitive strain (or a newly =
emerging resistant strain) further protects sensitive bacteria 4
from the phage (Fig. 4C). Sensitive bacteria are, however, 5
most likely to develop resistance to the phage in the absence 42
of competing strains, where they can grow to a sufficiently 47
large effective population size (Fig. 4B). Competitors thus ¢z
reduce the likelihood of resistance evolution. 428
Others have previously observed that sensitive bacteria can 4%
survive phage attack in biofilms (26, 39), and proposed *
that this may be due to a high bacterial density or large

molecules that reduce phage diffusion, such as exopolysac- 43
434

419
420

421

435

A. PA14 (phage insensitive) 436

437
Slow- 9f0W|”9 cells Fast-growing cells

at colony edge 438

439
Membraneﬁlter
440
% ,,g g‘\ 441

442
\ Phage diffusion from agar into

colony of insensitive cells is limited 443

444

B. PAO1 (phage sensitive) ) s
Some phage can infect

slow-growing cells but 446

Slow-growing cells
form refuges that are
inaccessible to phage 447

Growing cells can
Phage can kill
growing cells

develop resistance
% / 449

lysis is delayed

448

to phage j
450

s, 2 9% ¢ +

452

453

C. Mix of PAOT and PA14 -

Refuges due to
slow-growing cells Cells growing and

accessible to 456
phage are killed

- i

i S

Some phage can infect
slow-growing cells but
lysis is delayed

455

460
461

Fig. 4. We propose a model for how Pseudomonas phage 352 infects colonies of 44,
single and mixed PAO1 and PA14 strains. Each drawing shows a cross-section of

a bacterial colony, where higher bacterial growth rates are represented by solid col

ors and slower-growing bacteria by grey. (A) Phage infection and penetration into 464
colonies of insensitive PA14 is limited. The same was found for PAO1 that had ac-
quired resistance. (B) PAO1 colonies are increasingly infected towards the colony 465
edges, correlating with growth rate (28). Phage resistance (dark green) is observed 466
closer to the edges where growth and infection are occurring. Slow-growing cells 457
toward the colony center form phage refuges. There, phage infect some cells of
which only a subset is lysed. (C) In a mixture of sensitive and insensitive bacte- 468
ria, insensitive cells reduce phage abundance overall, but phage-free refuges are 469
mainly due to slow growth in the center. The emergence of phage resistance is ,7o
limited in the presence of PA14.
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charides (40, 41). A recent study showed that Escherichia
coli produces an amyloid fiber network that protects cells
in a biofilm individually and reduces phage diffusion (41).
Survival in the face of phage can instead occur because the
bacteria reduce the expression of their phage receptors (42),
or because they slow down growth as nutrients are depleted
(40, 43, 44). Our data support a model whereby growth arrest
can prevent phage infection (26, 32, 45-48).

We were curious whether spatially organized bacterial strains
could protect each other against phage, as for different forms
of environmental assault. For example, antibiotic-resistant
cells can protect sensitive ones from antibiotics. This is be-
cause resistant cells can break down antibiotics and “detox-
ify” their local environment, allowing targeted susceptible
cells in close proximity to survive and grow (49-52). Bac-
teria can also protect others against predators (53). To our
knowledge, two studies have investigated cross-protection
by infecting co-cultures of resistant and susceptible bacte-
ria with phage. In the first, Tzipilevich et al. (54) found
that rather than cross-protection, a sensitive strain of Bacil-
lus subtilis actually conferred temporary phage-sensitivity to
its previously resistant neighbor. This happened through the
horizontal transfer of phage attachment molecules from lysed
sensitive cells to intact resistant ones. In contrast, Payne et
al. (55) demonstrated that cross-protection against phage T7
can occur between two strains of E. coli, where one harbored
a CRISPR-based resistance. Cross-protection was observed
both in liquid and on a bacterial lawn. One key difference
to our study is that their CRISPR-immune cells remove the
phage from the environment through adsorption and degra-
dation, and then stop growing, whereas in our system, phage
do not even attach to insensitive PA14 cells. PA14 cells sim-
ply do not seem to interact with the phage.

