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To swim and navigate, motile bacteria synthesize a complex motility machinery involving
flagella, motors, and a sensory system. A myriad of studies has elucidated the molecular
processes involved, but less is known about the coordination of motility expression with
cellular physiology: In Escherichia coli, motility genes are strongly up-regulated in
nutrient-poor conditions compared to nutrient-replete conditions; yet a quantitative link
to cellular motility has not been developed. Here, we systematically investigated gene
expression, swimming behavior, cell growth, and available proteomics data across a broad
spectrum of exponential growth conditions. Our results suggest that cells up-regulate the
expression of motility genes at slow growth to compensate for reduction in cell size, such
that the number of flagella per cell is maintained across conditions. The observed four or
five flagella per cell is the minimum number needed to keep the majority of cells motile.
This simple regulatory objective allows E. coli cells to remain motile across a broad range
of growth conditions, while keeping the biosynthetic and energetic demands to establish
and drive the motility machinery at the minimum needed. Given the strong reduction in
flagella synthesis resulting from cell size increases at fast growth, our findings also provide
a different physiological perspective on bacterial cell size control: A larger cell size at fast
growth is an efficient strategy to increase the allocation of cellular resources to the
synthesis of those proteins required for biomass synthesis and growth, while maintaining
processes such as motility that are only needed on a per-cell basis.

bacterial chemotaxis j cell size j gene expression j growth physiology j growth-rate control

To thrive in different environments, bacteria must efficiently allocate their limited resources
toward different cellular processes in accordance to what is most needed for their growth
and survival (1). Flagella-driven motility is one of the most distinct processes of bacterial
life that provides cells with novel ways to respond to the conditions they encounter (2).
The active movement toward more favorable conditions and away from detrimental ones
has been studied in detail on the molecular level (3–5) and can give rise to strong fitness
advantages (6–9). However, flagella-driven motility is also a resource-demanding process.
For growing Escherichia coli cells, the synthesis of the motility proteins alone ties up a
substantial portion of the protein synthesis resources (10, 11), and the assembly and
rotation of flagella also demand energy (12–14). Accordingly, motility expression consti-
tutes a burden on cell growth, such that cells with attenuated motility can grow up to
20% faster and reach about 10% higher biomass yields (15–17), a strong difference readily
affecting the outcome of (laboratory) evolution (18–21). Given this burden, the expression
of motility is expected to be highly controlled, in coordination with other cellular processes
and demands (22–25).
Notably, the expression of motility genes varies strongly with the nutrient conditions

cells encounter, and more resources are allocated to motility expression in nutrient-poor
than in replete conditions (26–30). These observations have been taken as support for the
idea that motility is a response expressed to search for alternative nutrient sources when
local nutrient sources are depleted (26, 29, 30). However, swimming speeds observed
during balanced growth do not vary much with the growth rate or the carbon source
provided (9). Furthermore, bacterial populations exhibit a chemotaxis-driven form of range
expansion (6, 8, 31–33), with expansion speeds that are markedly faster in nutrient-replete
conditions providing faster growth (9). These latter observations suggest that motility is a
phenotype broadly expressed by growing cells, rather than merely being a foraging response
to starvation. However, why then are motility genes expressed more highly in poor growth
conditions, and how does their degree of expression affect swimming? To resolve this
puzzle, we systematically investigated the link between gene expression and swimming in
different balanced growth conditions. We found that E. coli K-12 cells coordinate their
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gene expression with cell size to maintain motility; the up-
regulation of motility genes at slower growth is a necessary com-
pensation to adjust for growth-related changes in cell size such that
the number of flagella per cell remains constant. This simple regu-
latory objective provides an example of how cells can maintain a
function while keeping resource demands minimal. Our findings
also provide a perspective on the relation between cell size control
and proteome resource allocation, giving a physiological rationale
for the ubiquitously observed positive relation between cell growth
and cell size.
To study the relation between swimming behavior and motility

