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Strategy and signaling in E. coli chemotaxis
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FRET

Closing the systems biology loop for 
E. coli chemotaxis network
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The MWC model

The all-or-none cluster Nearest-neighbor receptor 
interaction

Active receptor (dimer)

Inactive receptor (dimer)

The Ising model

Figure 3
The difference between the Monod-Wyman-Changeux (MWC) model and the Ising model. In the MWC
model, receptors within a functional cluster (shaded ) are synchronized in an all-or-none fashion, whereas
those from different functional clusters are independent of each other. In the Ising model, receptors are
coupled through nearest-neighbor interactions.

Förster resonance
energy transfer
(FRET): in E. coli
chemotaxis, FRET is
used to measure the
level of CheY-P/CheZ
complex, from which
the CheY-P level can
be inferred

N receptors, the free energy difference between the all-active state and the all-inactive state is
simply N ! f (m, [L]). Therefore, the average activity can be obtained analytically:

⟨a⟩ = (1 + exp(− N ! f ))− 1, 5.

which together with the expression for ! f (m, [L]) from Equation 3 leads to the explicit expression
for ⟨a⟩:

⟨a⟩ = L(1 + [L]/Ka )N

L(1 + [L]/Ka )N + (1 + [L]/Ki )N , 6.

where L = exp(− N fm(m)) is the equilibrium constant. Equation 6 is the familiar expression for
the average activity of an all-or-none MWC complex (12, 35).

Comparison with Experiments
The Ising-type model was first used to describe receptor cooperativity by Duke & Bray (13).
However, quantitative modeling of E. coli chemotaxis took off when quantitative data became
available, in particular the in vivo measurements of the kinase activity of the intact receptor cluster
developed by Sourjik & Berg by using the Förster resonance energy transfer (FRET) technique
(47). These FRET measurements were performed for different stimuli in wild-type cells and for
different mutant strains. They have generated a rich set of quantitative data to test and refine the
idea of high cooperativity enabled by receptor clustering.

The first quantitative explanation of the FRET data using an Ising-type model was done
by Mello & Tu (31), who showed that the input-output data (measured by FRET) for both
wild-type cells and various CheRB (adaptation disabled) mutants can be explained only when
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Function of spatial organization in chemotaxis

Sourjik & Berg, Mol Microbiol, 2000
Briegel et al., Mol Microbiol, 2009

Monod-Wyman-Changeaux (MWC) model
(Monod et al., 1965)

Sourjik & Berg, Nature, 2004
Tu, Annu Rev Biophys, 2013

In this review, we describe some of the recent developments in quantitative modeling of E.
coli chemotaxis. We first consider the two most important aspects of bacterial chemotaxis
signaling, signal amplification and adaptation, followed by the description of an integrated
model that captures both of these features, with emphasize on direct comparison with
experimental data. We conclude by outlining some of the remaining challenges for future
investigation.

2 Signal amplification
2.1 Receptor clustering and the Bray hypothesis

In bacterial chemotaxis, the membrane bound chemoreceptors can bind to chemo-effector
ligand molecules and trigger down-stream response. There are a few tens of thousands of
chemoreceptors in a single E. coli cell, depending on its physiological conditions and growth
phase (25). In 1993, It was first discovered by Maddock and Shapiro that the
chemoreceptors form large clusters near the cell pole with other cytoplasmic proteins, in
particular CheA and CheW (26).

What may be the function of such large cluster of receptors? In 1998, it was first proposed
by Bray and his coworkers that cooperativity due to the receptor clustering can lead to signal
amplification in bacterial chemotaxis (8). It was hypothesized that the conformational
change of a chemoreceptor in the cluster is not only induced by binding of its cognate
ligand, its conformational state and henceforth its kinase activity can also be modulated by
the conformational changes of the neighboring receptors in the cluster. This “infection”
model, as Bray et al argued, can give rise to increased sensitivity as the binding of a ligand
molecule to one receptor in the cluster can induce responses in many other receptors.

