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ABSTRACT OF THE DISSERTATION 
 
 

Growth of bacterial population in dynamic and spatially extended environments 
 

by 
 
 

Tomoya Honda 
 
 

Doctor of Philosophy in Biology 
 
 

University of California, San Diego, 2018 
 

Professor Terence Hwa, Chair 

 
Growth and reproduction are essential requirements of living systems. Previous 

studies of bacterial physiology focused largely on bacteria growing exponentially in fixed 

environments. But such growth conditions are exception rather than the norm in nature. 

Bacteria in the wild must cope with environments that vary temporally and spatially. To 

gain better understanding of bacterial physiology, I studied growth of E. coli population 

in 1) dynamic nutrient environment and 2) spatially extended environment.  

Rapid adaptation is a crucial determinant of bacterial fitness under changing 

environments. We studied adaptation of E. coli culture to abrupt change of nutrient from 

preferred sugars (e.g., glucose) to a metabolic waste product (e.g., acetate) that is 
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excreted during the growth on preferred substrates. In such transitions, E. coli suffers 

long, multi-hour periods of growth arrest before resuming growth. By characterizing the 

period of growth arrest (lag time) for many pairs of carbon sources, we discovered that 

cells growing fast before the shift exhibit longer lag time, resulting in a remarkable trade-

off relationship between fast growth and adaptability. We establish that this tradeoff 

results from switching the direction of central carbon metabolism from glycolysis to 

gluconeogenesis. The existence of tradeoff limits fitness benefit gained from fast growth 

and provides a criterion for selecting growth rates based on the expected abundances of 

substrates in the environment. 

In spatially open habitats, effective colonization provides a selective advantage 

for bacterial populations. We next studied the growth of E. coli population that expands 

by chemotaxis in nutrient-replete soft-agar plates. We show the speed of population 

expansion, as exemplified by the propagation of chemotactic rings, increases steadily 

with improved growth conditions. The expansion process is shown to couple intricately 

with colonization, with the propagating cells leave behind a trail of offspring that slowly 

proliferate over time. We also show costly expression of motility apparatus is necessary 

to maintain the fraction of motile cells and support faster population expansion. The 

results provide a link from gene expression through cellular motility all the way to 

population dynamics, elucidating a foresighted strategy bacteria use to colonize virgin 

territories well before local nutrient supply runs out. 
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CHAPTER 1 
 
INTRODUCTION 
 

1.1 Growth of bacteria 

Growth and reproduction are fundamental to all organisms. Organisms take up 

nutrient from the surrounding environments and covert them into their biomass. The trait 

of growth and reproduction arises from the immense complexity of internal molecular 

interactions that have evolved over the long history of life. Here for my dissertation, I 

chose to study the physiology of the model bacterium Escherichia coli. E. coli is the best 

studied organisms, being one whose genome was first ever sequenced1 and many of its 

genetic products are well characterized2. The small free-living bacterium is a surprisingly 

versatile organism living in diverse environments, ranging from mammalian intestine3,4, 

freshwater5 to the soil6. The cells in the natural environments must cope with diverse 

fluctuations that critically impact their survival, including nutrient limitation and changes 

in pH, osmolality and temperature7-9. It is a challenge to understand how E. coli 

orchestrates its molecular components to allow adaptation and growth in these 

environments10.  

In laboratory, E. coli cells are easily cultured in defined medium that contains 

glucose and ammonium salt as the only carbon and nitrogen sources11. When an 

overnight-saturated cell culture is transferred into fresh minimal medium, cells enter 
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balanced exponential growth after an adaptation period12 (Fig. 1.1). During balanced 

exponential growth, any cellular components such as DNA, RNA, ribosomes and many 

other enzymes all double at the same constant rate (same as growth rate)13. The 

exponential growth continues over many generations as long as the environment is 

maintained constant (e.g., chemostat culture)14. In a closed environment (e.g., batch 

culture), cells eventually slow down their growth due to the exhaustion of nutrients 

and/or accumulation of waste products, reaching the stationary phase where the net 

growth of biomass ceases12. In response to such environmental changes, E. coli cells 

exhibit diverse changes in their physiological characteristics such as cell size15, 

macromolecular composition16, motility17 and gene expression18. At the molecular level, 

the physiological changes result from a collection of gene regulatory responses through 

various signaling cascades. Past molecular studies have identified a number of genetic 

components and multiple layers of regulations at the transcriptional, translational and 

post-translational levels19-21, indicating immense complexity of regulations inside the 

cells. 
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Figure 1.1: Growth of cells in glucose minimum medium. Overnight-saturated cell culture was 
transferred to fresh glucose minimum medium (20mM glucose) at time zero. A cell culture was grown at 
37℃ with rigorous shaking. After initial adaptation period, cells enter balanced exponential growth phase. 
Due to the accumulation of toxic molecules and fermentation products, cells gradually slow down growth 
eventually reaching stationary phase. The measurement here was conducted by using a plate reader.  

1.2 Physiology of bacteria 

Balanced exponential growth is the best-defined and the most reproducible state 

of cells suitable for studying bacterial physiology. Past physiological studies of cell 

cultures under balanced exponential growth have revealed strikingly simple relations 

between the growth rate of the culture and many cellular characteristics such as the 

macromolecular composition and cell size (Fig. 1.2A)13,22-24. In a batch culture, the 

growth rate of E. coli can be modulated by using medium with different nutrient 

composition, for example, by using different carbon sources or by supplying a variety of 

amino acids and nucleotides. Under these conditions, the cellular ribosomal content, as 

manifested by the RNA/protein ratio, exhibits a linear decrease for decreasing cell growth 

rate (Fig. 1.2B)13,25. Recently, You et al.,26 revealed another linear relation; when cell 
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growth rate is limited by carbon influx, the expression of carbon catabolic genes linearly 

increases for decreasing growth rate (Fig. 1.2C). You et al., focused on a few catabolic 

genes (e.g., Plac-lacZ) regulated by cAMP-CRP, but a recent proteomic study27 has 

shown that a large number of catabolic proteins exhibit similar linear increase under 

carbon limitation, in an opposite manner with the reduction of ribosomal proteins. 

A set of the linear relations can be understood in the framework of proteome 

partition model developed by Scott et al25. The model groups cellular proteome into three 

coarse fractions: 1) ribosomal and ribosome-affiliated proteins (Fig. 1.2D: blue fraction), 

2) growth-rate dependent non-ribosomal proteins including catabolic proteins (Fig. 1.2D: 

red fraction), and 3) growth-rate invariant proteins that includes auto-regulated 

housekeeping genes (Fig. 1.2D: grey fraction). This proteome partition model accounts 

for the tight coordination between ribosomal and catabolic proteins. For example, when 

cells grow at faster rate in good carbon source, cells must synthesize proteins at faster 

rate. This requires higher ribosome fraction since the translational capacity of the 

ribosomes is saturated at fast growth28. Due to the constraint on limited translational 

capacity, increased synthesis of ribosomal proteins must be accompanied by the reduction 

of some other proteins (Fig. 1.2D: center pie chart). On the other hand, when cells grow 

on poor carbon sources with reduced carbon influx, fewer ribosomes are needed for 

protein synthesis, and more ribosomes are shifted to synthesize catabolic proteins to help 

increase carbon influx (Fig. 1.2D: left pie chart). In this way, the constraint-based 

proteome partition model is able to capture the changes of protein expression in medium 

supporting different growth rates. Furthermore, the model quantitatively accounts for the 

reduction of cell growth rate caused by expression of useless proteins (Fig. 1.2D: purple 
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fraction) which decreases the fraction allocable to the ribosomal and catabolic proteins 

(Fig. 1.2D: right pie chart).  

 

 

Figure 1.2: Cell size and gene expression changes in different growth conditions. (A) Cell size as a 
function of growth rate. Cell size increases exponentially as growth rate increases. The data is derived 
from Taheri-Araghi et al29. (B) Ribosomal content of cell (characterized as RNA/protein ratio) at different 
growth rates. (C) Correlation of PlacZ expression with the growth rate under carbon limitation. The data in 
B and C are derived from You et al26. (D) Changes of proteome fraction. Under carbon limitation, 
ribosomal fraction (blue fraction) decreases and instead catabolic fraction (red fraction) increases due to the 
constraint. Unnecessary protein expression (purple fraction) reduces the fraction allocable to ribosomal and 
catabolic proteins, resulting in slow down of cell growth. (E) Expression of seemingly useless genes under 
the titration of glucose uptake. FliD, Tap and CheY are related to chemotaxis and motility. PckA and MaeB 
are involved in gluconeogenesis that are not necessary while growing on glycolytic carbons such as 
glucose. These genes are a few of representatives of useless genes. The lines are linear fits assuming a 
characteristic growth rate 𝝀𝑪 at which these proteins are not expressed anymore, given by λ! ≈ 1.01/hr, 
close to the critical growth rate at which PlacZ expression hits zero as characterized in C. The data is 
derived from Hui et al27 

 
Interestingly, cells growing under limited carbon uptake increase the expression 

of not only catabolic proteins specific to the degradation of the substrate provided, but 

also many other proteins that are not apparently needed for growth in the given 

environment27. They include, for example, chemotaxis and motility genes (Fig. 1.2E: 
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orange points) and metabolic genes that generate opposing metabolic fluxes (Fig. 1.2E: 

purple points). The expression of these genes constitutes a substantial burden on cell 

growth due to the above-mentioned protein cost25. Although their physiological roles are 

unclear in steady growth environments, it is possible that the expression of the seemingly 

useless genes is related to a strategy for these cells to grow and survive in their natural 

environments31, which is likely to be varying both temporally and spatially. To gain 

better understanding of E. coli physiology and gene regulations, I have studied in this 

dissertation the growth of E. coli population under two different contexts: 1) changing 

externally nutrient environments, and 2) self-generated changes of the nutrient 

environment in spatially extended systems. 

 

1.3 Bacterial growth in dynamic nutrient environment   

Rapid adaptation is a key fitness measure that is crucial to survival, especially for 

enteric bacteria such as E. coli which have to cope with frequently changing 

environments. Growth transitions between different nutrient conditions have long been 

studied to understand the molecular regulations orchestrating the underlying adaptation 

phenomena12,32,33. When an exponentially growing bacteria culture is suddenly enriched 

by adding a better nutrient (dubbed ‘nutrient upshift’), cells start to use the new nutrient 

and adapt to growing at a new steady state (Fig. 1.3A,D). On the other hand, when the 

culture is shifted to a poorer nutrient condition (dubbed ‘nutrient downshift’), cells first 

exhibit slow down of growth and eventually adapt to using the poor nutrient (Fig. 

1.3B,E). In response to the both nutrient up-shift and down-shift, the cellular 
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macromolecular components and gene expression exhibit characteristic changes until the 

cells reach new steady state. Recently the proteome partition model developed by Scott et 

al25 has been extended to describe the time course of gene expression and biomass 

accumulation during growth transitions arising from carbon upshifts and downshifts34. 