gene expression, we first examined gene expression during balanced
growth across a broad range of growth conditions, using a physio-
logically well-characterized strain (wild-type [WT] strain E. coli
K-12 HE204; SI Appendix, Text 1.1). Motility genes are hierarchi-
cally regulated and have been assigned into three different classes,
with the master regulator flhDC being the class I genes as
illustrated in SI Appendix, Fig. S1A (22–24). We first studied the
expression of fliA, a class II gene that encodes the sigma factor
σF required for the expression of flagella components (class III
genes). Using a LacZ reporter (strain HE207), we quantified the
expression level of the fliA promoter (in unit of LacZ activity per
biomass; SI Appendix, Text 1.4) during balanced growth, with a
range of growth rates obtained by supplementing minimal
medium with different carbon sources or rich media components
(detailed growth conditions are described in SI Appendix, Text
1.2). Consistent with previous reports (26, 28–30), fliA expression
was higher at slower growth rates (Fig. 1A, circles): Expression
levels changed approximately exponentially with growth rate
(dashed line), with an ∼4.4-fold increase when growth rates
changed from fast (1.60 1=h for growth on rich defined medium
[RDM] with glucose) to slow (0.28 1=h for growth on aspartate).
The same trend was observed for the abundance of FliA and other
class II proteins, including the hook-basal body components, as
supported by available proteomics data (11) (SI Appendix, Fig. S1
B and C). We next studied the promoter activities of a class I and
a class III gene using LacZ reporters. Expression of the master reg-
ulator gene flhD (class I) and the flagellin-encoding gene fliC (class
III) also showed similar changes to the fliA promoter activity (class
II) (SI Appendix, Fig. S1 D and E). The fold change is distinct
from a constitutively active promoter, Ptet-lacZ, that showed signif-
icantly less variation in the activity (SI Appendix, Fig. S2 A and D).
We also verified that the replacement of the native 50–untranslated
region (UTR) in flhD with the synthetic lacZ UTR results in a sig-
nificantly reduced fold change of flhD expression (SI Appendix,
Fig. S2 B and D), capturing the importance of posttranscriptional
regulation (34, 35). In summary, these data suggest that cells
express motility genes in a growth-dependent manner and the
master regulator flhDC plays a key regulatory role for the overall
expression.
The observed growth-dependent expression provides a substan-

tial growth rate–dependent burden for the cell. Particularly, a dele-
tion of the master regulator flhD, which results in the complete
suppression of motility gene expression, increased growth rate by
up to 18% compared to the WT strain, with larger increases real-
ized in slower growth conditions where motility expression in the
WT was higher (SI Appendix, Fig. S2E). To rationalize this costly
expression and understand its relation to the motile phenotypes,
we next characterized swimming behavior in different growth con-
ditions. Extending a previous approach combining phase-contrast
microscopy and tracking (9), we quantified the movement of hun-
dreds of cells and analyzed the distributions of observed swimming
speeds fvig during run events (see Fig. 1B and SI Appendix, Fig.
S3 and Text 1.3 for methods). We then extracted the average

swimming speed and the fraction of motile cells with swimming
velocities vi > 5 μm=s. Notably, despite the ∼4.4-fold change of
gene expression (Fig. 1A), swimming characteristics varied only
weakly: The fraction of swimming cells (αm) remained close to
90% for all growth conditions (Fig. 1C), and the average swim-
ming speed,v = hvii, changed only ∼1.3-fold from fast (RDM
with glucose) to slow (aspartate) growth (Fig. 1D).

One possible explanation for this combined observation of
minor changes in swimming behavior and large changes in expres-
sion of motility genes would be an adjustment to a possible
decrease in flagella motor activity at slow growth: The E. coli
flagella motor is driven by the proton motive force (PMF), and
the motor rotation frequency is proportional to the PMF
(12, 13). Given that the PMF is a result of the metabolic state,
which might change with growth condition, the cell might
compensate for slower rotation in poor growth conditions by
increasing the expression level of motility genes. To probe this
idea, we measured motor activity by tracking the rotation of beads
attached to flagella filaments (36, 37). However, the rotation
frequency was found to be almost independent of growth (Fig. 1E;
a drop of 13% from growth rate 0.87 1=h to 0.39 1=h).