2.2 The two-state Ising model for the chemoreceptor cluster

The chemoreceptors form homo-dimer, each homo-dimer can bind with one lig-and
molecule. In this paper, we use the term “(chemo)receptor” to represent such a
chemoreceptor homo-dimer. The simplest model for describing the kinase activity of a
chemoreceptor assumes that it has two discrete conformations: one active and the other
inactive. This two-state model of the chemoreceptor maps onto the well-known Ising model
in physics nicely: an active receptor corresponds to an up-spin and an inactive receptor
corresponds to a down-spin. The cooperative receptor-receptor interactions between nearest
neighbors in the receptor cluster can then be modeled as the Ising ferromagnetic spin-spin
interaction that favors the neighboring receptors to have the same conformations (see
sidebar for description of the Ising model).

Sidebar

A simple primer on the Ising model (to appear near section 2.2)

The Ising model describes a system of spins interacting between nearest neighbors in a
graph (usually a regular lattice). First proposed for modeling ferromagnetism, the Ising
model has become a powerful paradigm in studying collective phenomena and phase
transitions. The energy function (Hamiltonian) of the system can be written as:

where si = 1, −1 represents the up or down state of the spin at site i; 〈ij〉 represents the
nearest neighbor pair of spins at site i and j. J is the interaction (coupling) strength; h
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Allosteric signal amplification by 
receptor clusters (10- to 30-fold) 

a = pon =
1

1+ e−NΔf
=

e−Nfm (m) (1+ L[ ] /Ka )
N

e−Nfm (m) (1+ L[ ] /Ka )
N + (1+ L[ ] /Ki )

N



Open question: 
Sensory diversity of chemotaxis
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Sensing in E. coli chemotaxis
Bi & Sourjik, Curr Opin Microbiol, 2018

Sugars 
Dipeptides

Autoinducer 2

Attractants:

Repellents:
Spermidine

Insulin

Amino acids 
Monovalent cations

Attractants:

PTS Sugars 
TCA intermediates 

Glycerol

Attractants:

Serine
Pyruvate

Temperature 
Hormones (e.g., dopamine) 

Attractants/Repellents

Aromatic compounds 
Divalent cations

Osmolarity
pH
…

Bi et al., Nat Comm, 2018
Paulick et al., eLife, 2017

Somavanshi et al., PLoS Biol, 2016
Lopes & Sourjik, ISME J, 2018

Lopes & Sourjik, ISME J, 2018

Bi et al., Nat Comm, 2018



Sensory diversity of chemoreceptors 

FIG 3 The chemoreceptor repertoires of three different Pseudomonas strains. Receptor topology and locus tags of P. aeruginosa PAO1, P. putida KT2440, and
P. fluorescens Pf0-1 are shown. The LBDs are colored, and their type is annotated. Orthologous groups of chemoreceptors (including paralogs) are highlighted
by blue shading. The question mark indicates a domain of an unknown type.

Diversity of Bacterial Chemoreceptors Microbiology and Molecular Biology Reviews

December 2017 Volume 81 Issue 4 e00033-17 mmbr.asm.org 9

 on January 16, 2018 by UNIVERSITATSBIBLIO
THEK M

ARBURG
http://m

m
br.asm

.org/
Downloaded from

 

Ortega, Zhulin & Krell, MMBR, 2017

Example: Different classes of chemoreceptors in Pseudomonas species

FIG 3 The chemoreceptor repertoires of three different Pseudomonas strains. Receptor topology and locus tags of P. aeruginosa PAO1, P. putida KT2440, and
P. fluorescens Pf0-1 are shown. The LBDs are colored, and their type is annotated. Orthologous groups of chemoreceptors (including paralogs) are highlighted
by blue shading. The question mark indicates a domain of an unknown type.

Diversity of Bacterial Chemoreceptors Microbiology and Molecular Biology Reviews

December 2017 Volume 81 Issue 4 e00033-17 mmbr.asm.org 9

 on January 16, 2018 by UNIVERSITATSBIBLIO
THEK M

ARBURG
http://m

m
br.asm

.org/
Downloaded from

 



Using hybrid receptors to map specificity of 
sensory domains 

E. coli receptor Tar

Various sensory domains
(chemoreceptors, two-component histidine kinases)

