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Abstract
Background: It is widely assumed that all mutant microorganisms present in a culture are able to grow and form
colonies, provided that they express the features required for selection. Unlike wild-type Escherichia coli,
PHO-constitutive mutants overexpress alkaline phosphatase and hence can hydrolyze glycerol-2-phosphate (G2P) to
glycerol and form colonies on plates having G2P as the sole carbon source. These mutations mostly occur in the pst
operon. However, the frequency of PHO-constitutive colonies on the G2P selective plate is exceptionally low.
Results: We show that the rate in which spontaneous PHO-constitutive mutations emerge is about
8.0 × 10−6/generation, a relatively high rate, but the growth of most existing mutants is inhibited by their
neighboring wild-type cells. This inhibition is elicited only by non-mutant viable bacteria that can take up and
metabolize glycerol formed by the mutants. Evidence indicates that the few mutants that do form colonies derive
from microclusters of mutants on the selective plate. A mathematical model that describes the fate of the wild-type
and mutant populations under these circumstances supports these results.
Conclusion: This scenario in which neither the wild-type nor the majority of the mutants are able to grow resembles
an unavoidable “tragedy of the commons” case which results in the collapse of the majority of the population.
Cooperation between rare adjacent mutants enables them to overcome the competition and eventually form mutant
colonies. The inhibition of PHO-constitutive mutants provides an example of mutant frequency masked by orders of
magnitude due to a competition between mutants and their ancestral wild-type cells. Similar “tragedy of the
commons-like” cases may occur in other settings and should be taken into consideration while estimating true
mutant frequencies and mutation rates.
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Background
The frequency of mutants in a population is central to the
understanding of evolution. The rate at which mutations
occur is characteristic of the species, but it is also shaped
by environmental conditions [1–3]. Under stressful condi-
tions, a fraction or the entire bacterial population increase
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the mutation rate by some amount in what appears to be
a response mechanism to environmental challenges [3–5].
Another factor that may affect the assessment of mutation
rate/mutant frequency is the density of the bacterial pop-
ulation in the selective medium [6–8]. For instance, traces
of usable nutrientsmay foment bacterial replication on the
plate and falsely increase the number of mutant colonies
[7, 8]. This especially occurs in mutational systems in
which the selective plates are incubated for longer periods
of time, usually more than 48 h, during which the bac-
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terial population grows slowly using non-selective alter-
native nutrient traces. For this reason, it is a usual prac-
tice to plate, together with the test bacteria, “scavenger”
or “filler” cells that cannot mutate to prototrophy, but
can scavenge nutrient traces from the medium [6, 7, 9].
On the other hand, Escherichia coli cultures grown to
high densities have consistently shown lower rifampicin
resistance mutation rates, in a mechanism dependent on
cell–cell signaling and on the quorum sensing-related
gene luxS [10]. This finding was recently extended to the
yeast Saccharomyces cereviseae, in which an inverse rela-
tion between cell density and mutation rate has been also
observed [11]. Thus, while addition of filler cells is nec-
essary to prevent overestimation of mutant frequency in
non-lethal selection systems, high cellular concentration
may lead to an underestimation of mutant frequency due
to density-associated mutation inhibition.
The PHO regulon of E. coli comprises more than

30 genes associated with the uptake and assimilation
of orthophosphate (Pi)-containing molecules [12]. Genes
belonging to the PHO regulon are controlled by the two-
component system PhoB/PhoR, being repressed under
Pi-excess and induced under conditions of Pi-deprivation.
The signal about Pi availability in E. coli’s periplasm is
transferred to the histidine kinase PhoR via the intermedi-
ation of Pi-specific transport (Pst) system. Pst is encoded
by the pstSCAB-phoU genes, or in short pst operon.
Mutations in any one of the five pst operon genes result in
the constitutive expression of the PHO regulon, i.e., max-
imal synthesis of all PHO proteins even under conditions
of excess Pi [13, 14]. Thus, the Pst system, besides being
the principal Pi-uptake system in E. coli, also acts as a
repressor of the PHO regulon [15–17].
PHO-constitutive pst mutant colonies can be selected

on minimal medium plates containing glycerol-2-
phosphate (G2P) as the sole carbon (C) source and excess
Pi [13]. E. coli cannot utilize G2P as a C source unless it
is cleaved to glycerol and Pi by the periplasmic, phoA-
encoded enzyme alkaline phosphatase (AP), another
PHO-regulon member. The glycerol moieties released
by AP activity thereby enter the cell mostly by facilitated
diffusion via GlpF [18, 19]. Thus, the constitutive expres-
sion of AP caused by the pst mutation enables E. coli to
grow on G2P medium [14, 20]. It should be added that
some mutations in phoR also result in the constitutive
expression of the PHO regulon and likewise confer the
ability to grow on G2P. However, all PHO-constitutive
mutations (PCMs) derived from strain MG1655 hitherto
analyzed were in the pst operon [14].
We have previously shown that when ∼ 109 bacteria are

plated on G2P plates as a sole C source, only around 100
PHO-constitutive colonies emerge on the selective plate,
a mutant frequency of 10−7. That is despite the relatively
large 5-kb target for PHO-constitutive mutations (five pst

operon genes and a few bases in phoR). In addition, the
first PCM colonies appear only after 3 days of incubation,
and their number on the selective plates keeps increasing
with time in a sigmoid pattern [14]. The observation that
PCMs, once purified, form colonies on G2P plates within
less than 48 h led us to suggest that the late emergence
of PCMs on the selective medium could be explained by
stress-induced adaptive mutagenesis [2, 14]. In further
investigations reported below, we demonstrate that the
conundrum of low mutant frequency and late emergence
of mutant colonies is caused by PCM growth inhibition
in a high-density population. The glycerol produced by
the PCMs leaches out and is sequestered by the over-
whelming presence of surrounding wild-type cells. Since
the concentration of glycerol is not sufficient to support
the growth of both PCM and wild-type cells, the popula-
tion collapses, as in a “tragedy of the commons-like” case
[21–23]. Only a tiny fraction of the PCMs eventually man-
age to grow and form colonies. These colonies originate
from clusters of PCM cells that through mutual feeding of
glycerol acquire a slight advantage over the wild-type cells
that only consume but do not produce glycerol.