The model successfully captured the rapid adaptation dynamics which occurs largely 

within the time-scale of an hour (Fig. 1.3A-B, D-E).   

In another type of nutrient shift, cells require substantially longer adaptation 

period before resuming growth. One of the examples is the nutrient shift from a preferred 

substrate (e.g., glucose) to a metabolic waste product (e.g., acetate) which is excreted 

during growth on preferred substrates35. Such transition, which is common for enteric 

bacteria, exhibits much slower adaptation dynamics with multi-hour no-growth period 

(called “lag phase”) before resuming growth (see Fig. 1.3C,F). As we will show, such 

growth transition requires cells to reverse the direction of central carbon metabolism, 

from glycolysis to gluconeogenesis, and this requires overcoming severe internal 

metabolic bottlenecks. In comparison, the faster switches studied previously34 (Fig. 1.3A-

B,D-E) involved metabolic pathways which are more overlapping between the pre- and 

post- shift states, resulting in simple metabolic bottlenecks, and only quantitative 

adjustment of proteome fractions is needed.  
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Figure 1.3: Transition of cell growth upon carbon shifts. Upper panels (A-C) show growth curves and 
lower panels (D-F) show instantaneous growth rates. (A & D) Carbon upshift from succinate to succinate 
plus gluconate. (B & E) Carbon downshift from gluconate plus pyruvate to pyruvate. (C & F) Growth 
transition from glucose to acetate accompanied with longer adaptation period (note the time-scale for the 
adaptation). The data in A, B, D and E are derived from Erickson et al34. 

In Chapter 2, we systematically examine the slow adaptation process arising from 

abrupt shifts of carbon substrates from glycolysis to gluconeogenesis (e.g., acetate). We 

report a tradeoff relation between growth rate and the length of lag period: the faster the 

cells grow before the shift, the longer cells take to adapt to the shift. This trade-off is 

observed not only for switch to acetate but also to other gluconeogenic substrates, 

suggesting the relation is held for diverse sets of nutrient shifts. We establish that the long 

lag period arises from the severe depletion of key metabolites of central carbon 

metabolism necessary to produce enzymes needed for gluconeogenesis. Cells growing 

more slowly in the pre-shift medium express gluconeogenic enzymes at higher levels 

already before the shifts (refer to Fig. 1.2E). This ‘wasteful’ expression is costly to pre-

shift growth but is accompanied by the benefit of faster adaptation during metabolic 
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transition. We considered the ecological implications of this growth-adaptation trade-off 

relationship. In particular, we discuss the limitation of fitness benefit gained from fast 

growth under changing environments and how the abundance of substrates could affect 

the selection of growth rates on those substrates.   

 

1.4 Growth of population in spatially extended environments 

 Expansion and colonization are crucial elements of organismal fitness in complex 

ecological environments36,37. E. coli cells possess sophisticated molecular machineries, 

including flagella and receptors, that facilitate their own dispersal to new sites by 

chemotactic motility (see Chapter 3 for a review). Traditionally, chemotaxis has been 

considered as a nutrient-foraging strategy to find sugar and energy sources when cells are 

in poor nutrient environment38. Consistent with this view, E. coli cells were shown to 

increase expression of their motility apparatus under poor carbon conditions17,27,39. 

Individual E. coli cells also exhibit chemotactic behavior towards consumable certain 

metabolites (referred to as chemoattractant) that are sensed by receptors38,40,41. If one 

follows chemotaxis as a nutrient foraging strategy, the most potent chemoattractant 

(aspartate & serine)41 are considered as nutrients that cells target in response to starvation. 

However, despite the wide acceptance of the nutrient-foraging hypothesis, we found there 

has been little study that quantified the values of chemotaxis and motility-related gene 

expressions for the growth of cell population.  

 In chapter 3, we first systematically characterized cellular behavior at the 

individual and population levels across various growth conditions using different nutrient 
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sources. In contrast to the expected foraging response, we found the individual cells are 

highly motile in nutrient replete conditions, but lose motility soon after the onset of 

starvation. At the population level, we characterized propagation of chemotactic rings in 

nutrient-replete soft-agar (Fig. 1.4). Interestingly, the collective motion of cells exhibits 

significantly faster movement when a low level of chemoattractant is provided. 

Furthermore, the speed of expanding population becomes even faster in better nutrient 

conditions, which is again opposite from the expectation of the nutrient-foraging. 

 

Figure 1.4: Expansion of cell population in soft-agar. (A) Population of E. coli K-12 cells expanding in 
0.25% soft agar with 40mM glycerol and 100𝜇𝑀 aspartate. Photographs show population density at 
different times after inoculating exponentially growing cells at the center of the agar plate at time zero. 
Ring indicates dense bacteria at the population front. (B) Tracking ring position over time allows precise 
quantification of expansion speed (slope). 

 In chapter 4, we quantitatively characterized spatiotemporal dynamics of the 

expanding cells in soft-agar at both population and single cell levels by using a confocal 

microscope. Analysis on population dynamics revealed a characteristic density profile of 

expanding cell population that shows a tight coupling between a movement of ring and 

growth of cells behind the ring. Measurements of single cell trajectory of the expanding 

population in agar suggest that the population-level dynamics arises from an intricate 

dynamical balance between growth, random motility and chemotaxis: A minority 

population of “pioneering cells” located at the population front generates a attractant 

gradient and chase after the receding gradient to occupy new territories. These pioneers 
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leave behind a trail of offspring which become “settlers” slowly proliferating over time, 

eventually colonizing their localities. Here, consumable chemoattractants plays the role 

of an aroma-like cue to navigate the direction and enhance the speed of population 

expansion, rather than serving as nutrients for cell growth. The results suggest 

chemotaxis to be a foresighted strategy of nutrient foraging that allows growing 

populations to colonize virgin territories well before local nutrient supply runs out.  

 In chapter 5, we studied how cellular motility is affected by the expression of 

flagella components. We extensively characterized cellular behavior under balanced 

exponential growth in liquid suspension (devoid of chemotactic gradients). The results 

revealed maintenance of swimming speed and motile fraction across a wide range of 

growth conditions. We found the fraction of motile cells is maintained by flagella 

expression that is highly up-regulated under poor carbon conditions. We established that 

this increase of flagella gene expression is necessary for individual cells to keep up a 

steady flagella amount per cell with the reduction of cell size (as shown in Fig. 1.2A) in 

slow growth conditions. On the other hand, the swimming speed of motile cells is little 

affected by flagella gene expression and instead controlled by the energy status of the cell.  

 Back to the population-level, we demonstrate that the motile fraction, which is 

affected by flagella gene expression, directly affects the expansion speed of the 

chemotactic population. Thus, the high cost of flagella expression is justified by 

providing an overall benefit to the expanding population in spatially extended 

environments.  
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CHAPTER 2 
 
GROWTH OF BACTERIAL CULTURE IN 
DYNAMIC NUTRIENT ENVIRONMENT  
 
2.1 Introduction  

In this chapter, I describe our study on E. coli adaptation upon abrupt shift of 

carbon substrates. From the medium shift experiments, we found a striking trade-off 

relation between fast growth and adaptability; the faster the cells grow before the shift, 

the longer cells take to adapt to the shift. Metabolomic characterization generated a 

hypothesis to explain the trade-off relation and we tested it with various experiments. 

Based on the insights gained from tradeoff relation, I also discuss the limitation of fast 

growth and how ecological settings might have set the growth rates for different 

substrates. 

 

2.2 Systematic characterization of growth and lag time 

To study the interrelation between the rate of cell growth and the rate of 

adaptation (characterized by the inverse of the “lag time” defined in Fig. 2.1a), we shifted 

wild-type Escherichia coli K-12 cells (Table 2.1) between minimal media containing a 

single carbon source. Defined postshift conditions and very rapid environmental changes 

were simulated by implementing “complete shifts” that ensure no pre-shift carbon source 



	 	

	 13 

was available to the cells in the post-shift medium (Fig. 2.1b). 

 

 
 
Figure 2.1: Definition of lag time and medium switch experiment. a, Schematic illustration of a 
resulting growth curve. Lag time is the time lost in the transition as compared to instantaneous steady-state 
growth, indicated by the orange line, extrapolating the postshift growth curve to the initial OD600 after the 
shift. b, Illustration of the medium shift protocol. The preshift cell culture was filtered to remove the 
medium and washed twice with warmed postshift medium. Cells were then transferred into postshift 
medium to OD600~0.05.  

We first investigated shifts from different glycolytic carbon sources to acetate, an 

abundant fermentation product naturally available to cells upon the exhaustion of the 

primary carbon source35,42-44. These shifts exhibited lag times that are up to 10 hours 

long, much longer than the doubling times in pre-shift and post-shift media (< 2 hours) 

(Fig. 2.2). Moreover, a striking correlation emerged between the growth rate in the pre-

shift medium and lag time, (circles, Fig. 2.3a), i.e., fast growing cells took a long time to 

adjust to the new medium while slow growing cells resumed growth much more quickly. 

The same relation was obtained when pre-shift growth was varied by titrating the uptake 

rates of lactose as an example of a glycolytic carbon source (squares, Fig. 2.3a), 

suggesting that the relation between pre-shift growth and lag times is dependent on the 
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carbon influx rate rather than the specifics of the pre-shift carbon sources. A similar 

pattern was found for population growth dynamics with chemostat-controlled growth 

rates45. The data in Fig. 2.3a shows that lag times (𝑇!"#) increased with increasing pre-

shift growth rate (𝜆!"#), with an apparent divergence at a critical growth rate 𝜆!. Indeed, 

re-plotting the data of Fig. 2.3a reveals an approximately linear relation (purple symbols 

and line in Fig. 2.4) between the inverse lag time 1/𝑇!"#, a measure of adaptability, and 

𝜆!"#, i.e., 

1 𝑇!"# = 𝛼 ⋅ 𝜆! − 𝜆!"# ,    [1] 

where 𝛼 is a dimensionless proportionality constant.  

To test the generality of this relation, we analyzed lag times in 144 transitions, 

including six glycolytic to six gluconeogenic carbon sources (see Table 2.2). Strikingly, 

all shifts exhibited similar linear relations between the pre-shift growth rate and inverse 

lag time, but with different proportionality constants 𝛼 for different post-shift carbon 

sources, all with the same critical growth rate 𝜆! ≈1.1/hr (see Fig. 2.3 & 2.4). Although 

in these transitions, some degree of inverse correlation also exists between the lag time 

and post-shift growth rates (Fig. 2.5) as observed previously46, the pattern is much 

weaker compared to those in Fig. 2.3, 2.4. 
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Figure 2.2: Growth curves for shifts from different glycolytic carbons to acetate. Long lag phases can 
consist of several hours without detectable biomass production. There are large variations in the duration of 
lag phase in the shift to acetate between different preshift carbon sources. The duration of lag phase 
correlates with preshift growth rate. Fast growth before the shift results in very long lag times.   
 