Hybrid receptor

Bi et al, ACS Synth Biol, 2016



Characterization of response specificity

tricarboxylic acid), the CitA-Tar hybrid Tar43CitA55Tar184
also sensed itaconic acid (EC50 = 1.2 ± 0.1 mM) and maleic acid
(EC50 = 1.0 ± 0.1 mM), which both elicited repellent responses
that were opposite to the citrate response (Figure 4e and f and
Figure S5d). In contrast, the wild-type Tar and the Tar mutant
lacking the periplasmic domain (Tar°-T303I)51 sensed these two

compounds as attractants (Figure S5c and e). The E. coli strain
deleted for all chemotaxis receptors only showed nonspecific
response to these compounds at the highest concentration
(Figure S5f). These results suggest that CitA senses these
compounds via the sensory domain. Interestingly, in this case,
the competition experiments showed that adaptation to citrate

Figure 5. Construction and characterization of the McpC-Tar hybrids. (a) Structure of a double PDC domain (the sensory domain of a chemotaxis
receptor from Vibrio cholerae, PDB ID: 3C8C). (b) Sequence alignment for the McpC and Tar components in hybrids Tar43McpC49Tar184,
McpC286Tar200, andMcpC350Tar267 and the hybrids themselves; fusion sites betweenMcpC and Tar are shown in red and green, respectively. (c−f)
Agar plate assays, FRET measurements, and dose−response curves of E. coli cells expressing Tar43McpC49Tar184 (c), McpC286Tar200 (d),
McpC350Tar267 (e), or McpC350-YSYEH-Tar272 (f) as the sole receptor at the indicated concentrations of L-proline. In the agar plate assays, sites of
the ligand source and inoculated cells are shown by a red dotted line and by a yellow dot, respectively. Relative spreading of cells toward or away from the
ligand source is indicated. Dose−response curves were analyzed and plotted as in Figure 1.
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does not substantially change the responses to itaconic or maleic
acids (EC50 of 4.1 ± 0.3 mM for itaconic acid and 1.4 ± 0.1 mM
for maleic acid, Figure 4e and f), whereas conversely, these two
compounds had no effect on the response to citrate (EC50 of 5.6
± 1.6 μM for itaconic acid and 7.1 ± 0.7 μM for maleic acid,
Figure 4g). Itaconic and maleic acids could thus interact with the
sensory domain of CitA differently from citrate.
Double PDC Domain Hybrid Receptor. The double PDC

domain is found in various signaling proteins across a wide range
of bacterial species. Several structures of the double PDC
domains have been solved,52 showing that this domain is
composed of two Per/ARNT/Sim (PAS)-like α+β modules
(Figure 5a).15 The current model of signaling via the double
PDC domain proposes that the membrane-distal module of the
two PDC domains binds a ligand, whereas the membrane-
proximal module transmits signals from the distal module to the
transmembrane region.53 The reported hybrids with a double
PDC domain include PctA-Tar,25 PctB-Tar,25 PctC-Tar,26 and
McpG-Tar26 with the fusion point after the HAMP domain. In
this work, to create a hybrid with a double PDC domain, we used
the sensory domain of the amino acid receptor McpC from B.
subtilis strain 168.53

To be able to generalize the method of constructing hybrids
with domains different from those found in E. coli, we
systematically tested different fusion points for the McpC-Tar
hybrid. Functional McpC-Tar hybrids were obtained by
combining the two receptors in three regions: (1) Tar[1−43]-
McpC[49−270]-Tar[184−553] (Tar43McpC49Tar184) with

the fusion points above the two TMhelices of Tar (Figure 5b and
c), (2) McpC[1−286]-Tar[200−553] (McpC286Tar200) with
a fusion point in the TM2 of Tar (Figure 5b and d), and (3)
McpC[1−350]-Tar[267−553] (McpC350Tar267) with a fusion
point after the HAMP domain of McpC/at the beginning of
methylation helix of Tar (Figure 5b and e). As before, fusion
positions were chosen based on the sequence alignment and
secondary structure prediction (Figure 5b) and considering the
positions of aromatic anchors for the TM2 sequences (Figure
5b). The repellent responses of these three McpC-Tar hybrids to
L-proline, one of the established attractants for McpC,53 have
been confirmed by FRETmeasurements and semisolid agar plate
assays. Neither Tar nor Tar°-T303I showed responses to L-
proline (Figure S6). The values of EC50 were 68.4 ± 3.4 μM for
Tar43McpC49Tar184, 20.3 ± 3.7 μM for McpC286Tar200, and
27.7 ± 7.7 μM for McpC350Tar267 (Figure 5c−e, respectively),
comparable to the in vitro measured binding affinity of L-proline
to McpC (14 μM).53 All McpC-Tar hybrids showed repellent
responses to L-proline, an attractant for B. subtilis, consistent with
the fact that attractants activate rather than inhibit CheA in B.
subtilis. The hybrids with fusion points within the HAMP
domain, McpC[1−340]-Tar[257−553] (McpC340Tar257), or
with the replacement of the protein contact region of McpC with
that of Tar, McpC[1−472]-Tar[361−417]-McpC[530−655]
(McpC472Tar361McpC530), were also constructed but were
nonfunctional, although both of them were well-expressed
(Figure S1).