Results
Characterization of the emerging PHO-constitutive
mutants
The pattern of PCM emergence in a population of E.
coli cells was followed. An overnight culture containing
109 wild-type MG1655 cells is plated on TG2PP-minimal
medium containing G2P as the sole carbon source, excess
Pi, and the AP substrate XP that stains the constitutive
mutants blue owing to their high AP activity. Figure 1a
shows the kinetics of PCM accumulation in 17 such inde-
pendent cultures. In all of them, the first few colonies
emerged on the 3rd–4th day of incubation, while more
colonies kept appearing for the next 10 days, with the bulk
of colonies emerging between the 5th and the 8th day fol-
lowing plating. The mean number of mutant colonies at
the end of 16 days was 41.1 ± 17.9. Typically, the mutant
frequency oscillates between 20 and 200 mutants/plate
(0.2 − 2.0 × 10−7 mutants/cell/generation). The distribu-
tion of PCM emergence per day is shown in Fig. 1b. The
average mutant frequency in E. coli is between 10−6 and
10−7 per gene [24–26]. Thus, the expected mutant fre-
quency for mutations in the five pst operon genes should
have been 5 × 10−7 to 5 × 10−6/cell/generation, roughly
25–250-fold higher than the frequency observed here.
To test whether other types of mutants also display

delayed appearance and low frequency on medium TGP,
we assessed the frequency of rifampicin-resistant mutants
(RifR) in strain MG1655. Overnight grown bacteria were
plated onmedium TGP containing rifampicin (100 μg/ml)
or on TG2PP plates (Fig. 1c). Sixty percent of the RifR
colonies were already present 24 h following plating,
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Fig. 1. a Daily accumulation and distribution of PCMs in 17 independent cultures. 109 MG1655 bacteria were plated on each TG2PP plate. The
number of mutants emerging on the selective plates is recorded for 16 days. b Boxplots representing the distribution of new colonies appearing on
each day in the 17 plates. (x), (-) and ( ) represent the means, medians, and outliers, respectively. c Frequency of PCMs and rifampicin-resistant
mutants. 109 bacteria (MG1655) were plated on TGP minimal medium supplemented with rifampicin (100 μg/ml) or on TG2PP plates. , PCMs; ,
RifR mutants. Each point represents the mean ± S.E.M. of 10 independent cultures. d Selection of PCMs in amutS background. 109 MG1655 or
�mutS::Cm bacteria were each separately plated on TG2PP plates. , PCMs from MG1655; , PCMs frommutS. Each point represents the mean
± S.E.M. of seven independent cultures

while new colonies kept emerging up to day 6. The
mutant frequency at the end of the experiment was 3.2 ×
10−7/generation, which is compatible with data described
elsewhere for strain MG1655 [27, 28], but unlike others
that reported lower frequencies (∼ 2.0×10−8/generation)
[29, 30]. In contrast, bacteria plated on TG2PP showed
the usual pattern of mutant accumulation (first visible
colonies at day 3 and a low mutant frequency of 5.8 ×
10−8/generation, calculated at the 14th day). The high
frequency of RifR colonies that were evident in the first
3 days indicates preexisting spontaneous mutations in the
overnight cultures. By comparison, on average, only 17%
of the PCM colonies emerged on the selective plates at
day 3 and additional ones kept appearing up to day 10. It

is worth mentioning that upon restreaking on G2P plates
even the late PCMs form colonies within 48 h. The late
RifR colonies, which emerged from the 3rd day onward,
were probably slow-growing mutants [31, 32].
To test whether the low PCM frequency and their late

appearance could be relieved by a mutator phenotype,
we assessed the emergence of PCMs in strain MG1655
�mutS (strain RI103). The �mutS knockout is partially
deficient in DNA mismatch repair and displays a 10–100
fold increase in mutation rate [33–35]. Figure 1d shows
that the mutS strain accumulated 7.5 times more PCM
colonies than its mutS+ parent at the end of the experi-
ment at day 14th. However, no colony emerged before the
3rd day of incubation and the sigmoid pattern of mutant
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accumulation was similar to the one observed in the wild-
type strain, suggesting that the late emergence pattern of
PCMs is not necessarily associated with the low frequency
of these mutants.

The late emergence and low frequency of PCMs may
hint that these mutants were not pre-existent, but appear
only after the bacteria are exposed to the selective condi-
tions (G2P as the C source). Another possibility is that the

Fig. 2. a Growth inhibition of ∼100 �pst::Km cells plated with increasing amounts of wild-type MG1655 bacteria (wt). Inset shows the growth of
phoR cells plated with and without 109 wild-type cells. Each bar represents the mean ± S.E.M. of 5 independent experiments. b Effect of wild-type
spent medium on PCM growth. 109 MG1655 cells grown overnight in medium TGP were resuspended in TG2PP and further incubated at 37 ◦C for
48 h. The filtered supernatant of this culture (spent) was mixed with 100 �pst::Km cells and plated on TG2PP for another 48 h (�pst + spent). One
hundred �pst::Km (�pst only) and 100�pst::Kmmixed with 109 wild-type cells (�pst + 109 wt) were plated as controls. c Growth inhibition by dead
cells. 109 wild-type bacteria were killed either by freeze-thawing in liquid nitrogen (N2 killed cells) or by UV-irradiation (UV killed cells). The dead
bacteria weremixed with 100�pst cells, plated on TG2PP and incubated for 48 h.�pst cells alone and�pst cells mixed with 109 untreated wild-type
cells served as controls. Each bar represents the mean ± S.E.M. of 5 independent cultures. d Growth inhibition of�pst PCMs does not require contact
with inhibitor cells. �pst::Km cells were grown overnight in medium TGP, washed, and diluted in saline. Approximately 100 bacteria were spread on
the surface of a 0.22-μm filter which in turn was placed on a TG2PP plate seeded (left) or unseeded (right) with 109 �phoA::Cm cells. In addition, 100
�pst::Km bacteria were spread on top of a 3 filter stack placed on the surface of a TG2PP plate. The plates were incubated at 37 ◦C for 48 h
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PCMs are present in the pre-culture (prior to their con-
tact with G2P), but that for some reason their growth on
the selective plate is being inhibited. The following experi-
ments were aimed at investigating this second hypothesis.
One hundred �pst::Km bacteria (strain BS07) were

mixed with increasing numbers (105, 106, 107, 108, or 109)
of MG1655 cells and plated on TG2PP. The emergence
of PCMs was examined after 48 h (Fig. 2a). When 0
or 105 wild-type bacteria were plated together with the
�pst::Km cells, virtually all �pst colonies were recovered.
However, higher concentrations of wild-type cells pro-
gressively inhibited the emergence of �pst colonies. The
inhibition levels were on average 47%, 86%, 99%, and 100%
for mixtures containing 106, 107, 108, and 109 wild-type
cells, respectively. This result indicates that as of a cer-
tain density the neighboring wild-type cells inhibited the
growth of the PCMs. To test whether this growth inhibi-
tion by wild-type cells is specific to pst mutants, 100 cells
of a PHO-constitutive phoR mutant (strain RI65) were
mixed with 109 wild-type bacteria and plated on TG2PP
medium. The inset in Fig. 2a shows that the phoRmutants
were likewise completely inhibited by the presence of the
wild-type cells.