 
 
Figure 2.3: Lag time and growth rate relations for shifts from glycolytic to gluconeogenic conditions 
measured in batch culture. Shifts to a, acetate, b, pyruvate, c, succinate and d, glycerol, characterized in 
batch culture from different glycolytic preshift growth rates. Preshift growth rates were modulated on the 
one hand by growing cells on different glycolytic carbon sources and on the other hand using a titratable 
lactose uptake system (Pu-lacY) characterized previously26. Shifts from glycolytic to gluconeogenic 
conditions exhibit a striking dependence of lag time on preshift growth rate (panels a-c). The growth rate 
dependence is much weaker and lag times are shorter in shifts to glycerol, which is a carbon source whose 
flux enters central carbon metabolism in the middle of glycolysis and therefore uses partly by glycolytic 
and partly by gluconeogenic pathways. 
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Figure 2.4: Relationship between preshift growth rate and lag time. Inverse lag times for shifts from 
different glycolytic to gluconeogenic carbon sources, plotted against preshift growth rates. Colors indicate 
shift to the post-shift carbon sources given in the insets; different circles of the same color indicate different 
preshift carbon sources, while squares indicate the use of titrable lactose uptake in preshift. The empirical 
relation Eq. [1] is established by the linear relations that emerge, with an identical critical growth rate, 
𝜆! ≈1.1/hr. Lines are least-mean squares fits of lag time as a function of preshift growth rate, given by Eq. 
[1], assuming 𝜆! ≈1.1/hr, for the shifts to acetate (magenta line), succinate and pyruvate (black line), and to 
malate (green). 

 

 
 
 

Figure 2.5: Lag time dependence on maximum postshift growth rate. Lag times as a function of steady-
state growth rates in the postshift medium for different preshift media. Carbon source that allows a slower 
growth rates tend to result in longer lag phases, when they are the postshift carbon sources. This intuitive 
correlation has previously been characterized46. 
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2.3 Growth of individual cells after nutrient shift 

To investigate the origin of the extended lag time, we first tested if heterogeneous 

subpopulations may play a role, as recently proposed for transitions between glycolytic to 

gluconeogenic conditions45. For E. coli K-12 strains NCM3722 and BW25113, we did 

not find evidence for a population of non-growing cells in shifts from glucose to acetate 

or to succinate: Plating cells from our post-shift culture to LB and acetate/succinate 

minimal medium plates at different times throughout the lag phase resulted in similar 

numbers of colonies (and colony sizes) for all plates (see Table 2.3), although these 

results do not exclude significant cell-to-cell variations in the dynamics of growth 

resumption and possibly a small fraction of non-growing cells47.  

 

2.4 Metabolomic characterization during growth transition 

The observed correlation between lag time and pre-shift growth upon reversal of 

glycolytic flux suggests a metabolic limitation as the cause of delayed growth, as 

suggested previously45. Therefore, we quantified metabolite pools using mass 

spectrometry throughout the lag phase of the glucose-to-acetate transition (Fig. 2.6). 

Remarkably, over the course of the lag phase, the concentrations of different metabolites 

increased in a sequential manner (Fig. 2.6b) that matched their position in 

gluconeogenesis shown in Fig. 2.6c: Metabolites in the TCA cycle (citrate, malate) 

started to accumulate 1-2 hours into the lag phase and also overshot their post-shift 

steady-state values (dashed black line, Fig. 2.6b) by several-fold by the time growth 

resumed ~4 hr after shift (Fig. 2.6a). The levels of metabolites in upper glycolysis 
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(glucose 6-P (G6P)) increased even later (Fig. 2.6b). Importantly the increase of the latter 

coincided with the time of growth resumption (Fig. 2.6a).  

 

 

Figure 2.6: Metabolic characterization of lag phase during shifts from glucose to acetate. a, Cell 
density during lag phase of the three shifts used for metabolite measurements. b, Temporal profiles of 
metabolites throughout lag phase normalized by their respective post-shift steady-state values. Time zero 
values are measured pre-shift levels. For FBP this value falls outside the scale (approximately 157). c, 
Schematic illustration of glycolysis / gluconeogenesis. Red arrows indicate the residual activity of 
glycolytic enzymes. 

 

2.5 Origin of trade-off relation 

After the shift to acetate, gluconeogenic flux is essential for biomass production 

and enzyme synthesis. While many glycolytic enzymes are reversible and can thereby 

also catalyze gluconeogenesis, several glycolytic reactions are thermodynamically 
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favored so much in the glycolytic direction that they can be considered irreversible. As 

illustrated in Fig. 2.6c, in a simplified picture of central carbon metabolism, 

gluconeogenesis can be considered as a linear pathway consisting of “lower 

gluconeogenenic” reactions (catalyzed by phosphoenolpyruvate carboxykinase: Pck; 

malate dehydrogenases: MaeA, MaeB; phosphoenolpyruvate synthetase: Pps) and “upper 

gluconeogenic” reactions (catalyzed primarily by the essential enzyme fructose-1,6-

bisphosphatase: Fbp48). These dedicated gluconeogenic enzymes are required for 

gluconeogenesis.  

The observed metabolic dynamics in Fig. 2.6b suggest that the low level of 

metabolites in upper glycolysis limits the biosynthesis of precursors (e.g. specific amino 

acids) and new enzymes. Hence, right after shift, the cell may be trapped in a state where 

a bottleneck in gluconeogenic flux limits the production of new enzymes needed to 

alleviate this bottleneck. To resume growth, bacterium needs to produce sufficient 

gluconeogenic enzymes to increase the metabolite pools of the flux-limiting reactions.  

Importantly, the abundances of the gluconeogenic enzymes increase for 

decreasing pre-shift growth rates (Fig. 2.7 & Fig. 1.2E), consistent with the shorter lag 

time for lower pre-shift growth rate (Fig. 2.3-2.4). The expression of such gluconeogenic 

enzymes in preshift is a burden on cell growth, as a knockout of Cra (transcriptional 

regulator on the expression of gluconeogenic enzymes49,50) improves cell growth rate 

(Fig. 2.8). Together, these data suggest that the faster transition observed in slowly 

growing cells might be enabled by the costly expression of gluconeogenic enzymes 

before the shift (Fig. 2.9). On the other hand, the cells growing fast in pre-shift may 

experience severe depletion of key metabolites and longer lag time, because of high 
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glycolytic flux and lower abundance of gluconeogenic enzymes in pre-shift (Fig. 2.9). In 

the following sections, we tested the above picture with various experiments. 

 
 
Figure 2.7: Relative abundance of gluconeogenic enzymes in steady-state glycolytic conditions. The 
lines are linear fits assuming a characteristic growth rate λ! at which lower gluconeogenic enzymes are not 
expressed anymore, given by λ! ≈ 1.1/hr, identical to the critical growth rate at which lag times diverge 
λ! ≈1.1/hr determined in Fig. 2.4. The data is derived from Hui et al27. 

 

Figure 2.8: Growth rates of Cra knockout on glycoltic carbon sources. Growth rates on several slow 
glycolytic carbon sources are significantly improved in the Cra knockout as compared to WT. The Cra 
knockout expresses very low levels of most gluconeogenic enzymes and glycolytic enzymes are 
derepressed. As a consequence, a Cra knockout strain cannot grow on most gluconeogenic carbon sources.  
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Figure 2.9: Illustration of tradeoff between growth and lag. At fast growth in pre-shift (top), glycolytic 
flux is high (thick red arrows), whereas gluconeogenic enzymes are low (thin green arrows). Therefore, 
after the shift to gluconeogenic conditions, cells face severe depletion of metabolites in gluconeogenesis 
and a long lag phase. On the other hand, for slow glycolytic growth (bottom), the gluconeogenic enzymes is 
more abundant with lowered glycolytic flux (red and green arrows of similar thickness), which leads to an 
improved carbon supply to gluconeogenesis after shift and hence a shorter lag. 
 

2.6 Experimental verification of a model  

2.6.1 Supplement of amino acids 

We first tested the above-mentioned model by supplying three non-degradable 

amino acids (Tyr, Trp, Phe), which originate from upper glycolysis, to the postshift 

growth medium. These amino acids do not individually support growth26. Consistent with 

the model, we found the amino acid supplement reduce the lag time by ~50%, for the 

switches that exhibit very long lag (Fig. 2.10).  
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Figure 2.10: Lag time reduction by several amino acid supplements. The addition of three non-
degradable amino acids (Tyr, Trp, Phe) originating from upper glycolysis to the postshift growth medium 
substantially reduced lag times. 

 

2.6.2 Titration of gluconeogenic enzymes 

To more directly test the picture, we considered a shift from glucose to pyruvate. 

For this shift, a single gluconeogenic enzyme, phosphoenolpyruvate synthetase (PpsA), is 

required for the lower gluconeogenic reaction. We constructed a strain with linearly 

titratable PpsA expression which had no effect on pre-shift growth (Fig. 2.11). As 

expected, titrating PpsA expression affected the lag time of the glucose-to-pyruvate shift 

(Fig. 2.12 & 13). Since pre-shift induction resulted in a large reduction of lag time, our 

results demonstrate the importance of expressing gluconeogenic enzymes in glycolytic 

conditions to shorten lag phase.  
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Figure 2.11: PpsA titration construct and validation. PpsA catalyzes the gluconeogenic reaction from 
pyruvate to PEP. In combination Ptet-tetR, the Ptet promoter creates a linearly titratable system, which can 
be induced by the addition of chlortetracycline (as characterized previously25). a, We chromosomally 
replaced the promoter of ppsA with the Ptet promoter and inserted a chromosomal copy of Ptet-tetR, 
creating strain NQ1357. b, Using this strain, we were able to control the steady-state growth rate on 
pyruvate (red squares), as compared to the control stain (NQ1358) carrying only Ptet-tetR (blue circles). c, 
Growth rates on glucose with different induction levels of PpsA. Induction of PpsA has little effect on 
growth rates in glucose. 
 

 



	
	

	
	

24 

 
 

Figure 2.12: Glucose to pyruvate shift for PpsA titration strain and wildtype. Shift from glucose to 
pyruvate for wildtype without inducer, PpsA titration strain (NQ1357), without preshift PpsA induction 
(blue circles) and with full preshift PpsA induction (green squares). PpsA was fully induced in post-shift 
conditions in each case. Metabolite measurements required large amounts of culture and the experiments 
were performed in flasks. Therefore, to show that lag time was not affected by the flask condition we also 
show the data for the shift performed in a tube for comparison. a, Culture density (OD600) as a function of 
the time after the shift. b-e, Temporal dynamics of different metabolites after the medium shift. 
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Figure 2.13: Higher PpsA induction in preshift reduces lag time. Inverse of lag times for shifts from 
glucose to pyruvate, plotted against different pre-shift induction levels of phosphoenolpyruvate synthetase 
(PpsA), for a strain harboring titratable ppsA expression. 

 

The lag times for most post-shift carbon sources collapse on the same line (see 

black line, Fig. 2.4). However, shifts to acetate are described by a different scaling factor 

𝛼 (magenta symbols and line), and a milder deviation for shifts to malate (green circles 

and line). A possible explanation for the shifted acetate line is that only growth on acetate 

requires the glyoxylate shunt in addition to other gluconeogenic enzymes51,52 (see Fig. 