Figure 6.Characterization of ligand specificity of GFP-labeled E. coli cells expressing McpC350Tar267 as the sole receptor. (a) Microfluidic assay of the
chemotactic response to the indicated amino acids 10 min after ligand addition (scale bar, 100 μm). The arrow on the image indicates the direction up
the concentration gradient of each ligand. The highest concentrations of ligands located on the right edge of the observation channel were 3mM for Cys,
Ala, Val, Leu, Ile, Met, Pro, Gly, and Thr, and 7mM for Arg, Ser, and Phe. The response is characterized bymeasurements of the fluorescence intensity in
the analysis region indicated by a yellow rectangle (300 μm × 200 μm). (b) The corresponding values of the fluorescence intensities in the analysis
regions normalized to the fluorescence intensity of cells in buffer. (c, d) Fluorescence microscopic images recorded as in (a) but after 15 min with 1 mM
concentrations of indicated compounds (c) and the corresponding response (d). Error bars in b and d indicate the standard errors of 3 replicates. (e)
Dose responses of cells expressing McpC350Tar267 to identified novel ligands measured by FRET and analyzed and plotted as in Figure 1.
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does not substantially change the responses to itaconic or maleic
acids (EC50 of 4.1 ± 0.3 mM for itaconic acid and 1.4 ± 0.1 mM
for maleic acid, Figure 4e and f), whereas conversely, these two
compounds had no effect on the response to citrate (EC50 of 5.6
± 1.6 μM for itaconic acid and 7.1 ± 0.7 μM for maleic acid,
Figure 4g). Itaconic and maleic acids could thus interact with the
sensory domain of CitA differently from citrate.
Double PDC Domain Hybrid Receptor. The double PDC

domain is found in various signaling proteins across a wide range
of bacterial species. Several structures of the double PDC
domains have been solved,52 showing that this domain is
composed of two Per/ARNT/Sim (PAS)-like α+β modules
(Figure 5a).15 The current model of signaling via the double
PDC domain proposes that the membrane-distal module of the
two PDC domains binds a ligand, whereas the membrane-
proximal module transmits signals from the distal module to the
transmembrane region.53 The reported hybrids with a double
PDC domain include PctA-Tar,25 PctB-Tar,25 PctC-Tar,26 and
McpG-Tar26 with the fusion point after the HAMP domain. In
this work, to create a hybrid with a double PDC domain, we used
the sensory domain of the amino acid receptor McpC from B.
subtilis strain 168.53

To be able to generalize the method of constructing hybrids
with domains different from those found in E. coli, we
systematically tested different fusion points for the McpC-Tar
hybrid. Functional McpC-Tar hybrids were obtained by
combining the two receptors in three regions: (1) Tar[1−43]-
McpC[49−270]-Tar[184−553] (Tar43McpC49Tar184) with