Mutant frequency andmutation rate of PCMs
The growth inhibition of PCM colonies by wild-type
cells may mask the actual frequency of these mutants on
the selective plate and disguise their mutation rate. To
bypass this inhibition and to assess the real rate of PHO-
constitutive mutations, a Luria–Delbrück fluctuation test
with a low concentration of bacteria (to circumvent PCM
growth inhibition by wild-type bacteria) was conducted.
Approximately 1000 MG1655 cells were inoculated in
each of 60 wells of a 96-well plate, each containing 0.1
ml TGP medium supplemented with 110 nM glucose
and grown for 30 h. This low glucose concentration lim-
its cell yield to ∼ 5 · 104 bacteria/ml, which is below
the threshold that inhibits the propagation of PCM cells
(Fig. 2a). The entire volume of each culture was each
plated on a TG2PP plate, and the number of colonies
formed at 48 h was counted (Table 1). Only 6 out of 60
plates showed at least one PCM colony. The mutation
rate of PCM, calculated by the Luria-Delbrück P0 method
[36, 37], was 7.9 × 10−6 mutations/cell/generation. The
same experiment was repeated using the mutator strain
�mutS::Cm (strain RI1103) in which case 57/60 plates
displayed PCM colonies. The high number of mutants
allowed us to calculate the mutation rate by additional
estimators that rely on medians, such as the Lea–Coulson
[38] and Jones method [39]. The calculated mutation rate
in this strain was between 9.2×10−5 and 1.0×10−4 muta-
tions/cell/generation, which is roughly 12 times higher
than the mutation rate of the wild-type strain. Thus, the
expected number of PCM colonies from a 109 MG1655

Table 1 Fluctuation test for PCMs in strains MG1655 and �mutS

MG1655 �mutS

Plates with 0 mutants 54 3

Total number of cultures 60 60

μ(/cell/generation) (P0)1 7.9 × 10−6 9.2 × 10−5

μ(/cell/generation) (Lea–Coulson)2 – 1.01 × 10−4

μ(/cell/generation) (Jones)3 – 9.2 × 10−5

1Luria–Delbrück P0 method [36]
2Lea and Coulson method [38]
3Jones estimator [39]

culture should be at least 8000, but less than 100 colonies
are usually observed at the end of 14 days (Fig. 1). In the
case of the mutS strain, an even higher number of muta-
tions (∼ 96, 000) would be expected, but an average of
only 300 colonies emerged on the selective plate (Fig. 1d).
In addition to the fluctuation test, an alternative strat-

egy was employed to estimate the actual number of
plated PCM cells (mutant frequency) on the selective
plate (Additional file 1: Figure S2 displays a scheme rep-
resenting the experimental design). Overnight cultures
each containing 109 wild-type MG1655 cells were mixed
with increasing numbers of �pst::Cm cells (from 103 to
105) and plated on TG2PP (Table 2, 1st column). After
7 days of incubation, the PCM colonies from each mix
were replica plated on L-agar containing chlorampheni-
col to determine the number of �pst::Cm mutants (3rd
column). The 4th column shows the number of sponta-
neous CmS PCM mutants that emerged on the plates.
Once the number of �pst::Cm cells added is known, their
recovery level reveals the extent of their inhibition (5th
column). The 6th column shows the expected number of
spontaneous PCM cells that were plated on the selective
plates by multiplying the number of spontaneous PCM
colonies (4th column) by their respective inhibition fac-
tor (5th column). For instance, of the 345 colonies that
emerged on the 5 plates seeded with the mix of 109 wild-
type bacteria + 5000 �pst::Cm cells, only 26 proved to be
�pst::Cm, resulting in an inhibition factor of 25000

26 = 961
fold. Given that on the 5 plates there were in total only
319 spontaneous PCM, the real number of PCMs on these
plates should have been 319 × 961 = 3.06 × 105 per
5 × 109 cells (6.1 × 104/109 cells). The bottom line in
Table 2 shows that the mean inhibition factor was 897
and, therefore, the expected number of PCMs on a plate
seeded with a culture of 109 MG1655 cells was 50,000
colonies. The average expected frequency of PCMs in a
TG2PP plate seeded with 109 cells is thus 5.0 ·10−5, which
is about 6.8 times above the estimated mutation rate of
7.9 × 10−6 obtained by the fluctuation test (Table 1). The
ratio [mutant frequency]/[mutation rate] found here is
similar to that observed in other systems [36, 40, 41].
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Table 2 Inferring the frequency of spontaneous PCMs in a mixed culture

5 plates each containing 109 Total PCMs �pst::Cm Spontaneous Inhibition factor Expected no. of

wt cells + the following no. at day 7 colonies PCM colonies
(

�pst::Cm plated
�pst::Cm observed

)
spontaneous PCMs/109

of�pst::Cm cells cells

(5×) 103 267 7 260 714 3.7 × 104

(5×) 3 × 103 269 20 249 750 1.9 × 104

(5×) 4 × 103 364 18 346 1111 7.7 × 104

(5×) 5 × 103 345 26 319 961 6.1 × 104

(5×) 104 209 31 178 1612 5.7 × 104

(5×) 2.5 × 104 254 114 140 658 1.8 × 104

(5×) 5 × 104 977 391 586 639 7.5 × 104

(5×) 105 1098 686 412 729 6.0 × 104

Means 897 5.0 × 104

Five cultures each containing 109 wild-type bacteria were mixed with increasing numbers of �pst::Cm mutants and immediately plated on TG2PP. After 7 days of incubation,
the total number of colonies was counted and tested for chloramphenicol resistance. The ratio [�pst plated]/[�pst colonies observed] gives the inhibition factor of �pst. The
expected no. of PCM/109 cells was calculated by multiplying the number of spontaneous PCMs on the 5 plates by the inhibition factor divided by 5. The values in columns 2,
3, and 4 correspond to the sum of mutants found in the five plates