The range of different experimental outcomes leads us to con-
clude that cross-protection against phage strongly depends
not only on growth conditions, but also on the choice of
phage and bacteria, including their resistance mechanism.
First, our finding that Pseudomonas phage 352 cannot infect
growth-arrested sensitive cells may not apply to other phages.
Phage T4, for example, is similarly unable to infect stationary
phase E. coli cells, but phage T7 can (33, 56). Other phages
of different sizes or hydrophobicities may be better or worse
at diffusing through biofilm (57). Second, it is possible that a
greater protective effect between our particular strains would
be observed under different growth conditions, for example if
we were to provide our bacteria with nutrients that were con-
stantly replenished to limit growth arrest. Third, since PAO1
and PA14 compete with one another, they tend to separate in
space. Strains that rely on each other to grow have instead
been shown to remain mixed in colonies (58, 59). Increased
mixing may then increase cross-protection against phage.

Collectively, we are revealing that the way in which phage
shape microbial community dynamics depends on strain
identity and environmental conditions. This realization may
explain why in phage therapy, for example, such large dis-
crepancies are observed between laboratory results and in
vivo trials (10, 11, 14, 15). But despite the simplicity of our
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colony model relative to an in vivo system, our insights are sz
important: Biofilms — a typical mode of growth in an infec- sz
tion — appear to be more difficult to treat with phage com- sz
pared to liquid cultures; a fitness trade-off between phage re- s
sistance and fitness (Fig. S15) is likely to be very common,

meaning that phage-resistant strains are typically less virulent
than wildtype strains (reviewed in (13)). Resistance evolution 2
is therefore likely to pose less of a threat in practice than cells 53
remaining completely uninfected by phage and dispersing to 5+
cause new phage-free infections. We still need to understand 5
whether and under what conditions strain diversity can re- %
duce phage efficacy, but here we show that competition with %7
other strains can reduce the likelihood of resistance evolution. 53
Future research should go beyond dual-strain interactions to ¥
better mimic the diversity in natural environments. 540
Finally, we highlight the importance of spatial structure for 5
the ecology and evolution of microbial populations. In a lig- 52
uid environment, phage may drive sensitive strains locally 5%
extinct, potentially destabilizing the bacterial community. In 5
a multi-strain biofilm, phage may instead generate diversity ¢
through uneven infection, which creates local areas of either 3¢
phage-resistant, phage-infected or phage-protected bacteria %
(Fig. 3C, Fig. 4), each subject to different selection pres- ¢
sures (43). In turn, phage have access to different bacte- ¢
rial niches (43, 60). The resulting co-evolutionary dynam- 5%
ics mean that spatially organized bacteria-phage populations,
which are likely to be the norm in many environments, may %
be key to maintaining the diversity, stability and the evolv- %

ability of microbial communities. 554
565

Materials and Methods .
Bacterial strains, phage, media and culture con-ss
ditions. Experiments were performed with two different sso
strains of Pseudomonas aeruginosa: strain PAO1 modified se
with a miniTn7 transposon containing a GFP or DsRed s
marker, which was susceptible to a specific phage, and strains se
PA14 (PA14-WT) or modified with a Tn7 transposon contain- ses
ing an mCherry marker (PA14-mCherry), which were both ss
resistant to this same phage. Both transposons contained a ses
gentamicin resistance gene. All three strains were kindly sss
provided by Kevin Foster. The phage used for this study s
was Pseudomonas phage 352, Myoviridae morphotype Al, ses
previously ¢14 (61, 62) (received from D. Haas, J.-F. Vieu, ses
E. Ashenov and R. Lindberg). We chose this phage among s
14 that we tested based on a spot assay that produced phage s
plaques on PAO1-GFP but not the two PA14 strains, which sz
were entirely resistant. 573
Overnight cultures were grown in tryptic soy broth (TSB; s
Bacto™, Detroit, MI, USA) at 37°C, shaken at 200 rpm. sz
Before each experiment, the optical density (ODggg) of the sz
overnight cultures of PAO1-GFP, and either PA14-mCherry s77
or PA14-WT strains (depending on the experiment) was mea- s7s
sured with a spectrophotometer (Ultrospec 10, Amersham sz
Biosciences). Bacterial overnight cultures were then inoc- ss
ulated into Erlenmeyer flasks (100 ml) containing 20 ml of se
TSB to obtain a standardized ODggg of 0.05. Bacterial cul- se
tures were grown in a shaking incubator at 200 rpm and 37°C sss
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for 3 hours to obtain bacteria in exponential phase with a final
concentration of approximately 108 CFU/ml at the beginning
of each experiment. These cultures were then diluted in PBS
to the desired starting population size.