Why then are motility genes expressed more in slow growth
conditions? To investigate this question further, we next per-
formed experiments with a synthetic construct that allows for the
smooth titration of motility gene expression in a given growth
condition so that we could separately assess the effect of changing
motility expression and growth. We replaced the native promoter
of the master regulator flhDC with the Ptet promoter, enabling an
inducer-dependent control. Additionally, the construct also carries
the above-mentioned PfliA-lacZ as a reporter for class II gene
expression (see Fig. 2A and SI Appendix, Text 1.1.3 for cartoon
and details). We first grew this strain in fructose minimal medium
with different concentrations of the inducer chlortetracycline
(cTc). PfliA-lacZ expression decreased smoothly from WT levels
toward zero when the inducer concentration in the media was
reduced (Fig. 2A, blue points). Decreasing the inducer concentra-
tion similarly shifted the distribution of swimming speeds (Fig. 2B)
toward lower average swimming speeds and motile fractions
(Fig. 2 C and D, blue points). Similar results were obtained by
growing cells in other carbon sources that provide faster and
slower growth rates (Fig. 2, glucose and mannose as green and
magenta points). Overall, these results show that motility gene
expression has a strong influence on cellular swimming behaviors
at each growth condition, as can also be seen by directly plotting
swimming speed and motility fraction against fliA expression
(SI Appendix, Fig. S4).

To better understand how the regulation of motility genes
determines swimming behavior, we next compared how the
swimming phenotypes change across growth conditions when
motility gene expression remains at a constant level. Using the
titratable construct and selected inducer levels, we particularly
chose two different expression levels (dotted and dashed lines,
Fig. 3A). Comparing swimming behavior at these two expres-
sion levels, we found a gradual reduction of swimming speed as
the growth rate slowed down (Fig. 3 B and C). This reduction
can be largely accounted for by a reduction of the fraction of
motile cells (Fig. 3D), while the average swimming speed of
motile cells remained within narrow ranges (Fig. 3B, gray verti-
cal lines). In summary, these observations suggest that the
up-regulation of motility genes at slower growth is necessary to
keep the population motile but not to increase the swimming
speed of the motile cells.

To better understand the regulation of motility genes and its
connection to swimming behavior, we next considered the
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abundance of motility gene products per cell: Gene expression
levels, as those determined via a LacZ reporter, are typically quan-
tified per biomass [e.g., the commonly used “Miller Unit” (40)
quantifies LacZ activity per biomass; unit U =mL=OD600, with
optical density (OD)600 having a constant relation with biomass
across growth condition (41); SI Appendix, Texts 1.4 and 2]. Since
these expression levels correlate with protein mass per biomass, as
previously discussed (SI Appendix, Fig. S1), and biomass itself is
proportional to cell volume due to the constancy of biomass den-
sity (11, 42), the measurements with the class II gene reporter
PfliA-lacZ reflect the concentration of class II gene products
(flagella hook and basal body; SI Appendix, Fig. S1 and Fig. 4A,
Top row). As confirmed by the LacZ reporters (Fig. 1A and SI
Appendix, Fig. S1 D and E) and available proteomics data (11) (SI
Appendix, Fig. S1 B and C), this concentration is higher when
cells grow more slowly. However, bacterial cells also have different
cell sizes at different growth rates. In fact, the average biomass per
cell exhibits an approximate exponential dependence on the
growth rate (Fig. 4B), known as the Schaechter-Maaloe-Kjeldg-
aard relation (43–45). Accordingly, the average abundance of class
II gene products per cell is expected to exhibit less change with
growth rate than what is observed for the concentration (Fig. 4A,
Bottom row). Confirming this idea, the PfliA-lacZ expression per
cell (unit: U =cell ), taken as the product of expression per biomass
(unit: U =mL=OD600) and the average biomass per cell (unit:
mL �OD600=cell ), is nearly independent of growth rate (Fig. 4C,
filled red points). Remarkably, the exponential relations observed
for cell size (Fig. 4B, dashed line) and the expression level per
biomass (Fig. 4C, dashed black line) show similar absolute rates
(1:18 h�1 and 1:17 h�1), leading to the abundance per cell being
independent of growth rate (Fig. 4C, dotted red line).