Mechanism of PCM growth inhibition
In quorum sensing, bacteria send signals to their counter-
parts or other organisms through the secretion of small
molecular weight molecules. In some cases, quorum sens-
ing molecules signalize growth inhibition or cell death
[42]. To test whether growth inhibition of PCMs is medi-
ated by a secreted molecule, the filtered spent medium of
an MG1655 culture grown overnight in TGP and further
incubated in liquid TG2PP for 48 h (to mimic the condi-
tions of PCM selection) was used to resuspend 100 �pst
bacteria, which were then plated on TG2PP and incubated
for 48 h. Figure 2b shows that the supernatant of the wild-
type strain did not inhibit the growth of the�pst colonies.
We also tested whether the wild-type cells must be alive in
order to inhibit the growth of PCM. 109 wild-type bacte-
ria killed either by immersion in liquid nitrogen or by UV
irradiation were mixed with 100 �pst mutants and plated
on TG2PP for 48 h. Figure 2c shows that wild-type bacte-
ria killed by either method failed to inhibit the emergence
of PCM colonies on the selective plate indicating that the
inhibitor cells must be alive to inhibit PCM growth.
Other instances of growth inhibition by neighboring

cells that demand either cell contact [43–45] or prox-
imity [46] have been reported. To test whether PCM
growth inhibition requires the contact between mutants
and wild-type bacteria, 100 �pst cells were spread on top
of a 0.22-μm membrane placed over a TG2PP plate pre-
viously seeded with 109 �phoA cells and incubated for
48 h (Fig. 2d). The negative control consisted of 100 �pst
cells placed on a filter on top of an unseeded TG2PP
plate. In the control plate, all 100 �pst cells formed blue
colonies within 48 h. However, when the filter contain-
ing 100 �pst bacteria was placed on top of a TG2PP plate
previously seeded with �phoA cells, not a single colony
emerged, even when the bacteria were placed on top of

three filters. Thus, growth inhibition does not require
contact between the PCMs and the surrounding bacte-
ria. It should be noticed that the phoA mutant inhibits
PCM growth as does the wild-type strain (see Fig. 3a
and c), but unlike the wild-type strain, it cannot gener-
ate PCM colonies even after long periods of incubation
in the presence of G2P due to its inability to synthesize
AP [14].
The selection of PCMs is based on the constitutive

expression of AP, which hydrolyzes G2P releasing glyc-
erol in sufficient amounts to allow bacterial growth at a
reasonable rate. However, free glycerol may diffuse out
of the periplasm of PCM cells and be captured by the
numerous wild-type bacteria surrounding them, reduc-
ing glycerol concentration available for the growth of the
PCMs. If this sequence of events is correct, knockouts
of genes related to glycerol metabolism in the inhibitor
strain would diminish or abolish the growth inhibition of
PCMs. To test this hypothesis, growth inhibition assays
were performed with null mutants in genes associated
with glycerol uptake and metabolism. The following gene
deletions from the Keio collection were used in inhi-
bition assays of PCM cells: cyaA, crp, crr, glpA, glpB,
glpC, glpD, glpF, glpK, glpQ, glpR, glpT, and glpX. cyaA
and crp encode the CRP-cAMP transcriptional regula-
tor and the bacterial adenylate cyclase, respectively. crr
codes for the enzyme IIAGlc, which, among other things,
activates adenylate cyclase [47–49]. glpA, glpB, and glpC
form an operon that encode a glycerol-3-phosphate dehy-
drogenase complex that converts glycerol-3-phosphate to
dihydroxyacetone phosphate under anaerobic conditions
[50], and glpD codes for an aerobic glycerol-3-phosphate
dehydrogenase [51]. The glpFKX operon encodes the glyc-
erol facilitator GlpF and the glycerol kinase GlpK, both
directly involved in the uptake of glycerol [52], while
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Fig. 3.

Fig. 3. a Inhibition of �pst colony growth by single gene knockouts
from Keio collection (BW25113 background). One hundred �pst cells
were mixed with 109 bacteria carrying individual deletions in each of
the following genes: cyaA, crp, crr, glpA, glpB, glpC, glpD, glpF, glpK,
glpX, glpQ, glpT, and glpR. The plates were incubated for 2–3 days at
which time the PCM colonies were counted. “Control” represents the
�pst strain plated in the absence of other bacteria and phoA serves as
a positive control. Each bar represents the mean ± S.E.M. of at least 3
independent cultures.
b Screening the E. coli collection of knockouts for �pst growth
inhibition. �pst cells and the library knockouts (Keio collection plate
no. 53) were grown overnight in TGP medium. The �pst culture was
diluted a hundredfold and 30 μ l of this dilution was used to create a
linear patch on a TG2PP plate supplemented with XP. Once the �pst
patch was dry, 2 μ l of each knockout strain was dropped over the
patches. The plates were incubated for 48 h at 37 ◦C. In the vast
majority of cases, a halo was formed inside the patch where the
knockout strain was applied, indicating that �pst growth was
inhibited by this particular strain. Only a few knockouts described in
the main text allowed the growth of �pst, characterized by a bluish
color inside the drop. These strains were further tested in a
conventional inhibition assay (as in Fig. 3a) to confirm this phenotype.
The strong blue color inside the phoU drop is because this mutant is a
PCM that grows on TG2PP. Of those that did not inhibit �pst, the
majority was formed by auxotrophic strains. For instance, in plate 53,
the knockouts of pyrE, purA, purD, purL, and purM did not inhibit �pst
growth, but they do not grow or grow very poorly in minimal
medium. Halos marked with an X correspond to bacteria that are not
part of the Keio collection (see the Keio collection documentation at
https://shigen.nig.ac.jp/ecoli/strain/resource/keioCollection/about). c
Formation of PCM colonies from apparent cell clusters in the
presence of 109 inhibitors. Approximately 100 �pst cells were plated
on TG2PP and immediately incubated at 37 ◦C. Top-agar carrying 109

phoA cells was poured over the �pst bacteria at time 0, 3, 6, 12, or
24 h following �pst plating. The plates were then further incubated,
such that the total incubation time for each plate was 48 h. The CFU
number was counted at the end of the 48-h incubation. The control
plates did not contain phoA cells. Each bar represents the mean
± S.E.M. of 5 independent cultures

GlpX is a fructose 1,6-bisphosphatase [53]. GlpR is the
repressor of the glycerol-3-phosphate regulon. Notewor-
thy, some variants of strain MG1655, including the one
originally sequenced [54] carry a frameshift deletion in
glpR, though our MG1655 variant harbors a wild-type
glpR gene [55]. Finally, glpQ and glpT code for proteins
involved in glycerol-3-phosphate uptake and metabolism
[56]. 109 bacteria each carrying single deletions of these
genes were each mixed with 100 BW25113 �pst bacte-
ria and plated on TG2PP plates (BW25113 is the parental
strain of the Keio knockouts). The growth of�pst colonies
was followed for 48 h. Figure 3a shows that the glpK, glpD,
crp, crr, cyaA, and glpF knockouts allowed the recovery
of more than 50% of the �pst colonies, while the glpT
deletion inhibited the growth of most, but not all of the
colonies. The other knockouts (glpA, glpB, glpC, glpX,
glpQ, and glpR) inhibited the growth of all �pst cells.

