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Antithetic population response to antibiotics 
in a polybacterial community
L. Galera-Laporta* and J. Garcia-Ojalvo†

Much is known about the effects of antibiotics on isolated bacterial species, but their influence on polybacterial 
communities is less understood. Here, we study the joint response of a mixed community of nonresistant Bacillus subtilis 
and Escherichia coli bacteria to moderate concentrations of the -lactam antibiotic ampicillin. We show that when 
the two organisms coexist, their population response to the antibiotic is opposite to that in isolation: Whereas in 
monoculture B. subtilis is tolerant and E. coli is sensitive to ampicillin, in coculture it is E. coli who can proliferate in the 
presence of the antibiotic, while B. subtilis cannot. This antithetic behavior is predicted by a mathematical model 
constrained only by the responses of the two species in isolation. Our results thus show that the collective response 
of mixed bacterial ecosystems to antibiotics can run counter to what single-species potency studies tell us about 
their efficacy.

INTRODUCTION
Bacteria inhabit virtually every ecological habitat in our planet, from 
the interior of our bodies to the oceans, usually living in mixed 
communities that contain a variety of distinct species (1–3). Within 
these communities, individuals from different species signal each other 
(4, 5), compete for nutrients (6–8), and produce substances that benefit 
other species in the community (9, 10). A particularly relevant situation 
in which interaction among bacterial strains has been seen to be 
important is in their response to antibiotics (11–14). In this condition, 
mixed-species communities can exhibit, for instance, spreading of 
antibiotic resistance (15, 16) and cross-protection against multiple 
antibacterial agents (17–19). Most of these studies involve genetic 
antibiotic resistance (20, 21), however, although antibiotic survival 
is also commonly driven by nongenetic mechanisms that underlie 
responses such as persistence (22, 23).

Mounting evidence shows that the nongenetic response of multi-
species bacterial communities to antibiotics goes beyond their be-
havior in isolation (24, 25). However, the mechanisms underlying 
the modulation of these responses are still poorly understood. To 
address this question, here, we studied how a mixed community of 
nonresistant bacteria responds to moderate concentrations of a 
-lactam antibiotic, which attacks cells by interfering with membrane 
formation. The situation is represented schematically in the left side 
of Fig. 1, which shows the response of two isolated bacterial species, 
one tolerant and one sensitive, to the antibiotic. The tolerant response 
is characterized by exponential growth after a lag time that increases 
gradually with antibiotic concentration (26, 27). The sensitive species, 
in contrast, exhibits a sudden loss in its ability to proliferate as the 
antibiotic levels increase.

When the two species are cultured together (right side of Fig. 1), 
we can expect one of four potential outcomes: (i) The response of 
the two species could be the same as in isolation (first panel from 
the left), i.e., cross-species interactions would not alter the behavior of 
the individual species. (ii) The tolerant species could affect positively 

the sensitive one (second panel from the left) so that the mixed-species 
community would become resilient as a whole to the antibiotic 
because of interspecies coupling. (iii) Alternatively, the tolerant 
species could become negatively affected by the sensitive one (third 
panel from the left), rendering the whole bacterial community unviable. 
Last, and somewhat counterintuitively, (iv) the response of the two 
bacterial species could swap such that the species that survived the 
antibiotic in isolation dies out in the presence of the other species 
and vice versa (panel on the right).

Our results show that, at least for the bacterial species and anti-
biotic chosen here, interspecies coupling in the presence of antibiotic 
leads to the fourth scenario described above, i.e., the response of the 
two species when growing together is opposite to that in isolation. 
To understand this counterintuitive behavior, we first developed a 
common theoretical framework to account for the two responses in 
isolation, by means of a mathematical model of the binding between 
the antibiotic and its target molecule. The model reproduces the 
experimentally observed responses of the two bacterial species in 
monoculture and anticipates that, in a mixed community, the two 
bacterial species exchange their response patterns due to their sharing 
of a common pool of antibiotic, an effect that we confirm experi-
mentally. It is worth emphasizing that what changes here is not the 
molecular sensitivity of the bacteria to the antibiotic (as established 
typically by single-species efficacy studies) but rather their collective 
response to the drug, as a result of the change in drug availability for 
each bacterial type in the presence of the other. Together, our results 
suggest that the reaction of mixed-species communities to antibiotics 
cannot be extrapolated from dose-response studies in isolated species, 
arguing instead for the need of a community-specific analysis in 
each case.