Quantifying bacterial and phage populations. To quan-
tify bacterial colony-forming units (CFU) and plaque-
forming units (PFU) of phages, in liquid assays, CFUs and
PFUs were measured directly, while for colonies, bacteria
and phage (if applicable) were first extracted from the filters
and suspended in PBS (see below). Suspensions coming from
phage-treated liquid cultures or colonies were centrifuged at
8000 rpm for 15 minutes at 4°C. Following centrifugation,
the supernatant containing phage was kept in the fridge at
4°C and later used to measure PFUs. The centrifuged bac-
terial pellet was resuspended in either 200u! (liquid) or 1ml
(colonies) of PBS, and then washed 3 times with 1 ml of fresh
PBS at 8000 rpm, 4°C for 5 minutes to remove all the poten-
tial phages remaining in the pellet.

CFUs were quantified by serially diluting all cell suspensions
(from liquid cultures or colonies, with or without phage) from
10° to 10~ 7 in PBS, and spreading 1041 drops in lines across
Tryptic Soy Agar (TSA) or Luria-Bertani (LB) agar plates.
After 15h in a 37°C incubator, colonies were counted at the
most appropriate dilution. To distinguish the two P. aerug-
inosa strains, co-cultures were plated onto TSA or LB agar
plates to count non-fluorescent PA14-WT CFUs and onto LB
agar plates containing 10ug/ml of gentamicin to count only
PAO1-GFP CFUs. In experiments where PAO1-GFP and
PA 14-mCherry were co-cultured, both strains were resistant
to gentamicin, and were only plated onto TSA or LB agar and
distinguished by their fluorescence. PFUs were quantified
similarly, except that drops were spread in lines across 20ml
soft LB agar (30g/L TSB + 7g/L agar) mixed with 300ul of
PAO1 overnight culture and allowed to dry for 1h in a laminar
flow hood. For the treatments involving phage in colonies,
the whole agar was also collected and put in 50 ml falcon
tubes containing 10 ml of PBS, well-shaken, centrifuged for
15 minutes at 4000 rpm at 4°C and the supernatant contain-
ing phages further diluted in PBS to count the PFUs. Phage
concentrations from the filter including the colony, the agar
and the touched colony center (see below) were summed up
to obtain the final PFU/colony value.