https://shigen.nig.ac.jp/ecoli/strain/resource/keioCollection/about
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With the exception of glpT, a common characteristic
of the knockout mutants that did not completely inhib-
ited �pst growth is that none of them is able to grow
with glycerol as the sole C source [52]. Herein, it can
be concluded that bacteria that are unable to take up or
metabolize glycerol do not inhibit the growth of PCMs.
This by itself suggests that the inhibition of PCMs by wild-
type cells occurs because most glycerol produced in the
periplasm of the PCM cells diffuses out and is consumed
by the overwhelming excess of neighboring wild-type bac-
teria. In fact, the average frequency of PCMs is 5.0 ·
10−6 (see Table 2), i.e., for each PCM cell, there are
∼ 20,000 competitor wild-type bacteria on the selective
plate seeded with a 109 culture.
To test whether other individual genes are also associ-

ated with PCM growth inhibition, the entire Keio library
of mutants was screened. Figure 3b shows a picture of a
typical experiment in which the mutants of Keio’s plate
no. 53 were screened for their effect on �pst growth.
In addition to the aforementioned genes, the only other
knockout that is not auxotrophic and that did not inhibit
the growth of �pst was clpP (not shown). ClpP is a pro-
tease that together with ClpX and ClpA is associated with
protein turnover [57]. The reason why the clpP knock-
out does not inhibit PCM growth is unclear. Finally, to
verify that these results are not strain-specific, all gene
deletions that did not inhibit BW25113 �pst growth
were transferred to strain MG1655 and tested again for
growth inhibition of MG1655 �pst (Additional file 1:
Figure S4).

Fitness of PCMs
The present findings have led to the hypothesis that the
growth of most PCMs is inhibited by the overwhelm-
ing surrounding wild-type cells due to a competition for
limited glycerol produced in the PCM periplasms. In
addition, it is also possible that the PCMs are less fit
than the wild-type strain for growth with glycerol even
if both strains are present in equal numbers. To test
this assumption, we measured the fitness of the �pst
mutant in the presence of the wild-type strain with glyc-
erol as the sole carbon source. One thousand bacteria
of each strain—MG1655 and �pst (strain TC02)—were
mixed in medium TGlyP (0.2% glycerol as C source) and
grown for 72 h with agitation. Samples were withdrawn
every 24 h, diluted, and plated on L-agar supplemented
with XP to differentiate between the strains. The selec-
tion coefficient of strain �pst at the end of 3 days of
incubation was −0.67 ± 0.003, an average of three inde-
pendent experiments. This suggests that in addition to
the fact that the PCMs are vastly outnumbered by the
wild-type cells on the selective plate, they are also con-
siderably less fit than the wild-type strain (by 67% per
generation).

How do some PCMsmanage to grow after all?
Of the ∼ 50,000 PCMs that are expected to be present
in a population of 109 bacteria plated on selective TG2PP
medium, only a few dozens of PCMs grow and eventu-
ally form colonies. However, there is not any impediment,
in principle, for the growth of tens of thousands of PCM
colonies in 48 h as shown in Additional file 1: Figure S3.
How then do some PCMs manage to escape the inhi-

bition? Is it a stochastic phenomenon or do some lucky
mutants have a unique characteristic that permits their
growth?We suggest that some PCMsmanage to grow and
form visible colonies in cases that they form occasional
clusters of two or more cells. In these microclusters, the
pool of glycerol moieties released by the PCMs is shared
among the neighboring cells, which happen to be also
PCMs. These sort of mutual feeding allows further repli-
cation and the subsequent formation of a PCM colony. To
test this hypothesis, one hundred �pst cells were plated
on each TG2PP plate. A thin layer of soft-agar contain-
ing 109 �phoA cells was added at times 0, 3, 6, 12, and
24 h on top of the plated �pst bacteria, and the plates
were further incubated for up to 48 h. Figure 3c shows that
when 109 phoA bacteria were added at time 0 h, no colony
was visible after 48 h. However, when the phoA cells were
added 3 h later, around 12 colonies could be observed,
in the 6-h plate and over almost all �pst mutants man-
aged to form colonies. Since the bacteria doubling time on
TG2PP is around 2.5 h, the 12 PCM colonies that grew
after 3 h could have arisen from clusters of 2 cooperat-
ing first-generation siblings. At 6 h, when these clusters
consisted of 4–8 siblings, nearly all plated PCMs survived.
This suggests that microclusters of PCMs are able to
grow and form colonies. Cell microclusters can be formed
stochastically upon plating an overnight culture of ∼ 109
MG1655 wild-type cells containing ∼ 50, 000 PCMs, or
from a plated single cell at a late phase of division (see the
“Discussion” section).

Amathematical model for PCM growth and extinction
Amathematical model based on the competition for glyc-
erol produced and released by the PCMs is presented
in detail in the Additional file 2. The main hypothesis
is that of spatial homogeneity, so that the model can be
applied to the entire plate, or to a small portion of it
(in this case assuming an absence of any sort of interac-
tion with the surrounding adjacent regions). In addition to
spatial homogeneity, the model assumes that both PCMs
and wild-type cells equally compete for the glycerol moi-
eties released by the mutant cells. The competition will
eventually cause the extinction of both strains following
G2P/glycerol depletion, resulting in the tragedy of the
commons.
An ideal plate is considered in order to better understand

the dynamics of this interaction. The main difference
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between an ideal plate and the actual TG2PP plate is
that in the former the concentration of substrate is con-
stant, while in the actual plate the concentration of G2P
decreases with time. Analysis of the model reveals that
both strains go to extinction unless they have similar fit-
nesses. In this case, they can coexist provided there is
a minimal initial number of mutants on the plate (see
Equation 7 in the Additional file 2). In addition, PCMs
may survive alone on the plate if the wild-type strain
ability to capture glycerol is very low (see Eq. 14). How-
ever, the results of the competition (see the “Fitness of
PCMs” section) showed that the wild-type strain is con-
siderably fitter than the PCM in the presence of glycerol
as the sole carbon source (Eq. 14 is not satisfied), sug-
gesting that both strains go to extinction in the TG2PP
plate. In fact, our data showed that the vast majority of the
PCMs would never grow and form colonies and since the
wild-type strain cannot grow on G2P both strains would
eventually die.
The dynamics trajectory of the competition between

wild-type cells and PCMs is detailed in Additional file 2.
The model presented can be adjusted to different com-
petition situations (different PCMs to wild-type cell pro-
portions) by adopting different values for K , L∗, α, μM,
μW , ε, δ, β , and γ , exposed in Table 2 of the Additional
file 2. Let us consider the following values: K = 107,
L∗ = 2.1 × 105, α = 5, μG = 0.1, μM = μW = 1,
ε = δ = 1, and β = γ = 1 (units are given in
Table 2). The initial conditions supplied to the dynam-
ical system (Eq. 3) are G(0) = 0, M(0) = M0, and
W (0) = 0.1K = 106, whileM0 is variable. WhenM0 = 1,
both populations go to extinction, while for M0 = 2,
they can coexist. A simulation shows that by applying
these M0 values the minimum PCM to wild-type ratio
that allows some level coexistence is 1 : 106. Indeed,
Fig. 2a shows that at a 1 : 106 proportion, 1% of the
PCMs manage to grow and form colonies. As M0 goes
up, increasing thus the PCM to wild-type ratio, the num-
ber of PCMs that grow and form colonies also increases
(Fig. 2a).