2.14). This requirement of the glyoxylate shunt might result in a more severe limitation of 

the lower gluconeogenic reaction in shifts to acetate. Therefore, we tested pre-expressing 

enzymes of the glyoxylate shunt (AceB and AceA) to see if it eliminates this additional 

bottleneck and reverts the relation between lag time and growth rate to that observed for 

shifts to most other TCA carbons (black line, Fig. 2.4). Indeed, the pre-shift expression of 

the glyoxylate bypass (see Fig. 2.14) reduced the lag times for various shifts to acetate 
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(compare red circles and magenta curve in Fig. 2.15); moreover, the reduced lag times 

now fall on the relation followed by most other gluconeogenic carbons (black curve, Fig. 

2.15). 

 

 
Figure 2.14: Glyoxylate shunt titration construct and validation. a, The glyoxylate shunt is catalyzed by 
the enzymes aceA and aceB in E. coli. The glyoxylate shunt is essential for growth on acetate and other 
simple carbon compounds. b, We chromosomally replaced the promoter of aceB with the Ptet promoter. In 
combination with chromosomal insertion of Ptet-tetR, this strain (NQ1350) harbors a linearly titratable 
system for the expression of aceB and aceA, which can be induced by the addition of chlortetracycline. c, 
Validation of construct functionality in steady-state growth conditions. Growth rate on acetate for NQ1350 
with different induction levels of the glyoxylate shunt (red squares), as compared to the control strain 
(NQ1358, blue circles), carrying only the chromosomal copy of Ptet-tetR 
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Figure 2.15: Pre-expression of glyoxylate shunt enzymes reduces lag times. Magenta lines and symbols 
represent shifts to acetate for WT cells; data shown in Fig. 2.3a.  Bold red symbols represent reduced lag 
time for shifts to acetate by a strain with preshift expression of enzymes of the glyoxylate shunt, AceBA. 
The data fall on the black line, which is the trendline of lag time for shifts by the WT to other 
gluconeogenic carbon sources shown in Fig. 2.3bc. As an example, the black symbols represent shifts to 
succinate. 

2.7 Ecological implication of the trade-off relation 

2.7.1 Limitation of benefits gained from fast growth 

The existence of this tradeoff suggests that it might be advantageous for cells to 

choose slower growth for the benefit of shorter lag, in anticipation of switching to 

gluconeogenesis when the primary glycolytic substrates run out. As an example, we 

considered the growth in glycerol, which is often thought of as a poor nutrient compared 

to glucose due to reduced energy content53. A single-residue mutation in the glycerol 

uptake protein GlpK, which increases its uptake efficiency, is known to increase growth 

on glycerol by over 20%54,55. This faster growing mutant has been extensively 

characterized56, however a disadvantage of this mutation was only demonstrated when 
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combined with additional mutations57, raising the possibility that E. coli may be simply 

malapated to glycerol. We found this mutant to exhibit a substantially longer lag 

compared to the slower-growing wildtype (Fig. 2.16), suggesting that slower growth of 

wild type E. coli on glycerol might be selected to reduce the lag time upon abrupt 

transition to gluconeogenic substrates in the natural habitat. 

 

 
 

Figure 2.16: Comparison of lag time between wildtype and glpK22 mutant. Growth of strain NQ898 
harboring the glycerol uptake mutant glpK22 (red)55 is faster than the wildtype strain NCM3722 in preshift 
glycerol medium (0.82/hr vs 0.68/hr), but the lag time (as defined in Fig. 2.1a) upon abrupt shift to acetate 
at time 𝑡=0 is substantially longer (5.1hr vs. 1.9hr). For comparison, the transition of wildtype strain grown 
in preshift glucose medium (0.87/hr) to acetate is shown in grey. The dashed lines indicate the steady state 
growth rates of the two strains in acetate, both about 0.45/hr. 

 
2.7.2 Growth rate selection based on substrate abundance 

 
The growth-adaptation tradeoff can be turned into a quantitative criterion for 

selecting the rate of cell growth (𝜆), by minimizing the total time for growth on a 

glycolytic substrate (~1/𝜆) together with its subsequent lag, 𝑇!"#(𝜆) (Eq. [1]). Using 
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parameters for the E. coli strain characterized in this study and assuming the environment 

provides glycolytic substrate at a concentration that would support bacterial growth by a 

factor N (Fig. 2.17a), we obtain an optimal glycolytic growth rate 𝜆∗ for which the time 

spent on growth and lag is balanced and minimized (Fig. 2.17b),  

 𝜆∗ = 𝜆!
𝛼 ln (𝑁)

1+ 𝛼 ln (𝑁)
 [2] 

Interestingly, values for the optimal growth rate range from 0.5/hr to 1/hr for a broad 

range nutrient abundances (Fig. 2.17c), coinciding rather well with the range of growth 

rates observed for our strain on different glycolytic carbon sources35. The growth-

adaptation tradeoff may thus be an important factor in the evolutionary selection of 

growth rate on specific substrates.   

Conversely, for anaerobic bacteria which typically do not grow on gluconeogenic 

carbon sources, we expect a lack of trade-off such that fast growth would be selected for 

many carbon sources. Indeed, the gut anaerobe B. thetaiotaomicron, is found to grow at 

similarly rate for a variety of carbon sources tested (Fig. 2.18). 

 



	
	

	
	

30 

 

Figure 2.17: Optimal growth rate as a function of expected abundance of the substrate in the 
environment. a, Cell initially grow by a factor 𝑁 (reflecting the expected carbon abundance) for time 
𝑇!"#$%! at the growth rate 𝜆. When carbon runs out the cells enter lag phase, chartacterized by the lag time 
𝑇!"#. After the lag time, cells again grow exponentially, e.g. on a fermentation product, acetate, at growth 
rate 𝜆!"#. b, The optimal strategy for the cell minimizes the total before postshift exponential growth 
(resulting in the same cell number, but starting growth first). The total time before postshift growth resumes 
is the sum of the growth time 𝑇!"#$%! = log (𝑁) 𝜆 and the lag time, given by Eq. [1] of the main text, 
𝑇!"# = 1 𝛼 𝜆! − 𝜆 , both of which are influenced by the growth rate 𝜆. The optimal growth rate 𝜆∗ 
minimizes this total time and the expression for 𝜆∗ is given by Eq. [2] of the main text. c, For the strain 
NCM3722, the expression for the optimal growth rate 𝜆∗given Eq. [2] of the main text is plotted versus the 
expected carbon abundance, given by 𝑁. The value of 𝛼 was determined from the fit in Fig. 2.4, to the 
majority of glycolytic carbon sources (black line). Interestingly, for realistic carbon abundances, the range 
of optimal growth rates spans precisely the relatively narrow range of growth rates on naturally occurring 
carbon sources, observed for the wild-type E. coli strain NCM372235, e.g. glucose (0.95/hr), mannitol 
(0.90/hr), maltose (0.79/hr), glycerol (0.70/hr), galactose (0.59/hr), mannose (0.49/hr). The optimal growth 
rate only substantially drops below 0.5/hr, when the expected preshift carbon abundance allows for less 
than a single doubling 𝑁 < 2 , and only surpasses 1.0/hr at enormous, unrealistically high carbon 
abundances  𝑁 > 10!", explaining the absence of naturally occurring carbon sources that result in such 
growth rates. 
 
 

a

b c
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Figure 2.18: Growth comparison between E. coli and B. thetaiotaomicron, an obligatory anaerobe. 
The growth rate of E. coli NCM3722 on a number of common carbon substrates from the ‘top’ (i.e., 
glycolysis and pentosephosphate pathways) exhibit a range of values from 0.9/h down to 0.5/h (blue bars). 
The growth rates of B. thetaiotaomicron on the same substrates in anaerobic condition (red bars) are all 
within 10% of each other. For comparison, we also show the growth rates of NCM3722 on the same 
substrates in anaerobic condition (green bars).  They are largely correlated with their aerobic growth rates, 
with the fast ones comparable to that of B. thetaiotaomicron (~0.6/h) and the slow ones at about 1/5 of the 
fast ones. Saturating amounts of substrates were used, 15mM in all cases except for E. coli on mannose 
where 40mM was used. 

 

2.8 Discussion 

 In this chapter, we established a striking trade-off relation between fast growth 

and adaptability. Recent studies have identified multiple conflicting objectives that affect 

microbial phenotypes58-63, however it is often difficult to assess these tradeoffs 

quantitatively due to the lack of a common basis to weigh the traits being traded. 

Moreover, the mechanism underlying these apparent tradeoffs are mostly unknown. The 

established relation in our study is a rare case for which the underlying mechanisms have 

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Lac
tose

Gluco
se

Arabinose
Xylose

Fru
cto

se

Man
nose

Galacto
se

gr
ow

th
 ra

te
 (1

/h
)

E. coli – Aerobic
E. coli – Anaerobic

B. theta - Anaerobic



	
	

	
	

32 

been elucidated, and the consequences on fitness can be specified in concrete terms. As 

an example, our conclusion that growth rates on different carbon sources may be set to a 

common maximum value carries important implications for numerous biotech 

applications, where transitions to fermentation products need not be considered. In future 

study, the formulation of other optimization principles involving different traits (e.g., 

growth, stress tolerance and survival) will be able to connect apparently disparate fitness 

measures into a unified framework. It will also shed new lights on many regulatory 

programs of metabolism in bacteria that were poorly understood previously. 
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2.9 Tables 

Table 2.1: Strains used in chapter 2. Except for BW25113 wildtype used as a control, all the strains used 
are derived from E. coli K-12 strain NCM372264,65 provided kindly by Sydney Kustu lab. 
Strain Genotype Description 

NCM3722 wild-type E. coli K12 strain parent strain for all constructed 
strains66 

BW25113 wild-type E. coli K12 strain used to test strain specificity 

NQ381 NCM3722, attB::Plac-O1-xylR,  
lacY::km-Pu-lacY titratable lactose uptake26 

NQ1358 NCM3722, ycaD::Ptet-tetR, Δkm parent strain for chromosomal 
titration  

NQ1350 NCM3722, ycaD::Ptet-tetR, aceB::Ptet-aceB chromosomal AceBA titration. 
Constructed by Markus Basan. 

NQ1357 NCM3722, ycaD::Ptet-tetR, ppsA::Ptet-ppsA chromosomal PpsA titration. 
Constructed by Markus Basan. 

NQ1077 NCM3722, Δcra::km cra deletion strain 
NQ898 NCM3722 with glpK22 mutation55 Grows faster on glycerol35 
 wild type B. thetaiotaomicron ATCC 29148 

 
 
Table 2.2: Summary of lag time screen. Lag phase screen of carbon-carbon transitions between 12 
diverse carbon sources. Multi-hour lag times and the correlation with preshift growth rate are specific to 
shifts from glycolytic to gluconeogenic conditions (see Figs. 2.3 - 2.4). A summary of resulting lag times in 
the reverse direction, namely from gluconeogenic to glycolytic conditions is presented in Fig. 2.5. 
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Table 2.3: Investigating cell viability and heterogeneity by plating. To test the viability of individual 
cells in shifts to gluconeogenic carbon sources and to check for heterogeneous behavior on the population 
level, we performed plating experiments. We plated cells to LB as well as to succinate/acetate minimal 
medium plates from preshift conditions, as well as at different time points throughout lag phase. This 
experiment resulted in a similar number of colonies between all plates and all conditions, indicating growth 
of all cells in the population and inconsistent with binary growth or non-growth population level 
heterogeneity. Values are shown as average  ± standard error. 