RESULTS
Single-species response to ampicillin
We began by examining systematically the behavior of liquid mono-
cultures of Bacillus subtilis and Escherichia coli cells (gram positive 
and gram negative, respectively) upon addition of increasing con-
centrations of antibiotic. Specifically, we used the -lactam antibiotic 
ampicillin, at a maximal concentration of 50 g/ml, a value higher 
than the minimal inhibitory concentration for E. coli (28, 29). We then 
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considered nine serial halving dilutions of the antibiotic, together with 
the baseline antibiotic-free case as a reference. The typical responses 
of the two bacterial species to increasing antibiotic concentrations 
are shown in Fig. 2 (A and B), which plots the cell density of the 
liquid cultures, as monitored by their light absorbance [optical density 
(OD)] at 600 nm (fig. S1, A and B, shows the mean and SE curves of 
all the experiments performed, four biological replicates with two 
technical replicates each, for a total of eight replicates).

As shown in Fig. 2A, B. subtilis grows after a lag time that increases 
gradually with antibiotic concentration. Once the population starts 
to grow, its behavior is basically independent of the amount of anti-
biotic. The cell density fluctuations observed in the stationary phase 
arise from the fact that B. subtilis cells tend to aggregate in liquid 
culture, exhibiting vortex-like collective motions that can affect 
absorbance measurements (30). These fluctuations do not affect the 
phenomena that we are reporting here, which focus on the initial 
growth of the cultures, when they are very far from the stationary 
phase and thus free from aggregates.

To study whether the tolerant response of B. subtilis to ampicillin 
could be due to gain of resistance, we cultured this species in the 
presence of antibiotic and extracted the cells after they had started 
growing (fig. S2). We then put those cells in new media under various 
concentrations of antibiotic, using again the same protocol used in 
Fig. 2. Measuring population growth over time shows that these 
surviving cells exhibit the same gradual lag response to the antibiotic 
as the naïve cells. Thus, the delayed growth is not the result of a gain 
of resistance.

The same response can be observed in the presence of carbenicillin 
(fig. S3A), another -lactam antibiotic similar to ampicillin, but not 
with other types of antibiotics from different families (fig. S4, A to C). 
The behavior also arises in a different strain (fig. S4, D to G). The 
reaction of B. subtilis to ampicillin contrasts markedly with that of 
E. coli, which is abrupt and devoid of any gradual delayed growth 
(Fig. 2B).

The lag response reported for B. subtilis is consistent with bacterial 
tolerance (22, 31) and provides us with a marker to study the influ-
ence of cross-species interaction to antibiotics stress. To that end, we 

used the growth curves to calculate the lag time (Tlag), defined as the 
time the population takes to start growing after adding antibiotic to 
the medium (see double-headed arrow in Fig. 2A). We calculate this 
quantity by determining the times at which the growth curves cross 
an arbitrary threshold, fixed at 0.1 OD. The corresponding lag times 
for B. subtilis at increasing antibiotic concentrations are plotted in 
Fig. 2C, showing the progressive and tolerant response to ampicillin 
of this bacterial species. This again contrasts with the abrupt response 
of E. coli (Fig. 2D), with no growth observed within our 70-hour 
observation window for high concentrations of the antibiotic.
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Fig. 1. Scheme illustrating the bacterial response of single-species cultures (left) and mixed-species cultures (right) to a specific antibiotic. Species 1 (magenta) 
has a tolerant response to an antibiotic (AB), while species 2 (blue) presents a sensitive response. Both sensitivities can be captured by measuring bacterial growth [optical 
density (OD)] over time and observing the resulting final outcomes. The mixed-species culture can have one of four different potential outcomes, described in the text.

Fig. 2. Single-species responses to ampicillin. (A and B) Growth curves of B. subtilis 
(A) and E. coli (B) under increasing concentrations of ampicillin. The maximum 
antibiotic concentration is Amax = 50 g/ml in both cases. The horizontal double- 
headed arrow in (A) shows schematically the meaning of the time lag (Tlag) for the highest 
antibiotic concentration. (C and D) The corresponding median time lags for (A) and 
(B), respectively, as a function of the initial antibiotic concentration. Error bars represent 
SD over four replicates (see also fig. S1). The numbers in parentheses on top of some 
bars indicate the number of replicates in which growth was not observed within 
the time window of our experiment (70 hours). For the bar on the far right reaching 
the maximum of the y axis, none of the four replicates exhibited growth in 70 hours.
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Chemical kinetics description of the response to ampicillin
The -lactam antibiotic ampicillin interferes with bacterial growth 
by binding and inactivating membrane precursor proteins known as 
penicillin-binding proteins (PBPs), which are involved in the final 
stages of cell wall production. In that way, the drug causes an imbalance 
in the metabolism of the cell wall, which impairs membrane formation. 
The chemical processes underlying PBP inhibition can be described 
by the following reaction scheme (32, 33)