Discussion
Our results have shown that the classical method for
assessing mutant frequency, i.e., colony counting under
selective conditions is not always reliable. In the case
of PCM selection, it showed an initial rate of less than
2× 10−8/gene/generation (assuming 100 mutants per 109
bacteria and five pst genes as targets), while the actual
mutation rate of 1.6 × 10−6/gene/generation turned out
to be over hundred-fold higher, and closer to the expected
mutation rate in E. coli (∼ 10−6/gene/generation [24, 58]).
Krasovec et al. have shown that high cell density par-

tially inhibits the frequency of RifR mutants on a selec-
tive plate via a cell–cell luxS-dependent mechanism [10].

According to these authors, lowering bacteria density by
77% increased mutation rate by twofold. PCM mutation
rate is also likely to be influenced by this phenomenon, but
it only accounts to a small proportion of the nine hundred-
fold inhibition observed when 109 bacteria are plated on
TG2PP (Table 2). Other examples of bacterial growth
inhibition by contact or proximity have been reported
[44–46]. In one case, the inhibition was caused by toxins
encoded by the CdiAB system from strain EC93, isolated
from rat intestines [44]. Another instance was the inhi-
bition caused by strains 25 and 256 isolated from cattle,
whose mechanism of inhibition remains unknown [46]. In
contrast to the aforementioned systems, stationary phase-
dependent contact inhibition reported by Lemonnier et al.
[45] bears some similarities with PCM inhibition. In this
system, inhibition occurs between isogenic strains, such
that the only difference between the inhibitor and inhib-
ited strain is that the former carries amutation in glgC that
encodes an enzyme involved in glycogen synthesis. Bacte-
ria carrying amutation in this gene overproduce glycogen.
However, this inhibition system is strain-dependent and
was not detected in MG1655, the strain used in our study
[45]. In contrast, PCM inhibition was observed in other
E. coli laboratory strains (Fig. 3) and also in E. coli natural
isolates (Additional file 1: Figure S1).
Ever since Luria and Delbrück seminal paper [36], it

became established that changes in the bacterial genome
are not directed to a relevant locus, notwithstanding
selective pressures or environmental condition. How-
ever, the idea of directed mutagenesis resurfaced when
non-lethal selective conditions instead of selection to
virus/antibiotic/toxin resistance were employed, a process
that has been named “adaptive or directed mutagene-
sis” [59]. Later, Cairns and others have shown that some
mutations arise in response to environmental challenges
[3, 59–62]. Adaptive mutations must occur in non-
dividing bacteria and only after the bacteria have been in
contact with the selective agent and, for that reason, adap-
tive mutant colonies emerge late on the selective plate.
The very existence of adaptive mutations is still disputed,
and the controversy remains unresolved [63–67]. Despite
the fact that PCM colonies do not emerge before 72 h
on the selective plate and that their appearance display a
sigmoid curve (features common to adaptive mutations),
the high PCM mutation rate, the high frequency of pre-
existing PCMs, and the extent of their inhibition strongly
suggest that most, if not all PHO-constitutive mutations,
are preexisting and do not occur after the bacteria have
been plated.
It could still be argued that the wild-type bacteria may

replicate on the selective plate using traces of carbon
contaminants or by using the small amounts of glyc-
erol produced by AP basal level in those strains. Even
a few rounds of replication would increase the number
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of mutant colonies [7, 8]. However, the wild-type strain
does not grow at all on the TG2PP plate [14]. The most
plausible explanation for the low PCM frequency and late
appearance is that the vast majority of the PCMs are
inhibited because the overwhelming ancestral neighbor-
ing cells seize upon the glycerol moieties produced by the
PCMs. Indeed, bacterial strains that are unable to grow on
glycerol do not inhibit PCM growth (Fig. 3a).
The production and sharing of public goods is a form

of cooperation among organisms that are vulnerable to
the exploitation by cheaters. These are individuals in the
population that benefit from the public goods without
sharing the cost of production. Cheaters are better able
to exploit the cooperators in dense populations and when
the cheaters themselves are less frequent than the cooper-
ators [68]. However, if themagnitude of cheating increases
such that the number of cheaters far exceeds the number
of cooperators, the whole community collapses result-
ing in a situation known as the tragedy of the commons
[21, 69, 70]. The unfair competition between cheaters and
cooperators is aggravated by the fact that the coopera-
tors, carrying the burden of producing the public goods
(AP in our case), display a lower relative fitness com-
pared to the cheaters [71]. Despite the risk of exploitation
by cheaters, there are various examples of cooperation
mediated by the production of public goods in microor-
ganisms, such as the production and secretion of sidero-
phores that scavenge ferric ions in the extracellular space
[72], β-lactamase that hydrolyzes β-lactam antibiotics
[73], or enzymes that facilitate the utilization of sucrose in
yeast [74].
The selection and growth inhibition of PCMs might

well fit an instance of cheating–cooperation that ulti-
mately results in the collapse of the community. The
public good, AP, is produced constitutively by the PCMs
and secreted to the periplasm, where it hydrolyzes G2P
releasing glycerol that is used as a C source by the entire
population. The PCMs, being a minority from the begin-
ning, are overwhelmed by the vast majority of wild-type
cells whose AP production is repressed. In the classical
tragedy of the commons applied to microbial evolution,
the cheaters are usually individuals (mutants) that invade
and exploit the population of cooperators for their own
benefit [68, 71, 75]. As their fraction in the population
increases, the production of public goods dwindles result-
ing ultimately in the collapse of the entire population
[70]. In contrast, here, the cooperators (PCMs) are in
the minority and are thus being exploited by the over-
whelming majority of cheaters (wild-type bacteria) from
the beginning to the point that most PCMs are unable
to grow. This situation bears similarities with another
instance of bacterial cooperation which is the produc-
tion of β-lactamase that hydrolyzes β-lactam antibiotics
in the vicinity of the growing colony [73]. Similarly to AP,

