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What makes populations 
of growing cells viable?
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Studying bacteria in isolation

Leticia Galera



Dynamics of single bacteria under stress

sigB activity pulses 
[Locke et al, Science, 2011]

genetic competence 
[Suel et al, Nature, 2006]
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A microfluidics chip for 2D biofilm monitoring
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The oscillations persist for very long time
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The oscillations are not due to the flow

Extended Data Figure 1: Liu et al.
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The elongation rate of peripheral cells oscillates

Extended Data Figure 4: Liu et al.
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Where does growth stop within the biofilm?

Extended Data Figure 4: Liu et al.
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• Growth medium: MSgg (minimal salts glycerol glutamate)!

‣ pH buffers: potassium phosphate, MOPS!

‣ Salts: magnesium chloride, calcium chloride, manganese 
chloride, iron chloride, zinc chloride, thiamine hydrochloride!

‣Glycerol              carbon source"

‣Glutamate           nitrogen source

What causes peripheral cells to stop growing?
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Carbon limitation does not affect oscillations

Extended Data Figure 2: Liu et al.
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Nitrogen metabolism

Figure 2: Liu et al.
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Biofilms experience glutamine limitation during growth

Figure 2: Liu et al.
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Addition of exogenous glutamine stops oscillations

Figure 2: Liu et al.
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…but glutamate is not limiting

Figure 2: Liu et al.
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It’s ammonium that is limiting!

Figure 2: Liu et al.
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Need-based activation of ammonium uptake
in Escherichia coli
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The efficient sequestration of nutrients is vital for the growth and survival of microorganisms.
Some nutrients, such as CO2 and NH3, are readily diffusible across the cell membrane. The
large membrane permeability of these nutrients obviates the need of transporters when the
ambient level is high. When the ambient level is low, however, maintaining a high intracellular
nutrient level against passive back diffusion is both challenging and costly. Here, we study the
delicate management of ammonium (NH4

þ/NH3) sequestration by E. coli cells using microfluidic
chemostats. We find that as the ambient ammonium concentration is reduced, E. coli cells first
maximize their ability to assimilate the gaseous NH3 diffusing into the cytoplasm and then abruptly
activate ammonium transport. The onset of transport varies under different growth conditions, but
always occurring just as needed to maintain growth. Quantitative modeling of known interactions
reveals an integral feedback mechanism by which this need-based uptake strategy is implemented.
This novel strategy ensures that the expensive cost of upholding the internal ammonium
concentration against back diffusion is kept at a minimum.
Molecular Systems Biology 8: 616; published online 25 September 2012; doi:10.1038/msb.2012.46
Subject Categories:metabolic and regulatory networks; simulation and data analysis; cellular metabolism
Keywords: active transport; futile cycle; integral feedback; metabolic coordination; microfluidics

Introduction

Microorganisms must acquire nutrients from the external
environment. It is critical for their proliferation to take in
these nutrients rapidly across cell membranes and maintain
sufficient nutrient levels in the cytoplasm. Some essential
nutrients are readily diffusible across the cell membrane. For
example, NH3 or CO2 can diffuse across the membrane B30
times faster than water (Simon and Gutknecht, 1980; Walter
and Gutknecht, 1986). The large membrane permeability of
these molecules is both a blessing and a curse. When the
ambient nutrient level is high, passive diffusion alone can
supply enough nutrient needed for rapid cell growth.When the
ambient level is low, however, maintaining high internal levels
by active transport is challenging and costly because the
transported molecules can diffuse out rapidly, resulting in a
futile cycle. Thus, transporting these molecules has a steep
price. However, it is not known what strategies the organisms
adopt to deal with this problem.
Here, we study the management of ammonium (NH4

þ/NH3)
sequestration by E. coli as a model system. Nitrogen is
essential for cell growth, and ammonium is the preferred
nitrogen source for many microorganisms including
E. coli (Reitzer, 2003). These microorganisms often live in

environments with limited ammonium supplies, for example,
mM range in fresh and seawater (Rees et al, 2006). Under such
conditions, it is critical for their growth and survival
to transport ammonium efficiently while minimizing the
obligatory futile cycle.
To study how these cells manage ammonium sequestration

in such ammonium-limited conditions, it is desirable to
maintain low steady ammonium concentrations in the growth
medium through multiple rounds of cell doubling, a very
challenging task in both batch and continuous cultures
(Atkinson et al, 2002; Soupene et al, 2002). Instead, we
cultured cells in microfluidic chambers that can maintain
nutrients including ammonium to the desired concentrations
(Groisman et al, 2005). By monitoring the growth and gene
expression of exponentially growing cells using time-lapse
microscopy, and analyzing the data quantitatively using flux
analysis, we reveal a delicate control of ammonium sequestra-
tion strategy: as the ambient ammonium concentration is
reduced, E. coli cells first increase their ability to assimilate
ammonium that diffuses freely across the membrane. Upon
maximizing ammonium assimilation, ammonium transport
by the transporter AmtB is activated abruptly, but only to the
minimal level needed to sustain cell growth. The onset