NCM3722 glucose to succinate 
CFU/mL/OD600 

(x108) 
glucose  

steady state 
succinate  

steady state 
t=2min  

after switch 
t=40min  

after switch 

LB plates 5.46±0.72 5.80±0.36 4.30±0.25 5.36±0.22 
minimum medium 

plates 6.21±0.65 6.96±0.65 4.97±0.53 6.12±0.36 

     
NCM3722 glucose to acetate 

CFU/mL/OD600 
(x108) 

glucose  
steady state 

acetate  
steady state 

t=2min  
after switch 

t=80min  
after switch 

LB plates 5.46±0.72 11.1±0.1 8.26±0.43 9.36±0.81 
minimum medium 

plates 6.21±0.65 11.2±0.5 8.36±0.22 10.8±0.6 

     
BW25113 glucose to succinate 

CFU/mL/OD600 
(x108) 

glucose  
steady state 

succinate  
steady state 

t=2min  
after switch 

t=150min  
after switch 

LB plates 7.63±0.23 9.15±0.34 5.25±0.37 9.11±0.05 
minimum medium 

plates 7.33±0.37 9.60±0.23 5.58±0.60 7.52±0.34 

     
BW25113 glucose to acetate 

CFU/mL/OD600 
(x108) 

glucose  
steady state 

acetate  
steady state 

t=2min  
after switch 

t=160min  
after switch 

LB plates 7.63±0.23 8.54±0.37 7.33±0.16 6.78±0.53 
minimum medium 

plates 7.33±0.37 8.59±0.24 7.89±0.93 5.67±0.16 
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2.10 Experimental procedure used in Chapter 2 

2.10.1 Construction of the cra deletion strain 

The ∆cra deletion allele in strain LJ2801 (E. coli Genetic Stock Center, Yale 

Univ.), in which a Kmr gene is substituted for the cra gene, was transferred to wildtype 

NCM3722, resulting in the strain NQ1077. 

 

2.10.2 Construction of glpK22 strain 

To create a strain that grows on glycerol faster, glpK gene in NCM3722 was 

replaced by glpK22 mutation55 by two P1 transduction steps. First, pfkA::km marker was 

transferred into NCM3722 by phage P1vir, prepared from the Keio collection. pfkA gene 

is located close to glpK. The resulting strain (NQ632) from the transduction cannot utilize 

mannitol as sole carbon source. Second, phage P1vir prepared from CGSC5511 (Lin-

43)54 harboring glpK22 was infected into NQ632. Selecting a colony that grew on 

mannitol minimum medium yielded a strain, NQ898, that harbors glpK22 mutation in 

NCM3722 background. The replacement was confirmed by sequencing.  

 

2.10.3 Growth media 

Unless otherwise indicated, we used N-C- minimal medium67, which contains 

K2SO4 (1 g), K2HPO4.3H2O (17.7 g), KH2PO4 (4.7 g), MgSO4.7H2O (0.1 g), and NaCl 

(2.5 g) in one liter, and is supplemented with 20 mM NH4Cl and various carbon sources. 

Carbon sources concentrations were based on the number of carbon atoms in the 

molecule: 20 mM for C6-carbons, 30 mM for C4-carbons and 40 mM for C3-carbons. 
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2.10.4 Growth measurement 

Batch culture aerobic growth was performed in a 37°C water bath shaker shaking 

at 250 rpm. The culture volume was at most 10 ml in 25 mm × 150 mm test tubes. Each 

growth experiment was carried out in three steps: seed culture in LB broth, pre-culture 

and experimental culture in identical minimal medium. For seed culture, one colony from 

fresh LB agar plate was inoculated into liquid LB and cultured at 37°C with shaking. 

Cells were then diluted into the minimal medium and cultured in 37°C water bath shaker 

overnight (pre-culture). The overnight pre-culture was allowed to grow for at least 3 

doublings. Cells from the overnight pre-culture was then diluted to OD600 = 0.005-0.025 

in identical pre-warmed minimal medium, and cultured in 37°C water bath shaker 

(experimental culture). 200 µl cell culture was collected in a Sterna Sub-Micro Cuvette 

for OD600 measurement using a Thermal Spectrophotometer every half doubling of 

growth after allowing at least 4 generations of growth. The time taken for each sample 

collection is < 30 sec and had no measureable effect on cell growth.  

 

2.10.5 Medium shift 

Exponential growing cultures in preshift condition were obtained following the 

protocol outlined above for growth measurements in tubes. Cultures were grown up to 

OD600~0.5 before the shift was performed. Cells were then carefully transferred to a filter 

(previously washed with Milli-Q water) to remove preshift medium and washed twice 

with warmed postshift medium (at least twofold the volume of culture transferred to the 

filter). The filter was then moved to a sterile 50ml Greiner tube with warmed postshift 
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medium and the cells were gently resuspended from the filter by pipetting. Cells were 

then diluted in warmed postshift medium to OD600~0.05 for lag time measurements. The 

entire shift was typically completed in less than 5 minutes. 

To screen combinations of carbon sources using a plate reader, the protocol was 

slightly modified. After being transferred to the filter, cells were washed twice and 

resuspended using warmed medium without a carbon source. Cells were then diluted into 

the pre-warmed Thermo Fisher Scientific Nuclon 96 well bottom Flat Transparent plates 

filled with different postshift media. These plates with their lid were then incubated and 

culture density was monitored using a Tecan infinite M200 plate reader at 37°C shaking 

at 880rpm to measure lag times.  

 

2.10.6 Cell plating 

For cell counting, cell culture from preshift culture and at different times 

throughout lag phase was serially diluted 105-fold (x100x100x10) with the same growth 

medium (pre-warmed to 37°C). 0.1 mL of the diluted cell sample was added to pre-

warmed LB plate or minimal medium plates. For each plate, 5-10 small beads were 

added. The plate was then quickly shaken to uniformly spread the cell sample around the 

plate. Furthermore, the plate was dried before removing the beads. The plate was sealed 

with tape to prevent evaporation. Cells were grown at 37°C before counting the colonies 

(LB: 18 hrs; glucose: 24 hrs; succinate: 48 hrs; acetate: 72 hrs). A typical plate had 50 to 

300 colonies. At least 5 plates per condition were used. Plates contained 1.5% agar, but 

otherwise had the same medium composition as liquid culture medium described above. 
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2.10.7 Uncertainty of individual measurements 

Biological replicates show the following typical uncertainties in measured 

quantities: growth rate, ~5%; lag times, ~15%. 
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CHAPTER 3 
 
BACTERIAL BEHAVIOR AT INDIVIDUAL 
AND POPULATION LEVEL  
 
3.1 Introduction and background 

Bacteria in the wild live in environments with spatial structure: nutrients are not 

uniformly present in space, moreover metabolic activity of bacteria can change the spatial 

nutrient structure68-70. E. coli cell possesses sophisticated molecular machineries for 

motility and chemoatxis to explore their living space. Decades of studies have elucidated 

how molecular signaling modulates random motion of cells to move them up a 

chemotactic gradient71.  

E. coli cell suspended in liquid culture exhibits swimming motility by using its 

flagella. When flagella filament rotate counter-clock-wise (CCW) they form a bundle to 

push the cell body forward (called “run”), while the cell “tumbles” randomly when one or 

more flagella spins clock-wise (CW)72. In the absence of any signal, a cell changes its 

direction about once every second and randomly moves around the environment by 

repeating run and tumble.  

E. coli cell also possesses five different chemoreceptors that detect different 

chemicals73. In the presence of spatial gradient of chemicals, E. coli cell exhibits 

chemotactic behavior owing to the molecular signaling from the receptors to flagella 

motor74-81. For example, when a cell moves up chemoattractant gradient, the probability 
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of CCW flagella rotation increases and the flagella tend to remain in a bundle, leading to 

a longer run. On the other hand, when a cell moves down the gradient, the probability of 

CCW flagella rotation decreases, resulting in shorter run. By repeating this “biased 

random walk”, a cell moves on average towards higher concentration of chemoattractant. 

Classical studies pioneered by Julius Adler and his colleagues had shown that aspartate 

and serine are the two most potent attractants for E. coli 41. Two major receptors (Tar & 

Tsr) towards these attractants can sense as low as 1 µM 82,83. If one considers chemotaxis 

as a nutrient foraging strategy described in Chapter 1, those chemoattractants (aspartate & 

serine) are considered as nutrients that cells target to sustain cell growth in response to 

nutrient depletion. 

In contrast to the vast literature on molecular studies, little is known about the 

coupling between growth and chemotaxis. A main problem has been a strain selection. 

Traditionally, most molecular and single-cell studies have relied on the experiments using 

metabolically-deficient strains derived from RP43784,85 in motility buffer (in which cells 

cannot grow86,87). The use of such “sick” strain enables early researchers to characterize 

cellular chemotactic activities towards different molecules simply by quantifying the 

number of cells attracted to (or repelled from) chemicals without being complicated by 

the doublings of cells. The physiology of cell growth was not a primary concern in these 

studies. Also, when the effect of growth is considered in chemotactic studies, they have 

been mostly done in rich medium due to the amino acid auxotrophy known for these ‘sick’ 

strains. The use of complex medium has made it difficult to tease apart the distinct 

driving forces for chemotaxis and growth.  
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We started our study by using a strain that is not defective in metabolism. The use 

of such strain allowed us to study E. coli chemotaxis and motility carefully relating to 

their growth state and gene expression. As I describe in the following chapters, the 

systematic characterizations of growth rate, individual and population behavior have led 

us to a new understanding of chemotaxis for the population, along with the link to 

molecular and cellular behaviors. Our results challenge the nutrient foraging hypothesis 

of chemotaxis and instead provides a clear benefit of chemotaxis to a population in 

nutrient replete conditions.  

 

3.2 Strain background 

E. coli K-12 MG16551 was the first E. coli strain ever sequenced and the most 

widely studied, although many variants with different chemotactic characteristics exist88. 

RP437 is another K-12 strain commonly used in chemotaxis studies85. Both of these 

strains show varying degrees of growth deficiencies in minimal medium, e.g., pyrimidine 

starvation for MG165589, and several amino acid auxotrophy for RP43785. To investigate 

the relation between cell growth and swimming behavior, we started with the K-12 strain 

NCM372264-66, which grows 50% faster than MG1655 in almost all carbon sources tested, 

and whose physiological characteristics has been extensively characterized26,27,35. 