  P + A  ⇄  
  k  2  
  

  k  1  
    P ⋅ A      ⟶   P + I  {1}

where P stands for free PBP, A stands for free ampicillin, and I rep-
resents the inactivated form of the antibiotic, which results from the 
acylation and subsequent hydrolyzation of the complex P ⋅ A formed 
by the antibiotic and PBP. Because the hydrolyzation step is much 
faster than the time scale of cell doubling (32), we combine those two 
steps into one, whose rate we represent by . We consider that the 
decrease of the active form of the antibiotic is only produced by 
the inactivation of the antibiotic by the complex (not by a passive 
degradation of the antibiotic in the media; fig. S5) (32). Further-
more, the binding between P and A is usually assumed to be much 
stronger than the unbinding (34). The kinetics of reaction scheme 
{1} can be described by the following pair of ordinary differential 
equations

    dP ─ dt   = ( k  2   +  ) ( P  t   − P ) −  k  1   PA  (1)

    dA ─ dt   =  k  2  ( P  t   − P ) −  k  1   PA  (2)

where P denotes the concentration of free PBP in a cell and A 
denotes the corresponding intracellular concentration of free anti-
biotic (AB). The total PBP concentration Pt = P + [P · A] is assumed 
to be conserved. We also assume fast equilibration between the 
intracellular and extracellular concentrations of antibiotic [on the 
order of minutes (35, 36)], in comparison with the time scales 
involved in the growth phenomena that we are describing here (on 
the order of hours).

The dynamics of this system is determined by the nullclines of P 
and A (green and dashed magenta lines in Fig. 3A, respectively)

    dP ─ dt   = 0 ⇒  A  p   =    k  2   +  ─  k  1        P  t   − P ─ P    (3)

    dA ─ dt   = 0 ⇒  A  p   =    k  2   ─  k  1       
 P  t   − P ─ P    (4)

Figure 3A shows a typical trajectory of the system (black line) in 
the phase space defined by P and A, for an initial condition where all 
the antibiotic and all the PBP molecules are free (empty circle). 
Starting from that initial state, the AB quickly eliminates nearly all 
free PBP (portion of the trajectory labeled as 1 in Fig. 3A), until the 
trajectory hits the P nullcline. At that point, A starts decreasing, but 
it does so very slowly, as can be seen by substituting Eq. 3 into Eq. 2. 
This leads to

    dA ─ dt   = − ( P  t   − P ) ≈ −   P  t    (5)

given that P is much smaller than Pt at this point. This corresponds 
to a linear decrease of A in time, as shown in fig. S6A (portion 2 of 
the time trace).

Threshold-linear response of free PBP to the antibiotic
The nonexponential decay of A given by Eq. 5 allows us to assume 
that the total amount of free antibiotic is approximately constant in 
the time scale of P (whose dynamics still contains an exponential 
decay term), as shown in fig. S6B (portion 2 of the time trace)

   A  t   = A + [P · A]  = A +  P  t   − P ≈ constant ⇒ A =  A  t   −  P  t   + P   
  (6)

Substituting Eq. 6 into Eq. 1 and calculating the steady state of 
that equation leads to the stationary value of the free PBP as a func-
tion of the total AB concentration At

   P  st   =   1 ─ 2  k  1     [   − ( k  2   + γ +  k  1  ( A  t   −  P  t   ) ) + 

                         √ 
_____________________________

    ( k  2   + γ +  k  1  ( A  t   −  P  t   ) )   2  + 4  k  1  ( k  2   + γ)   ]     (7)

In the limit of quasi-irreversible binding between A and P, given 
by k2 ≪ k1Pt, the amount of free PBP depends on total antibiotic 
concentration in a threshold-linear manner, as shown in Fig. 3B. 
This behavior results from the fact that due to the quasi-irreversible 
binding between AB and PBP, the antibiotic acts as a titrating mole-
cule that leaves no free PBP as long as the AB concentration is higher 
than the total concentration of PBP (which sets the threshold, 
see longer gray vertical arrow in Fig. 3B). On the other hand, 
when AB decreases below total PBP, the free amount of PBP builds 
up linearly. Around the threshold, when the AB level is close to the 
total amount of PBP, this molecular titration leads to an ultra-
sensitive response (37).