the fusion points above the two TMhelices of Tar (Figure 5b and
c), (2) McpC[1−286]-Tar[200−553] (McpC286Tar200) with
a fusion point in the TM2 of Tar (Figure 5b and d), and (3)
McpC[1−350]-Tar[267−553] (McpC350Tar267) with a fusion
point after the HAMP domain of McpC/at the beginning of
methylation helix of Tar (Figure 5b and e). As before, fusion
positions were chosen based on the sequence alignment and
secondary structure prediction (Figure 5b) and considering the
positions of aromatic anchors for the TM2 sequences (Figure
5b). The repellent responses of these three McpC-Tar hybrids to
L-proline, one of the established attractants for McpC,53 have
been confirmed by FRETmeasurements and semisolid agar plate
assays. Neither Tar nor Tar°-T303I showed responses to L-
proline (Figure S6). The values of EC50 were 68.4 ± 3.4 μM for
Tar43McpC49Tar184, 20.3 ± 3.7 μM for McpC286Tar200, and
27.7 ± 7.7 μM for McpC350Tar267 (Figure 5c−e, respectively),
comparable to the in vitro measured binding affinity of L-proline
to McpC (14 μM).53 All McpC-Tar hybrids showed repellent
responses to L-proline, an attractant for B. subtilis, consistent with
the fact that attractants activate rather than inhibit CheA in B.
subtilis. The hybrids with fusion points within the HAMP
domain, McpC[1−340]-Tar[257−553] (McpC340Tar257), or
with the replacement of the protein contact region of McpC with
that of Tar, McpC[1−472]-Tar[361−417]-McpC[530−655]
(McpC472Tar361McpC530), were also constructed but were
nonfunctional, although both of them were well-expressed
(Figure S1).
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the analysis region indicated by a yellow rectangle (300 μm × 200 μm). (b) The corresponding values of the fluorescence intensities in the analysis
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Dose responses of cells expressing McpC350Tar267 to identified novel ligands measured by FRET and analyzed and plotted as in Figure 1.
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Using sign inversion of receptor response to 
map sensory regions

E. coli Tar

Normal (attractant) response to MeAsp Inverted (repellent) response to MeAsp

Response inversion by extending TM2



Using sign inversion of  response to map 
sensory regions of receptors

Inversion depends on the sensory site:

• Periplasmic sensing: inverted in both mutants

• HAMP-mediated sensing: inverted in one but not the other mutant

• Sensing below HAMP: no inversion



Getting bacteria to work: particle transport
Hosseinidoust et al. (2016)

Metin Sitti Babak MostaghaciOliver Schauer



Ag43-mediated particle attachment

Schauer et al., Sci Rep, 2018

www.nature.com/scientificreports/

3SCIENTIFIC REPORTS |  (2018) 8:9801  | DOI:10.1038/s41598-018-28102-9

value at ~6 min of incubation and approaching saturation after 20 min, when free particles became depleted 
(Fig. 2C). Excess of free biotin in the incubation reaction completely inhibited attachment, confirming specificity 
of bacteria-particle interactions. In contrast, the attachment of non-motile cells lacking flagella proceeded much 
slower. This difference was apparently due to the lack of motility, and not due to unspecific adhesion of cells via 
flagella47, because decreasing the swimming speed of wild-type E. coli by dissipating the proton motive force with 
the help of carbonylcyanide-m-chlorophenylhydrazone (CCCP) resulted in an even more pronounced decrease 
in the attachment rate. Expectedly, the effect of CCCP on the attachment rate of non-motile cells was minor, 
but the overall better attachment of the CCCP-treated non-flagellated cells compared to the wild type suggests 
that in absence of motility flagella might partly hinder the biotin-streptavidin mediated cell-particle attachment. 
Altogether, these data clearly show that motility promotes (polar) attachment, primarily through heads-on colli-
sions of bacteria with microparticles.

Next, we characterized the dependence of bacteriabot movement on the number of attached bacteria (Fig. 2D 
and Supplementary Movie 1–5). We observed that in cases, when only one cell was attached to a microparticle, 
bacteria almost exclusively pulled the microparticle (Fig. 2D panel I and Supplementary Movie 1). For cases, 
when two bacteria were attached to the same particle so that their long cell axes aligned, the swimming behavior 
was similar to the particle pulled by a single cell, but the overall movement was markedly slower (Fig. 2D panel 
II and Supplementary Movie 2). This was also observed in very rare cases where two particles were aligned alter-
nating between tree cells (Supplementary Movie 3). However, when the axes of the two cells were not aligned 
(Fig. 2D panel III and Supplementary Movie 4) or when more than two cells were attached to a microparticle 
(Fig. 2D panel IV and Supplementary Movie 5), the swimming behavior was largely compromised, with very little 
processive motion, likely due to the misalignment of the forces exerted by individual bacteria on the same parti-
cle. Thus, the simplest constellation consisting of one bacterial cell per microparticle provides the most efficient 
and fastest particle propulsion. In subsequent bacteriabot fabrication, we used a particle to cell mixing ratio of 
1:30 at which the majority of observed bacteriabots consisted of one bacterial cell per particle, with the highest 
number and swimming speed of motile bacteriabots (Supplementary Fig. S4).