The rate of resistance of PAOI to the phage was calculated
in two ways. In the first method, 10u! of a solution contain-
ing 10'° PFU/ml was streaked in a straight line across an LB
agar plate. Then, having previously plated PAO1 to count
CFUs, individual colonies were picked and streaked in paral-
lel lines perpendicular to the line containing phage, and the
plate incubated for 15h at 37°C. Picked colonies that resulted
in solid lines across the length of the plate were classified as
resistant, while bacteria in lines that were truncated where
the phage had been spread were considered to be sensitive.
For the second method, we plated cultures on TSA plates on
which we had previously spread 5001 containing approx-
imately 10'° PFU/mlI of pre-absorbed phages, and allowed
to dry. If PAO1-GFP were growing in co-culture with PA14-
WT, plates additionally containing 10 pg/ml gentamicin were
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used. To evaluate resistance rates, the CFUs/colony of PAO1- 63
GFP growing on plates saturated with phages (resistant) was e«
then compared to the CFUs/colony growing on plates with no e
phage (total uninfected). 642
643
Phage treatment in liquid cultures. A 96-well plate was e
filled with 200 pl of TSB in each well, additionally con- es
taining 105 CFU/ml PAO1-GFP or 108 CFU/ml PA14-WT g
alone, or together with or without 10° PFU/ml of phages e
(MOI(PAO1)=1). In PA14 mono-cultures, 103 PFU/ml were s
inoculated (MOI(PA14)=1). Initial population sizes of bacte- e
ria and phage were quantified prior to mixing. Each condi- es
tion (PAO1-GFP alone, PA14-WT alone, and the co-culture) es
was performed in triplicate. These initial population sizes s,
were chosen since they allowed the two strains to co-exist es
and grow over 48 hours (PAOI1 is more competitive). The s
plate was then put in a Tecan Infinite 200 PRO plate reader at ess
37°C under agitation for 48 hours. After 6, 24 and 48 hours, ess
the samples were transferred into Eppendorf tubes, washed, ¢s,
serially diluted and plated as described above. 658
659
Quantifying phage resistance rates in liquid. To under-
stand the role of population size on resistance emergence, two g,
experiments were performed (Fig. 1E, F). In the first, a 96- ,
well plate was filled with 10 up to 108 CFU/ml of PAOI1-
GFP, with 10-fold increases, together with phage to achieve g,
an MOI(PAO1)=1 in 200 ul of TSB. We grew the bacteria for
21 hours at 37°C under agitation in the plate reader, and then
assessed phage resistance rates and total population sizes as ess
described above. For the second experiment, a 96-well plate
was filled with 106 CFU/ml of PAO1-GFP and phages at an es
MOI(PAO1)=1 in 200 pl of TSB, to which we added increas- e
ing amounts of PA14, starting at 102 up to 10% in 10-fold ex
increments. Bacteria were again grown in the plate reader e
for 21 hours at 37°C under agitation, at the end of which we ¢
assessed phage resistance rates and total population sizes of e7s
both strains as described above. 674
675
Colony experiments and phage treatment. To grow bac- ¢
teria in a colony, liquid cultures were prepared and a drop ¢,
spotted onto a membrane filter (Isopore® Membrane, 0.2pm
PC membrane, GTTP02500, Merck) previously placed in the 7
centre of agar plates containing 0.1x LB (1 g/L of tryptone ez
(ThermoScientific™ Oxoid™ Tryptone), 0.5 g/L of yeast ex- sso
tract (ThermoScientific™ Oxo0id™ Yeast Extract Powder), est
10 g/L of NaCl (ACROS Organics™, 99.5%) and 15 g/L of e
agar (Bacto™ agar solidifying agent, BD Diagnostics)). Liq- ess
uid cultures of the two strains were prepared as described for es«
the liquid experiments and diluted in PBS to obtain a final es
concentration of 10* CFU/ml of PAO1-GFP and 10° or 106 es
CFU/ml of PA14-WT (for a ratio of 1:10 or 1:100, respec- sz
tively). 100ul of each strain were mixed together, or with ess
100ul of PBS for the mono-culture colonies. A 2ul drop of es
the mixture was then spotted onto the filter. Nine replicate eso
plates were prepared for each condition (PAO1-GFP, PA14- e
WT or mCherry, and the mixture of both), and incubated at es
37°C. After 12 hours of incubation, three replicates were re- ess
moved in order to count the CFUs of both strains by remov- es
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ing the filters from the agar using sterile tweezers and plac-
ing them in tubes containing 3 ml of PBS. The tubes were
extensively vortexed to remove and resuspend the colonies in
the PBS, the filters removed and the bacteria plated to count
CFUs as described above. Among the six remaining repli-
cates, three were placed onto new 0.1x LB agar plates with-
out phage and the three others were placed onto new 0.1x LB
agar plates pre-absorbed with a 50l drop containing ~10 or
~10? phages (diameter similar to filter diameter) depending
on the experiment, and incubated at 37°C. After ~36 hours, to
quantify phage infectious load in the colony center of phage-
treated colonies, we touched a sterile, plastic inoculation loop
to the top center of each colony (without going deep enough
to touch the filter) and resuspended its contents in 1ml of
PBS. We then quantified CFUs and PFUs of this suspension
as described above. The Isopore® filters with the remain-
ing majority of the colony were then carefully removed with
sterile tweezers, resuspended in 3ml of PBS, and the suspen-
sion used to quantify CFUs and PFUs as described above (the
phage-treated colonies with the centrifugation step described
previously). Finally, the remaining agar was used to quantify
PFUs as described above. For the experiments where we ar-
rested the growth of PAO1 after 12 hours, agar plates were
prepared containing 10g/L of NaCl, 15 g/L of Bacto™ agar
and 0.05mM of EDTA. These plates were either spotted with
a drop containing phage or no drop, and the filters transferred
onto them as described above.