Molecular titration of the antibiotic underpins  
delayed growth
The threshold-linear response of free PBP with respect to the in-
stantaneous total AB concentration can explain the delayed growth 
behavior observed experimentally. First, we consider that growth 
occurs when free PBP is larger than a certain threshold (shown by 
the horizontal dashed line in Fig. 3B). Next, we take into account 
that the total concentration of available antibiotic decays slowly 
(linearly) in part 2 of the system trajectory (as shown in fig. S6A). 
Under these two conditions, we can expect that starting from a 
certain antibiotic level larger than Pt, the population does not grow 
initially (PBP is below threshold), but as AB decreases (horizontal 
leftward arrows in Fig. 3B) according to Eq. 5, eventually (and 
suddenly) free PBP will go above the growth threshold, and the 
population will start proliferating. The time needed for the thresh-
old to be crossed naturally depends on the initial AB concentra-
tion. Furthermore, the difference between the two bacterial species 
can be accounted for by considering different amounts of total 
PBP, Pt (compare the black and red lines in Fig. 3B). In addition, 
we can account for the higher sensitivity of E. coli by assuming that 
the inactivation rate of the antibiotic, , is smaller in that species 
than in B. subtilis.

Our expectations regarding the behavior of dynamical sys-
tems 1 and 2 are confirmed in Fig. 3 (C to H). The figure com-
pares the growth dynamics of the two bacterial species, resulting 
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from assuming a simple logistic growth in the two cases, with a 
growth rate that depends on the amount of free PBP

     d ─ dt   =  (      0   +     P   n  ─ 
 k p  n  +  P   n 

   )  (1 − )   (8)

Here, the cell density  is normalized by the carrying capacity of 
the medium, and the growth rate depends on the average free PBP 
per cell, which in our model (that neglects population heterogeneity) 
is represented by P. This dependence is, in principle, assumed to be 
switch-like, with threshold kp (corresponding to the horizontal dashed 

line in Fig. 3B) and effective cooperativity n. The coefficient 0 rep-
resents the basal growth rate in the total absence of PBP, which 
is considered negative (net death), because PBP is necessary for cel-
lular proliferation.

Figure 3 (C and D) shows the dynamics of the cell density (t) 
for both bacterial species, as resulting from the parameter choices made 
in Fig. 3 (A and B). The corresponding dynamics of free antibiotic are 
plotted in Fig. 3 (E and F), which shows that AB decays much faster in 
B. subtilis than in E. coli. Last, we compute the time lag (Tlag) by following 
a method similar to that used in the experiments, applying it directly 
to . The results are shown in Fig. 3 (G and H) for the two bacterial species 
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Fig. 3. Monoculture growth dynamics of the molecular titration model. (A) Sample trajectory (black line) in the phase space defined by the two variables P and A. The 
two nullclines of the system are shown in solid green and dashed magenta lines. Labels 1 to 3 correspond to the three portions of the trajectories indicated in fig. S6. The 
parameters are k1 = 0.15 (M · s)−1, k2 = 0.0015 s−1, Pt = 2 M, At = 65 M, and   = 5 × 10−4 s−1. (B) Free PBP as a function of instantaneous total antibiotic (AB) concentration, 
under the assumption that AB varies slowly [which happens in portions 2 and 3 of the trajectory shown in (A)]. The parameters for B. subtilis (black line) are the ones given 
above, while E. coli (red line) is described by two parameter changes: Pt = 28 M and  = 6 × 10−6 s−1. (C and D) Dynamics of the cell density resulting from the logistic 
equation (Eq. 8) for both species and different antibiotic concentrations. Parameters are those of the previous panels, plus kp = 2 M, n = 2,  = 6 × 10−4 s−1, and 0 = − /10. 
The maximum antibiotic concentration is Amax = 140 M, which approximately corresponds to the antibiotic concentration used in the experiments shown in Fig. 2 above. 
a.u., arbitrary units. (E and F) Corresponding temporal behavior of the free antibiotic. (G and H) Growth time lag (Tlag) as a function of the total antibiotic concentration.
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and confirm the gradual tolerant response of B. subtilis, and the 
abrupt increase in sensitivity of E. coli, for increasing antibiotic levels.