The above analysis suggests that cells maintain their number
of flagella across growth conditions and that the large change of
gene expression with growth rate is necessary to keep this num-
ber constant as the cell size changes. To confirm this idea more
directly, we counted the number of flagella filaments attached to
the cells using a staining assay (SI Appendix, Fig. S5 and Text
1.5). We confirmed that the average number of flagella filaments
per WT cell remained within a narrow range across growth
conditions (four or five, within the measurement error) (SI
Appendix, Fig. S5D). As an example, two cells of different sizes
but similar flagella numbers are shown in Fig. 4D. Looking at
the distribution of filament numbers across the population, we
see that very few cells possess only one or zero filaments (SI
Appendix, Fig. S5B), consistent with a high fraction of motile
cells (Fig. 1C). In contrast, the average number of filaments
varied strongly for the titratable flhDC strain as the provided
inducer concentration was varied (SI Appendix, Fig. S6). Particu-
larly, the fraction of cells with zero or one filament clearly
increased at lower inducer concentrations (SI Appendix, Fig. S6
A and B), which coincides with the increase in the fraction of
nonmotile cells at lower inducer concentrations (Fig. 2D). We
further confirmed that the class II gene reporter expression
reflects the change of filament number (Fig. 4E): Reducing
PfliA-lacZ level by titrating flhDC expression led to a linear drop
of the average number of filaments in different growth
conditions (Fig. 4E, open symbols). In contrast, the WT strain
exhibited little variation in either the filament number or gene
expression per cell (Fig. 4E, filled circles). In combination, these
findings support the idea that cells regulate motility genes in
coordination with cell size such that an average number of fla-
gella per cell is maintained in different growth conditions.

A

B

C E

D

Fig. 1. Motility gene expression and swimming behavior during balanced growth in different growth media. (A) Expression level of a reporter of the fliA
promoter (a class II gene; SI Appendix, Fig. S1A) for growth on different carbon sources (circles). The reporter expression changes strongly with growth rates.
Dashed line indicates exponential fit, 734 � e�k�λ with rate k = 1:17 1=h: (B) Quantification of swimming behavior: Using phase-contrast microscopy, cells were
tracked and swimming speeds were analyzed (details in SI Appendix, Text 1.3). Cell-to-cell variation of swimming speeds for growth on fructose as example.
The red line indicates the mean swimming speed, and the yellow background indicates the range, defined as nonmotile (swimming speeds vi < 5 μm=sÞ.
Additional conditions and reproducibility are shown in SI Appendix, Fig. S3. (C and D) Motile fractions and average swimming speeds for different growth
rates, which show minor variations with growth rate. Error bars of SD are provided when biological replicates are available (SI Appendix, Fig. S3 and Table
S6). (E) Motor rotation frequency for different growth rates. Error bars indicate SD observed for the probed population (SI Appendix, Table S7). Rotation
frequencies of beads attached to filament stub were measured using back-focal plane interferometry, and a strain with the filament gene was modified to
readily stick to polystyrene beads (sticky-fliC) (38, 39); see cartoon and SI Appendix, Text 1.6. Data in rich media were not collected because rapid cell divisions
prevented motor observation for sufficient periods. Four reference conditions are highlighted by colors as indicated in the legend table. Strains HE207,
HE206, and HE608 were used in A, C and D, and E, respectively. The data values are listed in SI Appendix, Tables S2, S6, and S7.
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To see how efficiently motility genes are regulated, consider the
relation between the average number of flagella per cell and the
fraction of motile cells (Fig. 4F): When the expression of motility
genes is low, such that there are on average less than four flagella
per cell (flhDC titration with low inducer levels, diamonds), the
motile fraction is proportional to the average flagella number
(Fig. 4F, gray region: limited motility). In contrast, when expres-
sion levels reach close to those of WT, such that there are on
average more than four flagella per cell, almost all cells are motile
(Fig. 4F, circle points and yellow region: full motility). An even
higher expression level per cell would only increase the costs to
express extra flagella and was not observed (Fig. 4F, blue region:
nonefficient expression). E. coli K-12 thus appears to regulate its
motility expression levels such that associated resource demands to
synthesize and rotate flagella are at the minimum necessary to
keep most cells motile. While the requirement for, on average,
four flagella per cell ensures that most cells will be motile (yellow
region in Fig. 4F), this number is also close to what is minimally
required to allow uninterrupted motility when cells halve the
number of their flagella during cell division.