Dependence of bacteriabot motility on particle size and cell length. To analyze the effects of par-
ticle attachment on bacterial motility, we tracked two-dimensional (2D) swimming trajectories of E. coli cells 
that were either free swimming (Fig. 3A) or attached to 1.4-µm or 2.2-µm diameter particles (Fig. 3B,C). For 
consistency reasons, the measurements were performed within 30 to 90 min after placing the sample into the 
observation chamber. Free-swimming E. coli had a mean swimming speed of 15.71 ± 0.02 µm/s (±SEM), which 
was reduced to 12.83 ± 0.02 µm/s upon attachment of 1.4-µm particles and to 9.76 ± 0.02 µm/s upon attachment 
of 2.2-µm particles (Fig. 3B,C). Even more pronounced reduction was visible in the fraction of bacteria with the 
highest swimming speed (>20 µm/s) (Fig. 3A–C). Such reduction of the cell swimming speed is consistent with 
the increase in the rotational and translational friction coefficients because of the addition of a spherical parti-
cle, which could be computed by modeling flagellar propulsion using resistive force theory48–50 (Supplementary 

Figure 1. Biotin display on the cell surface of E. coli via recombinant Ag43. (A) Schematic model of the Ag43-
mediated peptide display. The N-terminus of Ag43 was modified with a FLAG epitope tag and a biotin acceptor 
peptide (BAP). ES: extracellular space, OM: outer membrane, PPS: periplasmic space. (B) E. coli cells carrying 
the recombinant Ag43-FLAG (induced with 100 µM isopropyl-β-D-thiogalactopyranoside (IPTG)) with and 
without BAP were analyzed using anti-FLAG immunostaining (red) and NeutrAvidin-biotin staining (yellow) 
for detecting recombinant Ag43-FLAG and surface-displayed biotin, respectively, and subsequent fluorescence 
microscopy. Scale bar: 4 µm.
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Fig. S7, Table S1 and Supplementary Text). Although cell motility in our assay decreased gradually over time 
(Supplementary Fig. S5), this decrease was slow and similar for free swimming cells and bacteriabots, indicating 
that particle attachment has no negative effect on the energy state of the cell.

As stated earlier, bacteriabots need to maintain their function in biological fluids to be of use for biomedical 
applications. One distinct property of biological fluids is their higher viscosity, up to 5 mPa·s in case of blood51 
compared to <1 mPa·s for water. Therefore, we tested motility of bacteriabots when the viscosity of the medium 
was raised above 4 mPa·s by addition of methyl cellulose. The speed of both free swimming cells and bacteriabots 
was unchanged or even slightly increased at this higher viscosity (Supplementary Fig. S6A,B), which could be 
again explained by the resistive force theory (Supplementary Text).

How could the swimming properties of the E. coli-based bacteriabots be enhanced? We hypothesized that 
elongated E. coli cells would be less affected by the particle attachment. E. coli cells can be easily artificially elon-
gated by growing them in presence of cephalexin, a β-lactam antibiotic that reversibly blocks cell division52,53, with 
the duration of cephalexin treatment determining the cell length. Such elongated E. coli cells are known to have 
more, and possibly also longer, flagella, although the increase in the number of flagella might not be linearly pro-
portional to the increase in the cell length49, and they are able to perform chemotaxis54. We thus expected that –  
at a given particle size – the cephalexin-treated cells have a more favorable balance between the size of the cell 
body (and the number of flagella) and the particle size. Our calculations indeed predicted smaller reduction of 
the swimming speed for elongated cells upon attachment of the same-sized particle (Supplementary Fig. S7 and 
Supplementary Text).