Experimental evidence of differential ampicillin  
inactivation in B. subtilis and E. coli
As mentioned above, the model assumes that the inactivation rate 
of ampicillin is higher in B. subtilis than in E. coli. This leads to a 
faster decrease of free antibiotic in the media in the monoculture of 
B. subtilis compared to E. coli (Fig. 3, E and F). To test this assump-
tion, we grew monocultures of B. subtilis and E. coli, and a mixed 
culture of both species, in the presence of the maximum ampicillin 
concentration used in this study (Fig. 4A). After 20 hours of culture, 
no growth was observed in any of the conditions, and we used the 
supernatants of the different cultures as a medium for three new 
separated monocultures of B. subtilis. Because this species adapts its 
lag time in relation to the concentration of the antibiotic in the medium 
(Fig. 2A), we can use this lag time as a reporter of the amount of the 
remaining free antibiotic in the different supernatants, allowing us 
to compare its inactivation rate for the two species. Figure 4B shows 
the different growth curves for the three AB reporter cultures of 
B. subtilis, grown on the different supernatants. The quantification 
of the lag times for the different conditions shows that the time 
lag for the supernatant from the B. subtilis monoculture is clearly 
shorter (∼5 hours) than the one arising from the supernatant of the 
E. coli monoculture (∼35 hours) (Fig. 4C). These results support the 
model assumption that B. subtilis inactivates ampicillin faster than 
E. coli.

The time lag in response to a supernatant from the mixed culture 
lies in between the monoculture ones (green data in Fig. 4, B and C, 
∼10 hours), which suggests that the mixed-species culture inactivates 
the antibiotic at an intermediate rate. We asked whether this behav-
ior can be recapitulated by our mathematical model and what are its 
consequences. We thus turn next to modeling the response of the 
mixed-species community to the antibiotic.

Modeling the response of a mixed-species community 
to increasing antibiotic dosage
In the simplest scenario, the way in which B. subtilis and E. coli 
would interact when cultured together is by participating in a 
common pool of antibiotic. Using the principle of parsimony, we 
assume that the antibiotic diffuses freely between the bacteria and 
the extracellular medium, at equal rates for the two species, and that 
the extracellular antibiotic concentration is in quasi-steady state 
(in the time scale in which PBP and AB vary when the cells start 
growing; see the Supplementary Materials). These assumptions lead 
to the following mathematical model of the mixed system

    d  A  s   ─ dt   =  k  2  ( P  t   −  P  s   )  −   k  1    P  s    A  s   +  k  a  ( A  c   −  A  s  )  (9)

    d  A  c   ─ dt   =  k  2  ( P  t   −  P  c   ) −  k  1    P  c    A  c   +  k  a  ( A  s   −  A  c  )  (10)

where the subindices s and c denote the B. subtilis and E. coli popu-
lations, respectively, and ka corresponds to the effective diffusion 
between the bacteria and the medium.

Adding to these equations the corresponding ones for the con-
centrations of PBP and the densities of the two bacterial species leads 
to a model of the mixed-species community, whose dynamics is com-
pared in Fig. 5 (A and B) with that of the single-species culture, for 
a moderate antibiotic concentration. The results show that, due to 
the coupling between them, the two species change their behavior 
oppositely with respect to the one exhibited in isolation: B. subtilis 
delays its growth (Fig. 5A) and E. coli advances it (Fig. 5B). The effect 
can be ascribed to the fact that, in the presence of the two species 
(which inactivate ampicillin at very different rates), the free antibiotic 
decays at an intermediate rate: slower for B. subtilis (Fig. 5C) and 
faster for E. coli (Fig. 5D). This leads to an effective growth induc-
tion of E. coli by B. subtilis, and growth inhibition of B. subtilis by 
E. coli. The effect is examined systematically in Fig. 5 (E and F), which 
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B. subtilis in the absence of antibiotic. (C) Bar plot showing the quantification of the lag times of the B. subtilis monocultures in the presence of the three different super-
natants. Error bars represent SE for three different replicas.
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shows the difference in time lags, Tlag = Tlag(single) − Tlag(mixed), as 
a function of the antibiotic level. Tlag is defined such that a positive 
value indicates an advance in population growth in the presence of 
the other species, and a negative value corresponds to a delay in the 
timing of growth (see the wide vertical arrows between Fig.  5,  E 
and F). Thus, the model predicts that the collective response to the an-
tibiotic when the two bacterial species are cultured in the presence of 
each other is opposite to that in isolation. This result contrasts with 
previous studies that report mutual cooperation between different 
species (18) in the presence of antibiotics or mutual competition (8). 
Here, the effect of cross-species interaction is asymmetric for the two 
species, a situation that is reminiscent of cooperator-cheater dynamics 
(12, 20), but which involves here no intrinsically resistant bacterial 
strain. This behavior is robust to parameter changes (fig. S6C). In 
particular, the binding affinities between PBP and the antibiotic (k1 
and k2) need not be equal between the two species for the phe-
nomenon to arise. Cooperativity in the growth response to PBP 
(Eq. 8) is not necessary either, because the behavior persists for n = 1.