Discussion

In this study, we analyzed the regulation of motility genes by
E. coli in different balanced growth conditions. We found that the

fold change in gene expression per biomass compensates for the
variation in cell size, resulting in the average number of flagella per
cell remaining constant across growth conditions. This simple regu-
latory scheme ensures a fully motile population while keeping
resource demands to synthesize and rotate flagella to a minimum.

How do cells implement this regulation scheme? Future studies
are needed to reveal further mechanistic insights, but our results
point to the combined roles of transcriptional and posttranscrip-
tional regulation in determining the abundance of the motility
master regulator FlhDC. On the transcriptional level, cAMP-
CRP–dependent activation on flhDC expression (46, 47) may play
an important role, as other cAMP-CRP–dependent genes are
known to increase with decreasing growth rates under carbon
limitation (27, 48). In addition, the posttranscriptional regulation
on flhDC expression might further be essential, as we found that
modification of the 50-UTR strongly affected flhDC expression. In
this context, it is tempting to speculate about the physiological
roles of small RNA species, which are being increasingly discovered
and found to be involved in diverse regulatory tasks (49, 50). Fur-
ther, posttranslational regulation on flhD via the anti-FlhDC factor
(YdiV) might be involved in adjusting the expression of fliA and
other class II motility genes such that their expression scales with
cell size (25).

The findings reported here have implications for bacterial
motility from an ecological perspective, particularly concerning its
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Fig. 2. Gene expression and swimming behavior when titrating a motility master regulator. (A) Titratable flhDC construct with PfliA-lacZ reporter to quantify fliA
expression. Titration control is achieved via the Ptet system and cTc as inducer. PfliA-lacZ expression was measured by varying inducer concentration. (B) Swimming
speed distributions when cells are grown on fructose with different inducer levels. (C and D) Changes in average swimming speed and the motile fraction of cells
(swimming speed > 5 μm/s) in the population. WT is shown as circles in A, C, and D for comparison. Error bars in WT indicate s.d. of biological replicates. Strains
HE641 and HE170 were used in A and B–D, respectively (both strains are identical except carrying different lacZ reporters: SI Appendix, Table S1). The data values
are listed in SI Appendix, Tables S8 and S9.
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role in promoting fitness across different environments. Previous
works have highlighted up-regulation as a fingerprint of anticipa-
tory response, with motility triggered when nutrients run out
(26, 28–30). In contrast, we here propose that at least a part of
the up-regulation of swimming in poorer growth conditions is not
a starvation response per se, but an obligatory regulation to main-
tain sufficiently high flagella numbers and swimming as cell size
changes. Future studies are needed to investigate how our findings
merge with the ideas of anticipatory response, but the efficient
regulation of motility genes to maintain swimming under growth-
supporting conditions is in line with observations that bacterial
cells quickly stop swimming (9), actively brake motor rotation
(51, 52), and even release their flagella upon entering starvation
(53, 54). Notably, the maintenance of cellular motility in growth-
supporting conditions enables cell population to rapidly expand
into unoccupied nutrient-rich territories, boosting overall popula-
tion growth (9). The growth advantage of such a navigated range
expansion relies on cells being motile across conditions, and a
delayed onset of motility only in response to starvation would
nullify the fitness advantage (9). Therefore, the efficient regulation
of motility genes described here does not only minimize the
resources required to build and fuel the motility machinery, but it
also supports fast navigated range expansion, which further boosts
fitness (9, 21, 33).
The findings further provide a perspective on the relation