Molecular Systems Biology 8; Article number 616; doi:10.1038/msb.2012.46
Citation: Molecular Systems Biology 8:616
& 2012 EMBO and Macmillan Publishers Limited All rights reserved 1744-4292/12
www.molecularsystemsbiology.com

& 2012 EMBO and Macmillan Publishers Limited Molecular Systems Biology 2012 1

of transport changes under different growth conditions that
support different growth rates (and hence different cellular
demands for nitrogen) when ammonium is replete, but it
always occurs just at the concentration where an isogenic
strain unable to transport ammonium begins to show a growth
defect. Mathematical modeling of known interactions reveals
an integral feedback strategy by which two distinct signals of
the cellular nitrogen status are used to provide seamless
coordination between ammonium assimilation and transport,
such that the degree of ammonium transport is the minimum
necessary to sustain cell growth.

Results

AmtB is necessary to maintain rapid cell growth at
low ambient ammonium concentrations

Ammonium exists predominantly in the ionic form (NH4
þ ) at

neutral pH, and the minor gaseous species (NH3) can diffuse
rapidly through the cell membrane (Walter and Gutknecht,
1986). At high ambient ammonium concentrations, the passive
diffusion of NH3 can provide enough nitrogen for optimal cell
growth (blue arrow, Figure 1A; Soupene et al, 1998; Andrade
and Einsle, 2007; Fong et al, 2007). As the ambient ammonium
concentration is reduced and active ammonium transport is
needed to sustain cell growth, a wide range of organisms
expresses the Amt family proteins (Boussiba et al, 1984; Loque
and von Wiren, 2004; Andrade and Einsle, 2007) which
concentrate ammonium inside cells (green arrow, Figure 1B)
(Boussiba et al, 1984; Andrade and Einsle, 2007; Fong et al,
2007). However, the higher internal concentration of NH4

þ/
NH3 imposes a dangerous futile cycle on the organism (Kleiner,
1985), as NH3 unavoidably diffuses outward down the gradient
(blue arrow), forcing amuch larger ammoniumuptake than the
nitrogen flux needed for biosynthesis (red arrow).
To study how E. coli cells control its Amt protein, AmtB, at

low ammonium concentrations, we developed microfluidic
chambers (Groisman et al, 2005) which can maintain ammo-
nium at low concentrations (Supplementary Figure 1A). Fresh
medium flows actively through the channel (in green) and
diffuses into the growth chambers (in red). The rapid diffusive
medium exchange between the growth chambers and the
surrounding channels (Supplementary Figure 1B) due to the
small geometry ensures that steady low nutrient levels are
maintained inside the chamber (Supplementary Note 1). This
allows us to monitor the exponential growth cell growth at as
low as B4mM NH4

þ (Supplementary Figure 1C).
To examine when AmtB becomes necessary for cell growth,

we compared the exponential growth of the wild-type and
DamtB strains (see Supplementary Tables 1 and 2 for strain
details) in minimal mediumwith various NH4

þ concentrations
and saturating amounts of glycerol as the sole carbon source;
the effect of different carbon sources will be discussed below.
Typical phase-contrast images of cells growing in microfluidic
chambers in Figure 1C show DamtB strains growing more
slowly than the wild type at 12 mM of NH4

þ . With similar time-
lapse images of 20–30 colonies recorded twice per doubling,
we quantified the growth rate for wild-type and DamtB strains
in Figure 1E; see Materials and methods. While the wild-type
strain (solid black circles) maintained its growth rate from

10mM down to a few mM, the DamtB strain (open black
circles) grewmore slowly belowB20 mM (black arrow). Thus,
AmtB is needed to sustain the growth below B20 mM NH4

þ

(gray zone).
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Figure 1 Ammonium sequestration by AmtB. (A) NH3 is in equilibrium with
NH4

þ and diffuses across the cell membrane rapidly (blue arrow) (Walter and
Gutknecht, 1986). The passive diffusion of NH3 alone can support rapid cell
growth when the ambient ammonium concentration is high (Soupene et al, 1998;
Andrade and Einsle, 2007; Fong et al, 2007). Intracellular ammonium is
assimilated into biomass through glutamine synthetase (GS) (Reitzer, 2003).
(B) When the ambient ammonium concentration is low, AmtB concentrates it
internally (green arrow) (Boussiba et al, 1984; Andrade and Einsle, 2007; Fong
et al, 2007). Higher internal concentrations of NH4