Experimental response of mixed cultures
We now test the model’s expectation that the interaction between 
B. subtilis and E. coli in a mixed-species community swaps the re-

sponse of the two organisms to increasing amounts of the antibiotic. 
To that end, first we tagged the two bacterial species with different 
fluorescent proteins, with B. subtilis expressing yellow fluorescent 
protein (YFP) and E. coli expressing cyan fluorescent protein (CFP), 
to distinguish their growth when cultured together (fig. S1, C and D). 
We then cocultured the two species and measured their growth by 
monitoring the emission from their respective fluorescence markers. 
As shown in Fig. 6A (see also fig. S7), in the presence of E. coli, 
B. subtilis cells are able to grow only for low levels of ampicillin. The 
time lag changes abruptly with antibiotic concentration (Fig. 6C), 
oppositely to the delayed growth response displayed in isolation 
(c.f. Fig. 2A).

In contrast, E. coli cells are now able to grow in the presence of 
B. subtilis for antibiotic levels that prevented growth in isolation 
(Fig. 6B). Concurrently, E. coli displays a gradual increase in time 
lag as the antibiotic concentration increases (Fig. 6D). This behavior 
differs from the abrupt response of E. coli to ampicillin in isolation 
(c.f. Fig. 2B) and is similar to the response of B. subtilis monocultures. 
We quantify this antithetic response systematically in Fig. 6 (E and F), 
which plots the lag-time differences (Tlag) between the monocultures 
and the cocultures for the two species. The results show that E. coli 
inhibits the growth of B. subtilis (magenta bars in Fig. 6E), while 
B. subtilis induces the growth of E. coli (blue bars in Fig. 6F). The 
population measurements discussed above were confirmed by micro-
scopy, as shown in Fig. 6G. As can be seen in the figure, B. subtilis in 
isolation survives under high ampicillin concentrations after 48 hours 
of culture (top row), while E. coli dies out in the presence of the same 
level of antibiotic (bottom row). Conversely, in the mixed culture, it 
is E. coli, and not B. subtilis, the bacterial species that survives anti-
biotic treatment (middle row).

DISCUSSION
The results discussed above show that the joint response of co-
cultures of nonresistant B. subtilis and E. coli cells to ampicillin is 
reversed with respect to their behavior in isolation. This effect can 
be understood in terms of a minimal mathematical model of the 
binding of this -lactam antibiotic to PBP and the posterior in-
activation of the antibiotic. The model is generic and reproduces 
qualitatively the behaviors of the two monocultures: (i) the gradual 
increase in time lag of B. subtilis with respect to the antibiotic level, 
characteristic of a tolerant response, and (ii) the sudden jump in 
sensitivity exhibited by E. coli when the antibiotic concentration 
surpasses a threshold value. This threshold behavior results from an 
ultrasensitive response caused by the quasi-irreversible binding of 
the antibiotic to PBP, which occurs in E. coli but not appreciably in 
B. subtilis, where the critical antibiotic concentration is small (Fig. 3B). 
Our model shows that this difference in thresholds can be ascribed 
to a difference in the total amount of PBPs between the two species, 
which is expected to be higher in E. coli than in B. subtilis. This might 
seem a counterintuitive assumption, given that the membrane of 
gram-negative bacteria such as E. coli has a thinner peptidoglycan 
layer than gram-positive bacteria such as B. subtilis. Thus, it could 
be expected that E. coli would have less PBP. However, experimental 
evidence shows that E. coli has more PBPs than gram-positive bacteria 
such as Staphylococcus aureus (38). In addition, our experimental 
data show that low antibiotic concentrations, which delay growth in 
B. subtilis, have no effect whatsoever on E. coli (Fig. 2, A and B). 
These observations are consistent with our assumption that high PBP 