Phage adsorption test. To test whether phage could adsorb
to the different strains, we prepared (on ice) a solution con-
taining ~108 bacteria (either PAO1, PA14, PA14-mCherry or
PAOI res2) and added ~10° phage to each. We quantified the
PFUs in the starting inoculum of phage as described above.
After 5 and 10 minutes on ice, we filtered 2ml of the sus-
pension using 3ml Omnifix® syringe filters with a pore size
of 0.22um (Cobetter®), and quantified the PFUs in the su-
pernatant as described above. A reduction of phage in the
supernatant indicated that the phage had attached to the cells,
and ended up in the pellet rather than the supernatant (Fig.
S9).

Toothpick sampling assay. To assess where in the colonies
phage and infected or uninfected PAOI bacteria were lo-
cated, the experiments were repeated using 10 replicate PAO1
colonies and 10 mixed (PAO1 and PA14) colonies. We de-
fined four locations to sample from in each colony as shown
in Fig. 3A, taking care to sample only from the top of that
area (not going so deep as to touch the filter). Note that
this is not a very precise method. Each toothpick was then
suspended in 300ml of PBS, vortexed, and 5ul of the result-
ing solution inoculated onto (i) LB agar plates to quantify
overall bacterial density, (ii) gentamicin-containing LB agar
plates to quantify PAO1 density, (iii) gentamicin-containing
LB agar plates saturated with approximately 10 PFU/ml
of pre-absorbed phages to quantify PAOI resistance and (iv)
TSB + soft agar containing PAO1 as described above to quan-
tify phage density. After ~15 hours of growth at 37°C, we
imaged each of the resulting spots using a Dino-Lite Edge