β-lactamase is located in the periplasm and the cooper-
ator’s (β-lactamase producers) action against β-lactams
benefits the neighboring cells, as evidenced by the satellite
colonies of susceptible bacteria (cheaters) growing around
a single β-lactamase producing colony [76]. However, in
this case, the growth of the cooperators is not completely
hindered by the cheaters and the population does not col-
lapse. The basic difference between cooperation through
β-lactamase and AP secretion is that the product of the
cooperation, glycerol, is almost entirely leached by the
overwhelming cheaters while the product of β-lactamase
activity is the elimination of β-lactams in the immedi-
ate vicinity allowing first and foremost the growth of its
producer and only marginally the growth of neighboring
susceptible cells. In addition, coexistence is constrained
by the initial dose of the antibiotic, as doses greater
than the “minimum inhibitory concentration” preclude
the coexistence between resistant and susceptible bacteria
[76, 77].
Many bacterial species secrete AP, either to the

periplasm or to the extracellular space [78]. Thus, other
species besides E. coli are also likely to experience cheating
from selfish individuals in the population when growing
with G2P. It should be noticed that AP secretion to the
periplasm is, for the purpose of glycerol release, indistin-
guishable from secretion to the extracellular space, as the
outer membrane allows free passage of small substrates
through porin channels [79].
The question of how some PCMs do manage to grow

and form colonies could best be answered by assuming
that the lucky colonies have derived from small clusters
of PCM cells. These clusters could be composed of dif-
ferent or identical PCMs. In one rare case, two or more
PCM cells would randomly repose close to each other
upon plating, and in a second case, the cluster could
be composed of a bacterium completing the replication
process on the plate resulting in two identical siblings.
The evidence presented in Fig. 3c conforms the forma-
tion of homogeneous colonies, but it does not rule out
the possibility that heterogeneous colonies are formed
by different PCM cells. Moreover, these two alternatives
are not mutually exclusive. In fact, a back of the enve-
lope calculation shows that the probability that a pair of
2 different PCM cells would repose next to each other on
the selective plate is about p = 8 × 50,000

109 = 0.00040,
where 8 is an approximation for the number of imme-
diate neighbor cells of each bacterium and 50, 000 is the
estimated frequency of PCMs in a population of 109 bac-
teria (based on Table 2). Thus, in a population of 50,000
PCMs, 20 PCM adjacent pairs are expected and a neg-
ligible number of 3-cell clusters. This number is in the
range of those observed on the selective plates (see Fig. 1).
In addition, the general model described in the Addi-
tional file 2 (section 1.2) entertains a situation in which
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the flow of glycerol towards the majority of wild-type
cells is restricted by an increasing number of PCMs, sim-
ulating thus the formation of clusters. In this particular
case, only the mutant cells are able to grow. As men-
tioned above, PCM clusters could also be homogeneous,
i.e., composed of 2 siblings of a PCM cell that landed on
the G2PP plate at some advanced step of division. All that
is needed is that two or more adjacent PCM cells would be
mutually protected from loosing glycerol to the neighbor-
ing wild-type cells, allowing them to start replicating and
eventually forming a colony. Figure 4 shows a schematic
representation of the model depicting the availability of
glycerol in a single PCM and in a small cluster of PCMs
growing on G2P.
Interestingly, it has been shown that individual cells

of Saccharomyces cerevisae are unable to utilize sucrose,
unless they form microclusters that secrete invertase, an
enzyme that hydrolyzes sucrose into glucose and fruc-
tose that, unlike sucrose, can be imported by the yeast
cells [74]. Thus, the cooperation of S. cerevisae cells in
the microclusters is the main feature that enables their
growth when sucrose is scarce. It has also been shown
that similarly to the microclusters of PCMs, the S. cere-
visae clumps have an advantage over cheaters that do not
produce invertase.

Conclusions
The selection of PCMs on G2P exemplifies an instance in
which a high mutant frequency is being masked by the
competition between mutants and their wild-type ances-
tors. This is also a case where cooperators (PCMs) are
strongly inhibited by the overwhelming cheaters (wild-
type cells), leading to a situation in which neither the

cheaters nor the majority of cooperators can grow, result-
ing in the collapse of the population—a tragedy of the
commons. Yet, rare clustering of mutants allows them to
grow and form colonies.

Methods
Strains, plasmids, and growthmedia
The bacterial strains used in this study are listed in Addi-
tional file 1: Table S1. Unless otherwise stated, bacteria
were incubated at 37 ◦C under aerobic conditions. LB/L-
agar is the standard richmedium [80]. Theminimal media
TGP and TG2PP were composed of T-salts [15] (0.12 M
Tris-HCl, 80 mM NaCl, 20 mM KCl, 20 mM NH4Cl,
0.98 mM MgCl2.6H2O, 2.46 mM Na2SO4, 2 mM CaCl2,
2 μM FeCl3, 2 μM ZnCl2, pH 7.5) supplemented with
1 mM of the KH2PO4 and either 0.2% glucose (TGP), 0.2%
glycerol-2-phosphate (TG2PP) or 0.2% glycerol (TGlyP).

Gene knockouts
Genes and operons were deleted using the λ-red recom-
binase system as originally described [81, 82]. Briefly, chlo-
ramphenicol or kanamycin resistance genes were ampli-
fied using plasmid pKD3 or pKD4 as templates and the
hybrid primers described below. The amplicons containing
the cat gene or kan genes and 40 bases flanking sequences
corresponding to genes mutS gene (primers mutS_mut_
Fow – ATCACACCCCATTTAATATCAGGGAACCGG-
ACATAACCCCGTGTAGGCTGGAGCTGCTTCandmutS_
mut_Rev – GTTAATATTCCCGATAGCAAAAGACTA-
TCGGGAATTGTTACATATGAATATCCTCCTTAG) and
the operon pstSCAB-phoU (primers pst_m_Fow – GT-
CTGGTGAATTATTTGTCGCTATCTTTCCCCGCCA-
GCAGTGTGTAGGCTGGAGCTGCTTC and pst_m_rev

Fig. 4. a A single PCM (blue bacterium) produces glycerol molecules that diffuse out and are captured by the surrounding wild-type cells. The
concentration of glycerol in the PCM vicinity is insufficient to enable the growth of the mutant or the growth of the neighboring wild-type cells,
leading to the collapse of the population. , glycerol molecules produced by the PCM. b A microcluster of two PCMs mutually feeding each other.
Under these conditions, the concentration of glycerol available to the PCMs increases. Glycerol freely moves between PCM cells, being thus
sufficient to foment the growth of a colony
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– AGGAGACATTATGAAAGTTATGCGTACCACCG-
TCGCAACTCATATGAATATCCTCCTTAG) were elec-
trotransformed into exponentially growing cultures of
strains KM32 or KM44 grown in LB medium supple-
mented with 1 mM IPTG. Recombinants were selected on
L-agar plates containing appropriate antibiotics. Knock-
out of mutS was confirmed by PCR with the primers
mutS_ver_Fow and mutS_ver_Rev, and the deletion of
pstSCAB-phoU was confirmed by PCR and AP assay.
When required, gene deletions were transferred to strain
MG1655 by P1 transduction.