between cell size and growth itself. Throughout the text, we have
referred to the change in motility gene expression as an up-
regulation in poor nutrient conditions. However, this change can
also be viewed as a down-regulation in nutrient-replete conditions

when cells grow fast. Given that the goal of the flagella regulatory
system is to maintain the number of flagella per cell, we can view
the decreased flagella expression at fast growth also as a conse-
quence of increased cell size at fast growth. This view leads us to
suggest a physiological rationale for E. coli’s choice of cell size at
different growth rates. It is generally preferrable for bacterial cells
to keep a small biomass (i.e., cell size), as it promotes efficient dif-
fusive transport, fast nutrient uptake, and strong dispersal
(55, 56). However, in favorable conditions allowing for rapid
growth, the translational machinery per biomass is the most
growth-limiting factor (57, 58), and making cell size larger can be
beneficial to alleviate this bottleneck: By increasing its size at fast
growth, the cell effectively reduces the amount of flagella proteins
that need to be synthesized, thus allowing more proteomic resour-
ces to be allocated toward ribosomes and other components of the
translation machinery. Quantitatively, flagella proteins comprise
∼3.0% of the total protein mass in slow carbon-limited condi-
tions and ∼0.7% in RDM (11). Thus, by increasing its cell size,
E. coli manages to “save” 2.3% of the proteome that would have
otherwise been tied up in flagella synthesis. To put this amount in
perspective, the entire set of biosynthesis enzymes saved when cells
are provided with all amino acids and nucleotides is only ∼11%
of the proteome (comparing the proteome composition of cells
grown in rich-defined medium supplemented with glucose to
those grown in glucose-minimal medium). This saving accounts
for a large share of the increase of growth rate from 1.0 1=h in
glucose-minimal medium to 1.8 1=h in RDM (11), based on the
well-established linear relation between ribosome content and
growth rate, where every percent-of-proteome added to the

0 20 40
0.00

0.05

0.10

pr
ob

ab
ili

ty

0 20 40
0.00

0.05

0.10

pr
ob

ab
ili

ty
0 20 40

0.0

0.1

0.2

pr
ob

ab
ili

ty
0 20 40

0.0

0.1

0.2

pr
ob

ab
ili

ty

0 20 40
0.0

0.1

0.2

0.3

pr
ob

ab
ili

ty

0 20 40
0.0

0.1

0.2

pr
ob

ab
ili

ty
pr

ob
ab

ili
ty

0.10

0.05

0.00
0 20 40

0.0 0.5 1.0 1.5 2.0
0

20

40

60

80

100

growth rate [1/h]

m
ot

ile
fra

ct
io

n
[%

]

0.0 0.5 1.0 1.5 2.0
0

10

20

30

growth rate [1/h]

sw
im

m
in

g
sp

ee
d

[
m

/s
]

A B C

11 mM mannose
20 mM fructose
20 mM glucose

20 mM glucose+RDM

WT

Carbon

Ptet-flhDC

Strain

level 1

level 2

level 2
level 1

Histogram at level 1

all cells

motile cells (v>5 µm/s)

sl
ow

 g
ro

w
th

 ra
te

WT glucose

Ptet-flhDC
cTc 50 ng/mL
fructose

Ptet-flhDC
cTc 30 ng/mL 
mannose

Histogram at level 2

WT glu+RDM

Ptet-flhDC 
cTc 40 ng/mL
glucose

Ptet-flhDC
cTc 30 ng/mL
fructose

Ptet-flhDC 
cTc 20 ng/mL
mannose

0.0 0.5 1.0 1.5 2.0
0

200

400

600

growth rate [1/h]

Pf
liA
-la
cZ

[U
/m

L/
O

D 6
00

]

level 1
level 2

D

average speed of

non-motile range
(v<5 µm/s)

level 1

level 2

Ptet-flhDC

WT

Ptet-flhDC
Ptet-flhDC

cTc 
(ng/mL)