It turned out that the original NCM3722 is not motile. Comparing the genome 

sequence of NCM3722 and the original MG1655 strain sequenced by Blattner et al 1 

(referred to as MG1655B), we identified two differences related to motility and 

chemotaxis: First is a mis-sense mutation (N87K) in the gene encoding flagellin, fliC, 
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possibly affecting the structure of flagella90. The second difference is the insertion 

element upstream of the promoter of the gene flhDC encoding the master regulator of 

flagella expression. The presence and location of the insertion elements is different for 

various strains (Figure 3.1) and known to strongly affect transcriptional regulation of 

motility genes88,91. MG1655B carries a 1kb insertion element (IS1) at position -100 to -

107 upstream of the transcriptional start of flhDC. NCM3722 carries instead a 6kb 

transposon at position -117 to -121. We made a construct to replace the fliC gene of 

NCM3722 by that of MG1655B using P1 transduction (see 3.8.1 for the detail). One of 

the strains we obtained was motile. Sequencing showed that it had a vast region 

surrounding the flagella genes replaced by the corresponding ones from MG1655B, 

including the fliC coding region and the flhDC promoter region. The resulting strain, 

NCM3722B (HE206), carries the flhDC promoter of MG1655B and has the N87K 

mutations of fliC fixed to the same as wild-type. It became the parental strain for the 

following studies. 

 



	
	

	
	

43 

 

Figure 3.1: Difference of upstream sequence of flhDC promoter. The sequence of the flhDC promoter in 
BW25113, which does not contain an IS element (hence non-motile), is shown as reference. On top of that, 
the target sequences of insertion elements in several K12 strains are marked in this region. The target 
sequence becomes duplicated upon insertion to flank the element. For the ease of reference, the 
transcriptional start site and the binding sites of several key regulators are underlined. 

 

3.3 Cell growth rates for different nutrients 

To examine the values of chemoattractant for cell growth, we first measured 

growth rate of cells (HE206) in different nutrient sources (glucose & glycerol) and well-

known attractant (aspartate) as sole carbon source. We found that aspartate serves as 

much poorer nutrient source than glucose and glycerol (Fig. 3.2), while aspartate is 

known to be one of the most potent attractants38. Thus, it appears that strong attractant 

(aspartate) is not a good nutrient source for cell growth, while good nutrient (glucose or 

glycerol) is not a good attractant. This observation makes it difficult to rationalize the 

foraging hypothesis that assumes strong attractants serve as good nutrient source, raising 

a question for the role of attractant. 
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Figure 3.2: Cell growth rate for different nutrients and attractant. Despite strong attractant, cells in 
aspartate show much slower growth rate compared to glucose and glycerol. See 3.8.6 for cell culturing to 
determine growth rates. 

3.4 Individual behavior at different growth phase 

 Next, we re-examined motile activity of cells with a lot care on growth state of 

cells. We recorded cell trajectories in well-mixed liquid culture (devoid of chemotactic 

gradients) at multiple points over the course of cell growth (see 3.8.7-3.8.9 for method 

description). We first characterized swimming behavior of cells in rich LB culture started 

by transferring saturated pre-culture into the main culture (Figure 3.3A), as conducted 

previously92,93. Consistent with past reports that support chemotaxis being a starvation 

response to nutrient shortage, swimming speeds did vary strongly in different growth 

phases (lag, log, and stationary). We obtained the similar observation when we used 

minimal medium instead (Figure 3.3B). However, when we repeated the experiments by 

preventing cells from reaching saturation in the pre-culture, we found that swimming 
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speed actually remained constant during steady exponential growth, but declined rapidly 

upon entering stationary phase in both minimal and rich medium (Figure 3.3CD). Thus, 

variations of motile behavior at different growth phase are associated specifically with 

outgrowth from the stationary phase after long periods of starvation. Combined together, 

these experiments suggest that chemotaxis and motility are the trait already employed 

during exponential growth, instead of only under starvation, calling for a change of our 

view on chemotaxis as foraging strategy. 
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Figure 3.3: Effects of growth phase on swimming characteristics in liquid media (no gradients). 
Average swimming speed (purple circles) and the fraction of motile cells (gray squares) were characterized 
for cells taken from batch culture at OD indicated by the green triangles. (A) Culture was grown in LB, 
starting with an overnight LB culture which was sitting in saturation for 18 hours before diluted into fresh 
LB media at time zero. This experiment was essentially a repeat of what was done in Ref.92,93; similar 
results were obtained, with motility increasing as growth progressed. (B) Culture was grown in minimal 
medium with 10mM glycerol and 1.7 mM aspartate, starting with an overnight pre-culture (same medium) 
that was in saturation for about 18 hours before inoculation into fresh medium (time zero). Like what was 
observed for LB (panel A), it took several hours for both the motile fraction and swimming speed to 
recover. (C) Culture was grown in LB continuously for 10 generations, with bacterial density always kept 
below OD!"" = 0.5 before dilution to fresh LB at time zero. Both the motile fraction and the swimming 
speeds are high in the exponential growth phase (0-2 h) except for a dip at OD!"" ≈ 0.5. Swimming speed 
and motile fraction decline after the stationary phase was reached. (D) Culture was grown in the same 
minimal medium (glycerol + aspartate) for ~20 generations, with bacterial density maintained below 
OD!"" = 0.6 before measurement. As with LB (panel C), swimming speed and motile fraction remained 
high in the exponential growth phase (0-4 hr), before crashing down after entering the stationary phase. 

3.5 Population behavior in different nutrient environment 

We next examined E. coli population behavior in spatial-temporal domain. Motile 

E. coli cells inoculated at the center of a soft-agar plate proliferate, swim, and expand 

outwards following self-generated gradient. As described long ago40, migrating cells form 
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a visible ring which propagates with a well-defined speed (Fig. 3.4AC). We first tested 

the soft-agar assay (see 3.8.10) by supplying either preferred nutrient source (glycerol or 

glucose) or strong attractant (aspartate). We found cells expand slowly with characteristic 

rings in glucose and aspartate, while cells in glycerol didn’t show a ring (Fig. 3.4B, 3.4D: 

blue bars). However, interestingly, we found that expansion speed (ES) becomes 

significantly faster when a low level of aspartate is provided into the glucose/glycerol 

soft-agar (Fig. 3.4D: green bars). The expansion with aspartate was even faster than with 

a preferred carbon source glucose as attractnat. We confirmed that cells are chasing 

aspartate in the conditions of glucose/glycerol with aspartate, since the mutant of 

aspartate receptor, tar, expanded the similar speed with glucose/glycerol alone (Fig. 3.4D: 

red bars). These results indicate that attractant molecule has a distinctive role (eg., 

signaling to guide movement) that is different from primary nutrient sources.  
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Figure 3.4: Ring expansion in soft-agar medium with different nutrients. (A) Population of E. coli K-
12 (HE206) cells migrating in 0.25 % soft agar with 40 mM glycerol plus 0.1 mM aspartate. Photographs 
show population density at different times after inoculating exponentially growing cells at the center of the 
agar plate at time zero. Ring indicates dense bacteria at the population front. (B) Photographs of expanding 
population from left to right: 1 mM glucose, 40 mM glycerol and 5 mM aspartate. (C) Tracking ring 
position over time allows precise quantification of expansion speed (slope). (D) Expansion speed for 
glucose alone (1 mM), glycerol alone (40 mM), aspartate alone (5 mM), glucose/glycerol (20 mM/40 mM) 
plus aspartate (0.1 mM), and glycerol (40 mM) plus 0.1mM glucose in wild-type (HE206). In addition, the 
data of tar- mutant (HE213) is shown for glucose/glycerol (20 mM/40 mM) plus aspartate (0.5 mM). tar- 
mutant (red bars), defective for aspartate sensing, showed similar speed to wild-type in carbons alone 
confirming that wild-type cells in glucose/glycerol plus aspartate are chasing aspartate. 
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3.6 Population expansion speed at different growth rate 

We next examined how the ring expansion speed guided by attractant molecule 

depends on the growth conditions. We used medium containing saturating amount of 

different primary carbon sources supplemented with small amount of strong attractants 

(aspartate or serine). Growth rate was determined primarily by the carbon source, with 

little contribution from the aspartate and serine supplement (see Table 3.2). We found 

expansion speed was affected by the carbon sources used (Fig. 3.5A). This was not due to 

the chemotactic effect of these carbon sources, as different ES were obtained for cells 

growing in the same medium (glycerol + aspartate, Fig. 3.5B), with different steady-state 

growth rates attained by titrating the uptake of glycerol which is not an attractant38 (Table 

3.2). The ES obtained follow a common increasing trend with the batch culture growth 

rate (GR) in the respective medium (black and blue symbols, Fig. 3.5C). Medium with 

even faster GR obtained by growth with casamino acids, which is commonly used in 

chemotaxis studies, led to extension of the same trend (red symbols, Fig. 3.5C).  
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Figure 3.5: Growth dependence of expansion characteristics. (A) Temporal evolution of front position 
for population of E. coli HE206 cells (wild type) grown on soft agar plate with saturating amounts of 
different carbon sources (as indicated by the legend) and 100 µM aspartate as attractant. Lines show linear 
fit. (B) Temporal evolution of front position for HE443 cells grown on 40mM glycerol and 100 µM 
aspartate, with different amounts of the inducer 3MBA (as indicated by legend) that titrate glycerol 
uptake26, resulting in different growth rates (Table 3.2). (C) Expansion speed for HE206 cells in medium 
with different primary carbon sources and for glycerol uptake mutants (HE433 and HE443) that grow at 
different rates on glycerol, in combination with different attractants (100 µM asp, 100 µM ser, or 0.05 % 
CAA), as indicated in the legend table. CAA concentration was chosen to have the same aspartate and 
serine content as the other medium with only asp or ser. Growth rates were measured in batch culture in the 
presence of attractant. 

The expansion speed was not influenced by the type of insertion element 

upstream of flhDC, since the strain (NCM3722R: HE375) with different IS derived from 

RP437 showed similar ES with the wild-type strain (NCM3722B: HE206) (Fig. 3.6A). 

The very same ES-GR relation was also obtained for two other widely studied E. coli 

strains (Fig. 3.6B). In contrast, this relation was broken and expansion became much 
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slower in the absence of attractants and for ∆tar mutant incapable of sensing the 

attractant aspartate Fig. 3.6C).  

Overall, the above results demonstrate that chemotactic expansion guided by 

attractant molecule is further enhanced in better nutrient conditions, not in poor 

conditions. One hypothesis to rationalize these observations is that chemotaxis could be 

used as a means for expansion to enable bacteria to colonize a spatially extended region 

effectively. In this regard, the attractants could serve primarily as the rails of the 

locomotive, rather than the target of the movement as in the foraging hypothesis. In the 

next chapter, we investigate this hypothesis in detail by characterizing spatiotemporal 

behavior of expanding E. coli population.  