Testa etal. | Phage infect dual-strain P. aeruginosa biofilms
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microscope. 751
752
Microscopy and image analysis. Images of the colonies ;3
were acquired after 12 and 48 hours using a Zeiss AXIO s,
Imager M1 fluorescence microscope and a 2.5x objective. ;55
PAO1-GFP colonies were imaged using a GFP filter set ;s
(excitation: 470/40, emission: 525/50) and PA14-mCherry 75,
colonies using an mCherry filter set (excitation: 545/30, ;5
emission: 620/60, with automatic exposure), and for mixed s,
colonies, an overlay of the two images was produced using s,
imagel]. Since some colonies after 48 hours were too large
to fit in one image, a series of 3x3 images were acquired 7e1
and stitched together using autostitch software (63). For the 72
toothpick sampling assay, each image was manually cropped 73
to 600x600 pixels, converted to grayscale, and a threshold 74
applied using the Matlab Image Processing toolbox to yield 7s
the photos in Fig. 3B, S10, and S11. We then summed the 7es
black pixels and white pixels to compute phage or bacterial 767
density, respectively, and divided them by the total number 76
of pixels. 769
For the transmission electron microscopy (Fig. S8), the fil- 770
ter and colony were removed with sterile tweezers, placed .
upside-down and fixed in a 2.5% glutaraldehyde solution 77,
(EMS, Hatfield, PA) in phosphate buffer (PB 0.1 M, pH 7.4) Zi
for 1h at room temperature (RT) and post-fixed in a fresh ;75
mixture of 1% osmium tetroxide (EMS) with 1.5% of potas-’ 776
sium ferrocyanide (Sigma, St. Louis, MO) in PB buffer for g
1h at RT. The samples were then washed twice in distilled Zz
water and dehydrated in ethanol solution (Sigma, St Louis,
MO, US) at graded concentrations (30% for 40 mins; 50%
for 40 mins; 70% for 40 mins; 100% for 2x30 mins). This ™
was followed by infiltration in 100% Epon resin (EMS, Hat- 7e
field, PA, US) over-night, and finally polymerized for 48h ,, b
at 60°C in an oven. Ultrathin sections of 50nm thick were 7ss
cut transversally to the filter, using a Leica Ultracut (Leica L.
Mikrosystem GmbH, Vienna, Austria), picked up on a cop- 7
per slot grid 2x Imm (EMS, Hatfield, PA, US) coated with a :i
polystyrene film (Sigma, St Louis, MO, US). Sections were 71
post-stained with uranyl acetate (Sigma, St Louis, MO, US) Zzz
4% in water for 10 mins, rinsed several times with water fol- 7e4
lowed by Reynolds lead citrate in water (Sigma, St Louis, /o, 796
MO, US) for 10 mins and rinsed several times with water. 797
Micrographs were taken with a transmission electron micro- .
scope FEI CM100 (FEI, Eindhoven, the Netherlands) at an s
acceleration voltage of 80kV with a TVIPS TemCamF416,,
digital camera (TVIPS GmbH, Gauting, Germany). 803

804

Identifying resistance mutation in PAO1.PAO1 mu- 232
tant cells were added to 45 pl of lysis buffer (10mM Tr- 2’
isHCL, 1mM EDTA, 0.1% Triton X adjusted to pH 8.0 us- s
ing NaOH; 2.5ul of 20mg/ml solution of lysozyme, Sigma- ®'° o
Aldrich, 62971-10G-F; 2.5u1 of 10mg/ml proteinase K, sz
Sigma-Aldrich). The sample was lysed using a thermocy->°
cler (20 mins at 37°C, 20 mins at 55°C, 20 mins at 95°C). s1s
The galU gene was amplified from the lysate with for-°7°
ward (5’-CCGACAAGGAAAAGTACCTGG-3’) and reverse sis
(5’-CGCTTGCCCTTGAACTTGTAG-3’) primers. The re-

action mixture (25 pl, final volume) contained 15.375 ul 821
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of nuclease-free water, 5 ul of 5x Gotaq buffer (Promega
M792A), 1ul of 10uM forward primer, lul of 10uM reverse
primer, 0.5 pl of 10uM dNTP mix (Promega U151B), 1U
of GoTaq G2 DNA polymerase (Promega, M784B) and 2ul
of bacterial lysate. The PCR was performed with the ther-
mocycler: 5 mins of initial denaturation at 95°C, followed
by 35 cycles of denaturation (30s at 95°C), annealing (30s
at 55°C), and extension (50s at 72°C), with a final extension
step (8 mins at 72°C). Amplified products from all samples
were verified by gel electrophoresis (Fig. S13).

Statistical analysis. Each experiment was performed using
three biological replicates per condition. Due to this low
replicate number, we compared treatments using two-tailed
t-tests. Experiments were then repeated on separate occa-
sions, and results are reported in supplementary material. We
combined data from corresponding treatments across exper-
iments by fitting a linear model to the data and applying a
blocked ANOVA test. To test whether phage and bacterial
densities correlated in the toothpick assay, we used Pearson’s
correlation test.
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