Ptet-flhDC 11 mM mannose
20 mM fructose
20 mM glucose

-
50

30

-

40
30
20

Fig. 3. Swimming behavior across growth conditions at fixed motility expression. (A) PfliA-lacZ expression against growth rate when the expression levels
are set independent of growth rate by using the titratable flhDC construct. To obtain the indicated expression levels, inducer (cTc) concentrations for each
growth condition were selected based on the data in Fig. 2A and listed in the legend table. One expression level (level 1, dashed line) resembles the level
observed for WT cells growing on glucose (green circle), and the other (level 2, dotted line) resembles the level for WT cells growing on glucose+RDM (brown
circle). The other data of PfliA-lacZ expression in WT are shown as gray circles for comparison (same data as Fig.1A). (B) Distributions of swimming speed for
the two expression levels (Left column: level 1, Right column: level 2). The fraction of nonmotile cells increases for decreasing growth rate (bars in yellow
regions), while the swimming speed of motile cells (vi > 5 μm=sÞ barely changes (gray lines). The reduction of average swimming with decreasing growth rate
(red dotted lines) is thus largely accounted for by the increase of nonmotile fraction. (C and D). The average swimming speed (C) and motile fraction (D) drop
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protein synthesis machinery results in an ∼0.06 1=h increase in
growth rate (11, 27, 57). Thus, a 2.3% saving in proteome alloca-
tion to flagella synthesis would amount to a gain of ∼0.14 1=h
for growth in rich medium. In other words, had E. coli kept its
size at the level observed in the poor-nutrient condition, then it
would suffer a 0.14 1=h reduction in growth rate (from the
observed growth rate of 1.8 1=h) in rich medium, just due to
motility expression alone. This proteome resource savings by a
change of cell size should be similarly applicable to other cellular
processes that demand protein expression on a per-cell basis, includ-
ing cell division and cell pole maintenance. Therefore, increasing
cell size at fast growth might be a simple and effective strategy
to reduce competition for proteome resources at fast growth, for
E. coli and possibly many other fast-growing bacterial species.

Materials and Methods

Strains Used in This Study. The reference strain in our study is a motile vari-
ant of the E. coli K-12 (strain NCM3722B) whose physiology has been well

characterized in previous studies (17, 27, 48, 59, 60). Similar to other motile
K-12 strains (61, 62), the strain NCM3722B carries a 1-kb insertion element
(IS1) upstream of the flhDC transcription site that activates flhDC expression and
the motile phenotype (46, 63). Detailed information on the strain and derived
constructs to report gene expression levels and titrate flhDC expression are
provided in SI Appendix, Text 1.1.

Growth Media. Cells were grown in a modified MOPS-buffered minimal
medium (64). Trace micronutrients were not added as the metal components
have been reported to inhibit motility (65). To change growth conditions, differ-
ent carbon sources were provided. When indicated, casamino acids (CAAs) and
RDM were additionally provided. When flhDC expression was titrated, cTc was
provided as an inducer. For the swimming assay and the flagella staining,
0.05% PVP40 was provided to prevent cells and flagella from sticking to material
surfaces (66). Additional details on media composition and concentrations are
provided in SI Appendix, Text 1.2.1.