Figure 2. Microparticle attachment and motility of the fabricated bacteriabots. Motile wild-type E. coli 
cells (WT) and non-motile ∆fliC cells carrying the recombinant Ag43-BAP and an inducible GFP construct 
were incubated for 20 min with streptavidin-coated 2.2-µm PMMA particles, at a mixing ratio of 1:30. (A) 
Images of particle-attached cells acquired via confocal laser scanning microscopy (top) or scanning electron 
microscopy (bottom), with scale bars being 2 µm and 1 µm, respectively. For better visualization, cells were 
elongated by inhibiting cell division using cephalexin to the growth medium for one hour before harvesting. 
(B) Corresponding quantification of the polar and non-polar cell-particle attachment of WT (for 786 attached 
cells) and ∆fliC (for 1115 attached cells) cells were analyzed via fluorescence microscopy. Statistical analysis was 
performed using a two-sample t-test with unequal sample size and unequal variance, with asterisk indicating 
P < 0.005. Error bars show SEM of three independent experiments. (C) Kinetics of particle attachment 
quantified using flow cytometry. Where indicated, CCCP was added during incubation to reduce cell motility. 
As a negative control, biotin was added in excess to inhibit the cell-particle attachment. Statistical analysis, 
performed using a two-sample t-test with unequal sample size and unequal variance, showed that difference 
between all datasets was highly significant (P < 0.00001). Data are from six independent experiments. (D) 
Exemplary trajectories of bacteriabots with one, two and three attached WT E. coli cells, analyzed using time-
lapse fluorescence microscopy. Acquisition time of depicted trajectories was 6.5 s (panel I), 7.4 s (panel II), 13 s 
(panel III), and 5.4 s (panel IV). Scale bar: 8 µm.
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(Supplementary Fig. S5), this decrease was slow and similar for free swimming cells and bacteriabots, indicating 
that particle attachment has no negative effect on the energy state of the cell.

As stated earlier, bacteriabots need to maintain their function in biological fluids to be of use for biomedical 
applications. One distinct property of biological fluids is their higher viscosity, up to 5 mPa·s in case of blood51 
compared to <1 mPa·s for water. Therefore, we tested motility of bacteriabots when the viscosity of the medium 
was raised above 4 mPa·s by addition of methyl cellulose. The speed of both free swimming cells and bacteriabots 
was unchanged or even slightly increased at this higher viscosity (Supplementary Fig. S6A,B), which could be 
again explained by the resistive force theory (Supplementary Text).

How could the swimming properties of the E. coli-based bacteriabots be enhanced? We hypothesized that 
elongated E. coli cells would be less affected by the particle attachment. E. coli cells can be easily artificially elon-
gated by growing them in presence of cephalexin, a β-lactam antibiotic that reversibly blocks cell division52,53, with 
the duration of cephalexin treatment determining the cell length. Such elongated E. coli cells are known to have 
more, and possibly also longer, flagella, although the increase in the number of flagella might not be linearly pro-
portional to the increase in the cell length49, and they are able to perform chemotaxis54. We thus expected that –  
at a given particle size – the cephalexin-treated cells have a more favorable balance between the size of the cell 
body (and the number of flagella) and the particle size. Our calculations indeed predicted smaller reduction of 
the swimming speed for elongated cells upon attachment of the same-sized particle (Supplementary Fig. S7 and 
Supplementary Text).