P1 transduction
Chromosomal markers were transferred between strains
using P1 transduction as described inMiller [80]. Mutants
carrying specific deletions were selected on L-agar plates
supplemented with the appropriate antibiotic. Further
confirmation of the genetic marker was performed by
PCR. Following transduction of gene deletions, the antibi-
otic marker was removed in some instances using plasmid
pFLP2 as described [81].

Selection of PCMs on TG2PPmedium
PCMs were selected as described [13, 14]. Briefly, bac-
teria were grown overnight in TGP medium, washed
three times with 0.9% NaCl, and plated on TG2PP sup-
plemented with XP (40 μg/ml). Approximately 109 were
plated on each plate, incubated for different time lengths,
and counted daily, as specified in the text. Blue colonies
were considered PCMs.

Assessment of RifR mutant frequency
Bacteria (strain MG1655) grown overnight in medium
TGP were washed three times with 0.9% NaCl. Approxi-
mately 109 bacteria were plated on TGP plates containing
100 μg/ml rifampicin. Mutant frequency was calculated
as the ratio of resistant mutants over the total number of
plated bacteria, estimated by CFU counting of bacteria on
L-agar plates.

PCM inhibition assay
�pst cells and the inhibitor strain to be tested were grown
overnight in TGP medium. On the next day, both cul-
tures were washed three times with 0.9% NaCl and, unless
otherwise noted, mixed as follows: 109 inhibitor cells and
100 �pst bacteria. The bacterial mix was then plated on
TG2PP medium. Plates were incubated for 2 days, and the
emergence of blue colonies was recorded.

Survival of wild-type cells on TG2PP plates
Wild-type bacteria were plated on TG2PP as described
in the “Selection of PCMs on TG2PP medium” section
above. Agar plugs with 5-mm diameter were removed
every 24 h from the plate with the help of a glass cannula.

Bacteria were eluted from the agar plug by vortexing for
1 min. Bacteria were then diluted and plated on L-agar
plates.

Bacterial lysis by freezing/thawing
Bacteria were grown overnight in TGP medium and con-
centrated to a final concentration of 1010 bacteria/ml. An
aliquot of 100 μl was centrifuged, and the bacteria were
resuspended in the same volume of lysis solution (1 M
Tris pH 8.0, 5 mg/ml lysozyme, 100 mM phenylmethylsul-
fonyl fluoride, and 1 μl DNase). The suspension was kept
on ice for 30 min and then submitted to 6 cycles of freez-
ing/thawing by immersion in liquid nitrogen. The lysed
bacteria were centrifuged to precipitate the debris, and the
supernatant was kept on ice until further use.

Fluctuation test
Strains MG1655 and RI103 (MG1655 �mutS::Cm) were
grown overnight in medium TGP. On the next day, the
cultures were washed three times in 0.9% NaCl. Approx-
imately one thousand bacteria from each culture were
inoculated in each of 60 wells filled with 100 μl TGP
medium containing 110 nM glucose and incubated at
37 ◦C for 30 h. The total volume of the cultures was
then plated on TG2PP plates followed by incubation for
48 h, at which time the frequency of PCMs was assessed.
The number of bacteria in each culture (total CFU) was
counted in parallel cultures. To calculate the mutation
rate of PCMs derived from MG1655, the P0 method was
employed [36]. The mutation rate of strain RI103 was cal-
culated using the P0 method as well as by the Lea and
Coulson [38] and Jones [39] methods.

Competition assay
MG1655 and the �pst mutant (strain TC02) were grown
overnight in medium TGP. On the next morning, approx-
imately 1000 cells of each strain were mixed in 5 ml of
medium TGlyP and grown at 37 ◦C with agitation. Sam-
ples were taken at 0, 24, and 48 h, diluted, and plated on L-
agar supplemented with XP. The selection coefficient was
calculated from the growth rates according to the formula:
s = rm−rw

rw ln 2, where rm and rw represent the growth
rate of the mutant and wild-type strain, respectively. The
competition was performed in triplicates.

Growth inhibition of PCM clusters
Overnight cultures of MG1655 �pst (strain TC02) grown
in TGP medium were washed and diluted in 0.9% NaCl.
Approximately one hundred bacteria were then plated on
TG2PP. The plates were incubated at 37◦C for 0, 3, 6, 12,
or 24 h, at which times a layer of soft-agar (6 g/l) contain-
ing 109 �phoA cells was poured over the plate. The plates
were returned to the incubator until the total time of 48 h,
when the number of PCM colonies was counted.



Neves et al. BMC Biology          (2020) 18:194 Page 13 of 15

Screening of the Keio collection
The Keio strains and the �pst mutant (strain TC01) were
grown overnight in TGPmedium. On the next day, 1 ml of
each culture was centrifuged and resuspended in the same
volume of 0.9% NaCl. The �pst suspension was diluted
100X and 30 μl portions of this dilution were spotted on
a TG2PP plate which upon tilting the plate created lin-
ear patches of bacteria. Once the �pst patch was dry, 2 μl
of the each Keio strain was dropped over the patch. The
plates were incubated for 48 h at 37 ◦C, and the growth
of �pst inside the circle formed by the Keio strain sample
was evaluated. Growth inhibition was characterized by an
empty white circle while a circle filled with a blue patch
indicated that the Keio strain did not inhibit the growth
of �pst. The Keio knockouts that did not inhibit �pst
growth were further tested in a conventional inhibition
assay to confirm this phenotype.

PCM growth inhibition through filters
Bacteria (strains TC01(�pst) and RI05 (�phoA)) were
grown overnight in TGP medium. On the next day, cul-
tures were washed three times with 0.9% NaCl and 109
�phoA cells were spread on a TG2PP plate. A sterile
acetate cellulose filter or a stack of 3 filters (pore size
0.22 μm) were placed at the center of the plate and a drop
containing approximately 100�pst cells was spread on the
surface of the top filter. Plates were incubated for 48 h and
the growth of PCM colonies was evaluated.
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