Strain Culturing and Growth Rate Measurement. Growth measurements
were performed in a 37 °C water bath shaker operating at 250 rpm. Each growth
experiment was carried out in three steps: seed culture in Luria-Bertani (LB)
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Fig. 4. Expression levels change with cell size such that cells remain motile across growth conditions. (A) The concentration of motility gene products per unit
biomass is higher for growth in poor condition (Top), but cells are also smaller when growing more slowly (Middle). Consequently, the abundance of motility gene
products expressed per cell, like the number of flagella, would show less variation across growth conditions (Bottom). (B) The average biomass of cells, determined
via OD measurements and cell counting (CFU in culture), increases exponentially with growth rate. Line indicates exponential fit, ∼ ek�λ, with growth rate λ and
parameter k = 1:18 1=h: (C) Expression of the class II gene fliA per biomass (open circles) and per cell (red circles) based on the PfliA-lacZ measurements (strain
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with slope 2:26 � 107. Different inducer levels were used for the titratable flhDC strain as shown in SI Appendix, Fig. S6. (F) Motile fraction and flagella number for
WT (circles) and titratable flhDC strain (diamonds). WT cells are mostly motile and adjust their expression level per cell to ensure motility (yellow region) while
preventing more expression than needed (blue region). Strains HE206 and HE170 were used to obtain swimming data. Strains HE207 and HE641 were used to
obtain PfliA-lacZ expression data. Flagella filament numbers were quantified using strains HE582 and HE571 harboring a modified S219C fliC sequence. Error bars
in flagella number of WT indicate s.d. of biological replicates. Cell size data in B from Basan et al. (41). Data values are listed in SI Appendix, Tables S10 and S11.
CFU, colony formation unit; conc., concentration; GR, growth rate.
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broth, preculture, and experimental culture in identical minimal medium. In the
seed culture, a single fresh colony from an LB agar plate was inoculated into liq-
uid LB broth and cultured at 37 °C for 4 to 5 h. Cells were then cultured in the
specified medium at 37 °C overnight (preculture). The starting OD600 in precul-
ture was adjusted so that exponential cell growth was maintained. After precul-
turing, cells were then diluted to OD600 = 0.005 to 0.02 in identical prewarmed
medium and grown in a 37 °C water bath shaker (experimental culture). After
cells had been grown for at least three generations, OD600 was measured around
every half doubling of cell growth. About four to six data points below OD600 0.3
were used to calculate growth rate. For cell culturing in rich conditions using
CAA and RDM, the experimental cultures were started by diluting saturated pre-
cultures and repeating growth and dilution to restore steady-state growth. The
cultures were then diluted into fresh medium to start the measurements. Addi-
tional details are provided in SI Appendix, Text 1.2.2.

Measurements of Swimming Characteristics. To quantify the swimming
behavior of cells, samples of 200 μL cell culture were collected at different time
points during steady-state growth. Immediately after the collection, samples
were diluted to an OD600 of ∼0.005 using filtered growth medium. The diluted
sample was then loaded into a rectangular capillary, and phase-contrast micros-
copy was used to acquire videos of the swimming cells. A custom-made Python
script was then used to obtain cell trajectories and swimming characteristics.
Additional details of the experiments and data analysis are provided in SI
Appendix, Text 1.3. The code is available via GitHub at https://github.com/
jonascremer/swimming_analysis.

β-Galactosidase Assay. Samples were collected at different time points during
steady-state growth, and β-galactosidase activity was measured by a traditional
Miller method. LacZ expression level was determined by taking a linear reg-
ression of LacZ activity against OD600. Additional details are provided in SI
Appendix, Text 1.4.

Flagella Number and Length Quantification. Flagella staining was per-
formed by using strains that carry S219C modification in fliC sequence. This
allowed a direct labeling of flagella filaments by sulfhydryl-specific Alexa Fluor
maleimide dyes (67–69). Cell samples were collected at OD600 0.2 during steady
state in each condition. Following the washing step, flagella filaments were

labeled by the Alexa Fluor 488 maleimide dye under a dark condition at 37 °C
for 15 min. After the excess dye was washed out, cells were imaged between a
glass cover and 2% agar pad using a confocal microscope (Leica LSM 8). Fluoro-
phores were excited with a 488-nm laser line, and the detectors were scanned in
the wavelength range 500 to 550 nm. Images of 60 to 100 cells were acquired
for each experiment. The number of flagella was counted manually, and the
length equivalent was determined by dividing the integrated fluorescent signals
by the number of flagella for each cell. Additional details of the experiments and
data analysis are provided in SI Appendix, Text 1.5.

Motor Speed Measurement. A strain carrying sticky-fliC was used for the
experiment. Cells were collected during steady-state growth, and the flagella
were sheared using two syringes connected by a plastic tube. Following the
shearing steps, cells were loaded into a flow cell and exposed to a suspension of
beads with diameter 0.5 μm. The motor speed was measured via back-focal
plane interferometry to track bead rotations (38). Full details of the experiments
and data analysis are provided in SI Appendix, Text 1.6.

Data Availability. All study data are included in the article and/or supporting
information. Previously published data were used for this work (70).
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