Mixed-species
Single-species

B

C D

A

E F

Fig. 5. Growth dynamics of the molecular titration model for B. subtilis (left 
column) and E. coli (right column) in the case of a mixed-species community. 
(A and B) Dynamics of the cell density for the two species in mixed cultures (gray 
solid lines) in comparison with their behavior in isolation (dashed lines) for a total 
antibiotic concentration of 280 M. (C and D) Corresponding temporal behavior of 
the free antibiotic (the single-culture case has been scaled up twofold for comparison). 
(E and F) Predicted time lag difference between the monoculture and the coculture 
conditions for the two bacterial species. Parameters are those of Fig. 3, plus ka = 0.2 s−1. 
The maximum antibiotic concentration is Amax = 280 M.
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levels in E. coli titrate out the antibiotic, while this is not the case in 
B. subtilis due to lower PBP levels.

The gradual dependence of the time lag on the antibiotic levels 
in B. subtilis, as well as the sensitive response of E. coli to large 
amounts of antibiotic, is reproduced by the model if we consider a 
differential inactivation of the antibiotic. Specifically, the antibiotic 
is assumed to be inactivated at a smaller rate in E. coli than in 
B. subtilis, hypothesis that we verified experimentally (c.f. Fig. 4). 
The fact that the -lactam antibiotic carbenicillin also elicits a lagged 
growth response in B. subtilis (fig. S3A), but not in E. coli (fig. S3B), 
suggests that differential antibiotic inactivation is a generic feature 
of -lactam antibiotics. We note that the model indicates that the decay 
of the antibiotic results solely from its inactivation (), not from the 
affinity of the binding to its molecular target (k1, k2), as shown by Eq. 5.

Our minimal model makes the unexpected observation that the 
response patterns described above swap in coculture due to the sharing 
of a common pool of antibiotic among the two species. In coculture, 
B. subtilis reduces the amount of free ampicillin in the medium, which 
promotes the growth of E. coli for relatively high concentrations of 
the antibiotic. Conversely, E. coli acts as a buffer that delays the sup-
pression of the antibiotic in the medium and thus inhibits the 
growth of B. subtilis at time lags for which the antibiotic would have 
already been lost if B. subtilis were alone.

Experiments confirm the predictions of the model, showing, in 
fact, a more marked antithetic response than the one anticipated. 
This can be ascribed to the simplicity of our assumptions, which 
include a symmetric response to the antibiotic by the two bacterial 
species in terms, for instance, of PBP binding (where we assume equal 
rates k1 and k2 for the two species). We also assume simple diffusion 
between the intracellular and extracellular media; an additional source 
of asymmetry would arise if the antibiotic were transported actively. 
Changing some of our assumptions should provide a better quanti-
tative fit to the model, but this would require extra hypotheses 
regarding the molecular mechanisms through which ampicillin in-
teracts with the two bacterial species considered here, hypotheses that, 
in most cases, cannot be corroborated with our current knowledge. 
For those reasons, we decided to keep our model as simple and 
parsimonious as possible.

The behavior reported here can be interpreted in terms of cooperator- 
cheater dynamics (39). In our system, the cooperator (B. subtilis) 
experiences a decrease in fitness by becoming unable to grow in the 
presence of the antibiotic, which is retained by the cheater (E. coli) 
through slower inactivation. The cheater, in turn, increases its fitness 
and is able to grow as a result of the inactivation of the antibiotic by 
the cooperator. Our work is, however, fundamentally different from 
traditional game theoretical studies, both in the way in which 
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Fig. 6. Experimental observations of mixed-species cultures of B. subtilis and E. coli. (A and B) Fluorescence marker signal reporting on the growth of the two species: 
YFP for B. subtilis and CFP for E. coli, respectively. (C and D) Median time lags for (A) and (B), respectively, as a function of the initial antibiotic concentration. Error bars 
represent SD over four replicates. The numbers in parentheses on top of some bars indicate the number of replicates in which growth was not observed within the time 
window of our experiment (70 hours). (E and F) Time lag difference between the mixed-species and single-species conditions as a function of the total antibiotic concen-
tration (Amax = 100 g/ml). (G) Composite phase and fluorescence microscopy images after 48 hours in coculture. B. subtilis cells express YFP (represented here in magenta), 
and E. coli cells express CFP (represented in blue). The low antibiotic concentration condition (left column) contains media with ampicillin (0.39 g/ml), and the high anti-
biotic condition (middle column) contains 25 g/ml.
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the cross-species interaction occurs (via nongenetic inactivation 
mechanisms) and in its outcome (that resilience to antibiotics 
depends on the ecological context in which bacteria reside). Notably, 
the results shown here indicate that the knowledge gained by studying 
the antibiotic response of nonresistant bacterial species in isolation 
may not be directly transferred to situations in which these species 
coexist with others in mixed communities. Given the ubiquity of 
multispecies bacterial consortia, it might be advisable to revise our 
approaches to the characterization of how antibiotics affect bacterial 
physiology, and how bacterial cells evade those effects.