Figure 2. Microparticle attachment and motility of the fabricated bacteriabots. Motile wild-type E. coli 
cells (WT) and non-motile ∆fliC cells carrying the recombinant Ag43-BAP and an inducible GFP construct 
were incubated for 20 min with streptavidin-coated 2.2-µm PMMA particles, at a mixing ratio of 1:30. (A) 
Images of particle-attached cells acquired via confocal laser scanning microscopy (top) or scanning electron 
microscopy (bottom), with scale bars being 2 µm and 1 µm, respectively. For better visualization, cells were 
elongated by inhibiting cell division using cephalexin to the growth medium for one hour before harvesting. 
(B) Corresponding quantification of the polar and non-polar cell-particle attachment of WT (for 786 attached 
cells) and ∆fliC (for 1115 attached cells) cells were analyzed via fluorescence microscopy. Statistical analysis was 
performed using a two-sample t-test with unequal sample size and unequal variance, with asterisk indicating 
P < 0.005. Error bars show SEM of three independent experiments. (C) Kinetics of particle attachment 
quantified using flow cytometry. Where indicated, CCCP was added during incubation to reduce cell motility. 
As a negative control, biotin was added in excess to inhibit the cell-particle attachment. Statistical analysis, 
performed using a two-sample t-test with unequal sample size and unequal variance, showed that difference 
between all datasets was highly significant (P < 0.00001). Data are from six independent experiments. (D) 
Exemplary trajectories of bacteriabots with one, two and three attached WT E. coli cells, analyzed using time-
lapse fluorescence microscopy. Acquisition time of depicted trajectories was 6.5 s (panel I), 7.4 s (panel II), 13 s 
(panel III), and 5.4 s (panel IV). Scale bar: 8 µm.
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Chemotaxis of bacteriabots. Finally, to investigate the capability of bacteriabots based on normal or elon-
gated cells to perform chemotaxis, we monitored their behavior in the presence of a chemical gradient formed in 
a microscopic channel (see Methods). For normal free-swimming bacteria, the mean chemotactic drift in a linear 
gradient of 0 to 200 µM α-methyl-DL-aspartate (MeAsp) over 2 mm channel length was 1.55 ± 0.03 µm/s 
(Fig. 4A), within the range of previously reported values55. The chemotactic drift decreased strongly when normal 
bacteria were attached to microparticles, particularly pronounced for larger 2.2-µm diameter particles. This 
decrease was apparently due to the lower swimming speed of bacteriabots, since plotting the chemotactic drift as 
a function of the swimming speed for individual cells showed comparable – and even better – drift of bacteriabots 
at a given speed compared to free cells (Fig. 4B). Notably, the observed dependence of chemotactic drift on swim-
ming speed was unaffected by an increased medium viscosity (Supplementary Fig. S6C,D). Overall, the depend-
ence of the chemotactic drift on the swimming speed was very steep, scaling as αv0  with α ranging from 2.5 to 3.4 
(Supplementary Fig. S10A), which is markedly steeper than α = 2 expected from the general theory of bacterial 
chemotactic motion24 (Supplementary Fig. S10B). This is likely explained by other factors that contribute to the 
chemotactic drift being a function of swimming speed, such as the tumbling angle56, or signal amplification by the 
chemotaxis pathway24, which depends on the expression of chemotaxis and flagellar genes, and therefore corre-
lates with the swimming speed.

Interestingly, elongated cells showed nearly the same dependence of the chemotactic drift on swimming 
speed with and without attached particles, which was higher than for free-swimming normal cells but compa-
rable to that of the normal cells carrying particles. Consistently, the mean chemotactic bias (the chemotactic 
drift normalized by the squared swimming speed) was similar for bacteriabots and elongated cells and lower for 
free-swimming normal cells (Supplementary Fig. S11). These results suggest that the swimming speed is by far the 
major determinant of the bacteriabot’s capability to perform chemotaxis, irrespective of the cell length, medium 
viscosity or cargo attachment, and they show that cell elongation can enhance chemotaxis of bacteriabots.

Discussion
There is an increasing interest in various applications of bacteria to deliver microscopic cargos, and several studies 
have shown that such bacteria-powered microswimmers can be principally used to move cargo in environmental 
gradients6,15–19. However, the applicability of bacteriabots remained limited, partly due to the lack of protocols for 
specific and fast loading of cargo, but also because mobility and tactic movement of bacteriabots were not well 
understood.

In this study, we developed and characterized a system for efficient generation of bacteriabots via 
biotin-streptavidin interaction. Although this interaction was already used to construct bacteriabots7,17,21, pre-
vious biotin functionalization of the bacterial cell surface required time consuming preparations with either 
biotin-conjugated antibodies targeting outer membrane proteins or the lipopolysaccharide15, or a chemical mod-
ification of the surface via biotin-NHS esters35. Because bacterial flagella are highly fragile, multistep preparation 
procedures can largely decrease the motility of the cell (due to the exposure to chemicals and shear forces) and 
thus decrease the applicability of the resulting bacteriabots. Instead, we engineered E. coli to display biotin on its 

Figure 4. The chemotactic drift of free-swimming cells and bacteriabots. (A,B) Mean chemotactic drift (A) and 
chemotactic drift as a function of the swimming speed (B) were calculated from individual 2D trajectories of 
cells with or without particles, as indicated (see Methods for details). Statistical analysis in (A) was performed 
using a two-sample t-test with unequal sample size and unequal variance, yielding highly significant differences 
between all datasets (P < 0.00001). Error bars show SEM from seven or more independent experiments. 
Numbers of analyzed trajectories were 109192, 44698, 30724, 10601, and 10744 for cells, cells with 1.4-µm 
particles, cells with 2.2-µm particles, elongated cells, and elongated cells with 1.4-µm particles, respectively.
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