þ and NH3 lead to the outward
diffusion of NH3 (blue arrow), forming an energetically costly futile cycle; see
Supplementary Figure 5 for the estimate of the energetic cost. (C) Time-lapse
phase-contrast images of E. coli cells growing in microfluidic chambers with
minimal medium containing a very low concentration (12 mM) of NH4Cl as the
sole nitrogen source and saturating amounts of glycerol as the sole carbon
source. The DamtB strain (EQ130, right) grew more slowly than the control
(EQ66, left); see Supplementary Table 1 for strain details. From these images,
growth rates were determined during the first three generations when the
increase is clearly exponential (Supplementary Figure 1C). Here and elsewhere,
the reported external NH4

þ concentration includes a residual concentration of
B4mM estimated in the medium (Supplementary Figure 6). (D) mCherry (red)
and GFP (green) intensities reflect the GS and amtB promoter activities,
respectively. (E) While the wild type (solid circles) maintained its growth rate, the
DamtB strain (open circles) grew more slowly (gray zone) below B20 mM of
external NH4

þ (black arrow), in agreement with previous findings obtained in
low pH medium (Soupene et al, 1998, 2002; Fong et al, 2007); see also
Supplementary Figure 7. (F, G) The promoter activities of GS (reported by
mCherry, red) and AmtB (reported by GFP, green) for the wild-type (solid circle)
andDamtB strain (open circle) increase as the ambient ammonium concentration
is reduced. Below a characteristic NH4

þ concentration, N"
ext#30 mM (green

arrow), the GFP intensities of the two strains deviate, indicating differences in the
internal nitrogen status; see text. All the data plotted here are provided in
Supplementary Tables 6 and 7. a.u., arbitrary units.
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Addition of glutamine to the media 
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The model reproduces the experimental observations

Figure 3: Liu et al.
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Extended Data Figure 6: Liu et al.
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Prediction: killing the peripheral cells increases biofilm expansion

Figure 4: Liu et al.
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Killing the peripheral cells increases biofilm expansion

Extended Data Figure 8: Liu et al.
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Why don’t peripheral cells produce their own ammonium?

Figure 4: Liu et al.
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Figure 4: Liu et al.
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Why don’t peripheral cells produce their own ammonium?

Figure 4: Liu et al.
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A strategy to eliminate biofilms: starve the interior first

Figure 4: Liu et al.
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A strategy to eliminate biofilms: starve the interior first

Figure 4: Liu et al.
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Beyond growth oscillations

Arthur Prindle
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Thioflavine T (ThT)

Beyond growth oscillations
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Our key metabolites are charged molecules
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Membrane potential affects the metabolic state

GltP 

glutamate 2 x H+

glutamate uptake is reduced if the 
cell depolarizes

membrane 
potential ~ -150 mV

glutamate

- -



ThT oscillations reflect membrane potential oscillations

+
Thioflavine T (ThT)

(high when cell is hyperpolarized)



What ions are involved in the membrane potential oscillations?

Na+ K+ 
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Dynamics of extracellular potassium



Potassium is concentrated inside the cell

300 mM K+

8 mM K+



Potassium is released via a stress-gated ion channel
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Potassium release hyperpolarizes the cell
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Hyperpolarization allows glutamate uptake again
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Testing the mechanism: glutamate removal triggers potassium release
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Testing the mechanism: channel opening leads to potassium release
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Potassium exposure also triggers potassium release

potassium 
exposure
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Comparison with experiments

Model Experiment

Prindle et al, Nature 527, 59 (2015)



Propagating dynamics of the extracellular potassium



Propagation of potassium is active

Prindle et al, Nature 527, 59 (2015)



A bucket brigade of potassium



Model prediction: impairing the gate affects propagation
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Model prediction: impairing the gate affects propagation



Prindle et al, Nature 527, 59 (2015)

Impairing the gate affects propagation



model

experiment

Prindle et al, Nature 527, 59 (2015)

Impairing the gate affects propagation



Conclusions

• Metabolic co-dependence leads to global oscillations in 
a biofilm!

• The oscillations resolve a conflict between protection 
and nutrient availability among interior and peripheral 
cells!

• The metabolic state is transmitted within a biofilm via 
electrical communication involving potassium!

• A Hodgkin-Huxley-like model reproduces the 
observations!

• A biological role for ion channels in bacteria
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GDH overexpression is not toxic to single cells

Extended Data Figure 9: Liu et al.
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Oscillations do not require quorum sensing

Extended Data Figure 10: Liu et al.
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Oscillations do not require swarming

Extended Data Figure 10: Liu et al.
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Oscillations are not affected by the extracellular matrix components

Extended Data Figure 10: Liu et al.
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Sensitivity analysis of the model

Extended Data Figure 6: Liu et al.
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Extended Data Figure 6: Liu et al.
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The model reproduces the system size effect

Figure 2: System size

6



Clamping potassium abolishes oscillations

300 mM K+

8 mM K+



Clamping potassium abolishes oscillations



Comparison with a standard voltage-sensing dye



Glutamine quenches ThT oscillations



Potassium oscillations propagate outside biofilm



Sodium clamp does not affect ThT oscillations