MATERIALS AND METHODS
Bacterial strains and cultures
The bacterial strains used in this study are listed in table S1. Plasmid 
pSB1C3 containing the promoter BBa_K880005 controlling the 
expression of CFP was transformed into E. coli MG1655 strain. 
Overnight liquid cultures were grown at 37°C in LB (Miller’s modi-
fication) in an incubator with shaking. Appropriate antibiotics 
for selection were added to the following final concentrations: spec-
tinomycin (10 g/ml) and chloramphenicol (10 g/ml). The next day, 
the cultures were diluted to a final OD600 of 0.1 with the corre-
sponding antibiotics, and cells were grown at 37°C with shaking. 
After 2 hours, temperature was switched to 30°C, and cells continue 
growing for 2 hours more. The saturated culture was diluted to OD600 
of 0.1, and if required, isopropyl--d-thiogalactopyranoside (IPTG) 
was added with a final concentration of 1 mM. Cells were grown for 
2 hours at 30°C. For monocultures, cells were diluted in LB with 
1 mM IPTG to a final OD600 of 0.02. For mixed cultures, cells were 
diluted to a final OD600 of 0.04, containing an OD600 of 0.02 for each 
bacterial type.

Plate reader measurements
For the plate reader measurements, we used 96-well black micro-
well plates with clear lid (Nunc, Denmark). A serial twofold dilution 
of the selected antibiotic was prepared, starting by the corresponding 
maximum concentration (50 g/ml ampicillin for monocultures and 
100 g/ml for mixed cultures), in a final volume of 150 l per well. 
Other antibiotics with their maximum concentrations tested in this 
study were as follows: carbenicillin (25 g/ml), kanamycin (50 g/ml), 
and spectinomycin (50 g/ml). One well per condition was used as 
a control without antibiotics, and another well was used as a blank. 
IPTG was added to a final concentration of 1 mM, if needed. Last, 
an inoculum of bacteria was added to a final OD600 of 0.01 for 
monocultures and 0.02 for mixed cultures, containing an OD600 of 
0.01 for each bacterial type.

The measurements were acquired using a microtiter plate reader 
(Tecan Infinite M200 Pro, Tecan Group Ltd., Switzerland). The 
temperature was set at 30°C with linear shaking. The absorbance 
wavelength for OD was set at 600 nm. Measurements were made 
every 10 min. Each condition had two biological replicates (taken in 
four experiments in different days).

Relative determination of ampicillin inactivation rates
To establish whether B. subtilis has an antibiotic inhibition rate 
higher than E. coli, inocula from the monocultures of B. subtilis and 
E. coli were placed in independent Falcon tubes to a final OD600 of 
0.01, containing 10 ml of LB conditioned with ampicillin (50 g/ml). 
For the mixed culture, cells were diluted to a final OD600 of 0.02, 

containing an OD600 of 0.01 for each bacteria type in 10 ml of LB 
conditioned with ampicillin (100 g/ml). Cells were grown at 30°C with 
shaking for 20 hours. To extract supernatants, the different cultures 
were centrifuged (at 4000g for 4 min) and filtered using 0.2-m pore 
size filters. The supernatants from the different conditions were then 
used to set up the experiment for the plate reader measurements.

Mathematical modeling and data analysis
The mathematical model described in the main text was simulated 
with custom-made Python code. In particular, the ordinary differ-
ential equations were integrated with the function odeint from SciPy. 
The experimental data were also analyzed with custom-made code 
in Python.

SUPPLEMENTARY MATERIALS
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content/full/6/10/eaaz5108/DC1
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concentrations of another -lactam antibiotic.
Fig. S4. Growth curves of monocultures of B. subtilis PY79 and NCBI 3610 in the presence of 
increasing concentrations of different antibiotics.
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Fig. S6. Model dynamics and sensitivity analysis.
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concentrations of ampicillin.
Table S1. Strains used in this study.
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