 

 

 

 



	
	

	
	

52 

 

Figure 3.6: Expansion characteristics for other wild-type strains and mutants. (A) Comparison of 
expansion speed between HE206 (red) and HE375 (green). HE206 contains IS1 upstream of flhDC, while 
HE375 contains IS5 in NCM3722 background. (B) Expansion speed and its dependence on growth rate for 
the commonly used E.coli K12 strain MG1655seq (red symbols) sequenced by Blattner et al1 and the K12 
variant RP437 (blue symbols) frequently used in motility studies. Growth conditions were changed by 
varying carbon source (from lower to higher growth rates: acetate, mannose, glycerol, glucose, as well as 
CAA with addition of glycerol or glucose). 100 µM Aspartate or 0.05 % CAA was added as attractant, see 
legend table.  For the experiments with RP437, four amino acids (methionine, leucine, threonine, histidine) 
were provided at 1mM into medium to sustain cell growth. (C) Expansion speeds plotted against the batch 
culture growth rate for population grown in glycerol, glucose or aspartate as the only carbon source, 
without supplement of additional attractant (colored symbols). [Growth on serine is very slow (< 0.1 /h) 
and not shown on the plot.] Expansion speeds were much slower in these medium without the supplement 
of chemoattractant. The same was observed for a ∆tar knockout strain when both glycerol and aspartate 
were present. In (B) and (C), corresponding data for the HE strains with attractants (Fig. 3.5C) are shown as 
gray symbols for comparison. 
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3.7 Tables 

Table 3.1: Strains used in chapter 3.  
Strain   Parent  Genotype Description Ref  
NCM3722   Non-motile strain. 6kb 

transposon upstream of flhDC 
promoter. Mis-sense mutation 
(N87K) in fliC.  

64-66 

MG1655B   Motile strain. IS1 upstream of 
flhDC promoter. 

1 

RP437   Motile strain. IS5 upstream of 
flhDC promoter. 

85 

CGSC9584 BW25113 ∆tcyJ::km tcyJ null strain from Keio 
collection. No insertion 
elements upstream of flhDC 
promoter. 

94 

HE202 MG1655B ∆tcyJ::km tcyJ null MG1655B retaining 
IS1 upstream of flhDC 
promoter. 

This study 

HE204 NCM3722 ∆tcyJ::km tcyJ null NCM3722 carrying 
IS1 upstream of flhDC 
promoter and wild-type fliC. 
Motile strain. 

This study 

HE205 HE204 ∆tcyJ::FRT HE204 with km gene flipped 
out. 

This study 

HE206 
(NCM3722
B) 

HE205 ∆tcyJ::FRT 
km::PfliC-lacZ 

HE205 carrying PfliC-lacZ 
fusion. 

This study 

HE213 HE205 ∆tar::km 
∆tcyJ::FRT 
 

tar null This study 

HE219 HE206 ∆tcyJ::FRT 
FRT::PfliC-lacZ 

HE206 with km gene flipped 
out. 

This study 

HE343 RP437 ∆tcyJ::km tcyJ null RP437 retaining IS5 
upstream of flhDC promoter. 

This study 

HE375 
(NCM3722
R) 

NCM3722 ∆tcyJ::km tcyJ null NCM3722 carrying 
IS5 upstream of flhDC 
promoter and wild-type fliC. 
Motile strain. 

This study 

CGSC5511  glpK22 A mutant insensitive to 
feedback inhibition by 
fructose-1,6-diphosphate. 
Faster growth on glycerol. 
Obtained from CGSC stock 
center. 

54 
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Table 3.1: Strains used in chapter 3, continued.  
Strain   Parent  Genotype Description Ref  
HE427 HE219 ∆tcyJ::FRT 

FRT::PfliC-lacZ 
∆pfkA::km 

pfkA null. Cannot utilize 
mannitol as carbon source.  

This study 

HE433 HE427 ∆tcyJ::FRT 
FRT::PfliC-lacZ, 
glpK22 

HE427 carrying pfkA gene and 
glpK22 mutation transferred 
from phage P1vir prepared 
from CGSC5511. 

This study 

NQ399 NCM3722 attB::Ap:Plac (no 
CRP needed)-xylR, 
FRT::Pu-PglpFK 

Titratable glycerol uptake 
strain. Non-motile strain with 
6kb transposon upstream of 
flhDC promoter and mis-sense 
mutation (N87K) in fliC. 

26 

HE437 NQ399 attB::Ap:Plac (no 
CRP needed)-xylR, 
FRT::Pu-PglpFK, 
∆tcyJ::km 

tcyJ null NQ399 carrying IS1 
upstream of flhDC promoter 
and wild-type fliC. 

This study 

HE440 HE437 attB::Ap:Plac (no 
CRP needed)-xylR, 
FRT::Pu-PglpFK, 
∆tcyJ::FRT 

HE437 with Km flipped. This study 

HE443 HE440 attB::Ap:Plac (no 
CRP needed)-xylR, 
FRT::Pu-PglpFK, 
∆tcyJ::FRT, 
km::PfliC-lacZ 

HE440 carrying PfliC-lacZ 
fusion. 

This study 
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Table 3.2: Growth rates measured in batch culture.  
*For batch culture growth, the average values and standard deviations (displayed as ±) among replicates are 
listed in the table.  
†The growth medium was additionally provided with 1 mM of four amino acids (methionine, leucine, 
threonine, histidine). 

Strain Carbon source 
Growth rate (h-1) * 

Carbon 
alone 

Carbon 
+1mM Asp 

Carbon 
+1mM Ser 

Carbon 
+1% cAA 

HE206 
(NCM3722B) 

60mM acetate 0.43 0.54   
20mM Aspartate 0.28    

20mM G6P 1.07 1.13±0.04   
20mM galactose 0.52±0.01 0.69   
20mM glucose 0.92±0.03 1.00±0.01 0.92 1.51±0.02 
40mM glycerol 0.68±0.03 0.77±0.02 0.77±0.04 1.42±0.06 
11mM mannose 0.41±0.03 0.52±0.02   

HE213 (tar-) 40mM glycerol  0.72   
HE375 

(NCM3722R) 
20mM glucose 0.93    
40mM glycerol 0.70   1.41 

HE433(glpK22) 40mM glycerol 0.88±0.02 0.99±0.04 0.94  

HE443 
(Pu-glpFK) 

40mM glycerol 
+ 3MBA 0µM 0.22 0.22±0.01   
40mM glycerol 
+ 3MBA 10µM 0.26±0.05 0.33±0.05 0.31±0.05  
40mM glycerol 
+ 3MBA 25µM 0.39 0.41±0.03   
40mM glycerol 
+ 3MBA 50µM 0.45±0.03 0.53±0.02 0.49±0.02  
40mM glycerol 
+3MBA 800µM 0.69±0.01 0.74±0.02 0.70±0.03  

MG1655B 

60mM acetate 0.21 0.22   
20mM glucose 0.72 0.74  1.16±0.07 
40mM glycerol 0.45 0.47  0.98±0.03 
11mM mannose 0.26 0.30   

RP437† 

60mM acetate 0.20 0.23   
20mM glucose 0.66 0.70  1.16±0.12 
40mM glycerol 0.60 0.63  1.05±0.05 
11mM mannose 0.56 0.59   
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Table 3.3: Expansion speed measured in soft-agar assay. 
*The average values and standard deviations (displayed as ±) among replicates are listed in the table.  
†The soft-agar medium was additionally provided with 1 mM of four amino acids (methionine, leucine, 
threonine, histidine). 
+The expansion speed in 40 mM glycerol with 0.1mM glucose was 2.57 mm/hr as shown in Fig. 3.4D 
++The expansion speed was measured with 0.5 mM aspartate instead of 0.1 mM. 
** The expansion speed was measured with 1 % cAA instead of 0.05 %. 

Strain Carbon source 
Expansion speed (mm/hr) * 

Carbon 
alone 

+0.1mM 
Asp 

+0.1mM 
Ser 

+0.05% 
cAA 

HE206 
(NCM3722B) 

60mM acetate  2.59   
5mM Aspartate 0.77    

20mM G6P 1.04±0.31 4.04   
20mM galactose 0.67 3.77±0.18   

1mM glucose 1.81    

20mM glucose 1.93±0.26 4.48±0.56 
(& 4.50++) 4.77 7.36±0.23 

40mM glycerol+ 0.89±0.05 3.89±0.33 
(& 2.57++) 4.20±0.49 7.63±0.38 

(& 5.84**) 
11mM mannose 1.56±0.36 3.30±0.18   

HE213 (tar-) 
20mM glucose  1.85++   
40mM glycerol  0.84++   

HE375 
(NCM3722R) 

20mM glucose  4.18++   
40mM glycerol  2.42++  6.02** 

HE433(glpK22) 40mM glycerol 0.94 4.95±0.42 5.85±0.30  

HE443 
(Pu-glpFK) 

40mM glycerol 
+ 3MBA 0µM 0.52 0.90   
40mM glycerol 
+ 3MBA 10µM 0.61 2.01±0.68 1.27  
40mM glycerol 
+ 3MBA 25µM 0.74 2.20   
40mM glycerol 
+ 3MBA 50µM 1.01 2.77±0.15 2.28  
40mM glycerol 
+3MBA 800µM 0.97 4.17±0.26 3.99  

MG1655B 

60mM acetate  1.02   
20mM glucose  3.55  4.71 
40mM glycerol  2.34  4.83 
11mM mannose  1.55   

RP437† 

60mM acetate  1.26   
20mM glucose  2.79  4.92 
40mM glycerol  3.45  4.58 
11mM mannose  3.21   
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3.8 Experimental procedure used in Chapter 3 

3.8.1  Construction of NCM3722B (HE206) 

To modify the mutations of fliC and insertion element upstream of flhDC 

promoter in NCM3722, we conducted two-step P1 transduction mediated by phage P1vir, 

using kanamycin marker in ∆tcyJ strain from Keio collection94. tcyJ is a gene encoding 

L-cystine/L-cysteine ABC transport system and located between flhDC and fliC. First, 

∆tcyJ::km marker was transferred into MG1655B by phage P1vir  prepared from the 

CGSC9584. After the first step of transduction, a colony retaining IS1 upstream of flhDC 

promoter (HE202), as verified by sequencing, was used for preparing another phage 

P1vir. In the second round of transduction, the newly phage was infected into NCM3722. 

One of the colonies was selected that showed smooth migration in LB soft-agar plates, 

and the insertion element upstream of flhDC promoter was confirmed to be the same as 

for MG1655. The lone mutation (N87K) in fliC was also fixed to the same as wild-type, 

as verified by sequencing, yielding strain HE204. The km gene was subsequently flipped 

out by using pCp20 plasmid95, resulting in HE205. The parental strain (HE206) for all 

studies reported in this work additionally contains a PfliC-lacZ fusion. The construction 

of PfliC-lacZ is described in detail below. 

We further constructed a strain NCM3722R (HE375) by replacing the flhDC 

promoter region by that of RP437, which has an IS5 element inserted at position -166 to -

169 upstream of flhDC. The process is same as above except that RP437 instead of 

MG1655B was used. 
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The motile titratable glycerol uptake strain (HE443) was constructed in the same 

way described above, using NQ399 as a starting strain instead of NCM3722. The primers 

used for sequence verification are as follows: 

F-primer (flhD-F1): TGCGATAAGCTGCAATAAGCAGAACCAC 

R-primer (flhD-R1): GTGCGCAACATCCCATTTCGATTATTCC 

F-primer (fliC-F2): ACTGGAGCACTAGTGGTAACTGTATCG 

R-primer (fliC-R2): ATGGCACAAGTCATTAATACCAACAGCC 

 

3.8.2  Construction of PfliC-lacZ fusion 

Using primers PfliC-Xho-F/PfliC-BamH-R (see below), the fliC regulatory region 

(-267th nucleotide to the 1st nucleotide upstream the fliC translational start point) was 

amplified from BW25113 genomic DNA. The PCR products were digested with XhoI 

and BamHI and then inserted into the same sites of the plasmid pKDT96 yielding the 

plasmids pKDT_PfliC. Present in this plasmid, the “km:rrnBT:PfliC” DNA fragment was 

amplified using primers PfliC-Z1/PfliC-Z2, and then integrated into the chromosome of 

default strain EQ4296 to replace the region containing lacI and the entire lacZ promoter. 

The fliC promoter-lacZ fusion was then confirmed by DNA sequencing. The primers 

used are as follows: 

PfliC-Xho-F: ttactcgagatgcgatttccttttatctttcgacac 

PfliC-Bam-R: aatggtaccgattcgttatcctatattgcaagtcg 

PfliC-Z1: gcatttacgttgacaccatcgaatggcgcaaaacctttcgcggtatgtgtaggctggagctgcttc 

PfliC-Z2: ccagtcacgacgttgtaaaacgacggccagtgaatccgtaatcatggtcatgattcgttatcctatattgcaagtc 
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3.8.3  Construction of tar null strain (HE213) 

Deletion alleles of Δtar::km were from Keio deletion collection94 (from CGSC, 

Yale). The allele was transferred into strain HE205 by phage P1vir mediated 

transduction, yielding HE213. 

 

3.8.4  Construction of glpK22 strain (HE433) 

To create a strain that grows on glycerol faster, glpK gene in NCM3722B was 

replaced by glpK22 mutation by two-step P1 transduction. Glycerol kinase (GlpK) is 

involved in the utilization of the glycerol, and one of the mutants, glpK22, mutation was 

found to be insensitive to feedback inhibition by fructose-1,6-diphosphate54, leading to 

faster growth in glycerol. First, pfkA::km marker was transferred into HE219 by phage 

P1vir  prepared from the Keio collection. pfkA gene is located close to glpK. The 

resulting strain (HE427) from the transduction cannot utilize mannitol as sole carbon 

source. Second, phage P1vir prepared from CGSC5511 harboring glpK22 mutation was 

infected into HE427. Selecting a colony that grew on mannitol minimum medium yielded 

a strain, HE433, that harbors glpK22 mutation in NCM3722B background. The glpK22 

replacement was also verified by sequencing. 

 

3.8.5  Growth media for batch culture growth rate measurement  

All growth media used in this study were based on the MOPS-buffered minimal 

medium used by Cayley et al.97 with slight modifications. The base medium contains 40 

mM MOPs and 4 mM tricine (adjusted to pH 7.4 with NaOH), 1.32 mM KH2PO4, 0.523 

mM MgCl2, 0.276 M Na2SO4, 0.1 mM FeSO4, 0.1 M NaCl and 20 mM NH4Cl as 
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nitrogen source. The trace micronutrients were not added into the MOPs medium, since 

the metal components were reported to inhibit motility of E. coli86. For growth 

measurements in minimum medium, one of the followings was used as the primary 

carbon source: 20 mM glucose, 40 mM glycerol, 20 mM galactose, 11 mM mannose, 60 

mM acetate. In addition, 1 mM of the amino acid (aspartate or serine) was provided. [The 

1 mM concentration allows us to reliably determine the batch culture growth rates in a 

reasonable range of OD600 before the amino acid is significantly depleted. This 

concentration is also below the level where serine toxicity98 becomes apparent to our 

strain.] As seen from Table 3.2, the choice of the primary carbon source largely 

determines the growth rate of cells while the presence of the amino acid makes it 10~30% 

faster. For the richer growth media, 2% casamino acid (BD 223050) was added to 40mM 

glycerol or 20mM glucose minimum medium.  

For the use of titratable glycerol uptake strain (HE443), different levels of the 

inducer 3-methylbenzyl alcohol (3MBA: 0-800 µM) were additionally provided. The 

mode of growth control has been described previously26.  

For growing RP437, 1 mM of four amino acids (methionine, leucine, threonine, 

histidine) were provided to sustain cell growth.  

 

3.8.6  Strain culturing and growth measurement 

Growth measurements were performed in a 37°C water bath shaker shaking at 

250 rpm. The culture volume was no more than 4.5 ml in 18 mm × 150 mm test tubes 

(Fisher Scientific) to limit the depth of the culture in tube for aeration purpose. Each 

growth experiment was carried out in three steps: “seed culture” in LB broth, “pre-
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culture” and “experimental culture” in identical minimal medium. For seed culture, one 

colony from fresh LB agar plate was inoculated into liquid LB and cultured at 37°C with 

shaking. After 4-5 hrs, cells were centrifuged and washed once with desired minimal 

medium. Cells were then diluted into the minimal medium and cultured in 37°C water 

bath shaker overnight (pre-culture). The starting OD600 in pre-culture was adjusted so that 

exponential cell growth was maintained throughout overnight, preventing cells from 

reaching saturation. Cells from the overnight pre-culture was then diluted to OD600 = 

0.005-0.02 in identical pre-warmed minimal medium, and cultured in 37°C water bath 

shaker (experimental culture). After cells were grown at least for three generations, OD600 

was measured around every half doubling of cell growth. At each time point, OD600 was 

measured by collecting 200 µl cell culture in a cuvette (Starna Cells, Atascadero, CA) and 

using a spectrophotometer (Thermo Scientific). About 4-6 OD600 data points within the 

range 0.04 to 0.3 were used for calculating growth rate. All the growth rates measured in 

this study are summarized in Table 3.2. 

 

3.8.7  Culture conditions for swimming measurement 

For cells recovering from stationary phase in LB (Fig. 3.3A), a fresh single colony 

of HE206 on LB agar plate was inoculated into 2.5% LB medium with 0.05% PVP40. 

PVP40 (polyvinylpyrrolidone average mol 40,000 Sigma-Aldrich) prevents cells from 

binding to material surfaces and greatly reduces handling variation when running the 

assay99. After overnight incubation sitting in saturation for 18 hours, cells were diluted 

into fresh identical medium so that the starting OD600 becomes 0.04. Sampling for 

swimming analysis was started immediately and continued over several hours (Fig. 
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3.3A). For steadily growing cells (Fig. 3.3C), the overnight culture above was diluted into 

fresh medium and continuously grown for 10 generations. The bacterial density was 

always maintained below OD600 = 0.5 by repeating growth and dilution for a couple of 

times. The culture was then diluted to OD600 = 0.04 into fresh medium. The swimming 

assays were started immediately after diluting and repeated around every 20 minutes until 

OD600 became saturated. 

For cells recovering from stationary phase in minimal medium (Fig. 3.3B), a fresh 

single colony of HE206 (on LB agar plate) was inoculated into MOPS minimal medium 

containing 10 mM glycerol, 1.7 mM aspartate with 0.05% PVP40. After overnight 

incubation sitting in saturation for 18 hours, cells were diluted into fresh medium and to 

OD600 = 0.04. Samples for swimming analysis were started immediately and continued 

over several hours. For steadily growing cells (Fig. 3.3D), cells were first seed-cultured 

and then pre-cultured in 10 mM glycerol and 1.7 mM aspartate with 0.05% PVP40. The 

cells in pre-culture was grown for ~20 generations, with the bacterial density below 

OD600 = 0.6, and transferred into fresh identical medium (initial OD600 = 0.04). The 

swimming assays were started immediately after diluting and repeated about every 30 

minutes until saturation was reached for several hours. The concentrations of glycerol and 

aspartate used for swimming were chosen such that cells run out of these carbon and 

reached saturation at a cell density of about OD600 = 0.8.  

 

3.8.8  Swimming assay in capillary tube 

For each time point to analyze, a sample volume of about 200 µl was taken from 

the batch culture and filtered. The filtered medium and a calculated volume from the 
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batch culture were then used to prepare a cell-culture sample diluted down to OD!"! ≈

0.005. Sampling and dilution was done using pre-heated Eppendorf tubes and filters 

(drybath, 37°C). Dilution was used to prevent difficulty in cell-tracking at high cell 

densities, while keeping cell numbers high enough to ensure good swimming statistics. 

Immediately after dilution, one end of a pre-heated 300 µm glass capillary tube 

(rectangular shape, VitroCom) was then inserted into the diluted culture. Following 

capillary forces, the culture filled the capillary within a few seconds. The width of the 

capillary minimized interactions of cells with the glass surfaces. The completely filled 

capillary was sealed with silicone grease and immediately placed under a microscope 

(Nikon TI-U) covered with a chamber (InVivo Scientific) maintained at 37°C. Cell were 

observed using a 10x phase-contrast objective with the focus centered between the upper 

and lower glass-surface of the capillary. Images were acquired using a CCD camera (EO-

13122M Edmund Optics).  Movies of swimming cells were recorded at 20 frames per 

second for a total length of 2.5min per sample (3000 frames).  

 

3.8.9  Image analysis and statistical analysis  

To obtain swimming characteristics, the obtained movies were analyzed in three 

consecutive steps using a custom-made Python script: 1. cell-detection, 2. cell-tracking 

over time, 3. trajectory analysis.   

1) Cell-detection: Cells within each frame were detected using an adaptive 

thresholding algorithm. First, background was removed in two ways, either by 

subtracting the intensity averaged over a time-window of 200 frame (10 seconds), or by 

performing an adaptive background subtraction for which the intensities of neighboring 
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pixels (100px) were averaged and subtracted for each time-step.  The latter allowed to 

also detect non-moving cells. Cells were then detected by thresholding with the threshold 

set at 50% of the maximum intensity observed.  Connected areas remaining after 

thresholding were each counted as one cell and the location of each cell was determined 

by weighting the different pixel positions with intensity.  

2) Cell-tracking:   To track cells over time, determined cell positions were linked 

from frame to frame following the algorithm developed by Crocker and Grier100 utilizing 

the Python package trackpy (https://soft-matter.github.io/trackpy). For each sample 

analyzed, detection and trajectory generation was checked manually (by observing 

generated movies were detected cell positions and generated trajectories were shown on 

top of the original images obtained).  

3) Trajectory analysis: Swimming behavior was quantified by a statistical analysis 

of the obtained trajectories. To this end, each trajectory (j) was first analyzed for 

tumbling events (i!) defined by large changes in angle or velocity: Instantaneous changes 

in velocity and angle were calculated for each time-point using averages over 4 frames.  

Instantaneous speed changes of more than 50% between frames or a change in angle 

|Δθ| > 1.2  were assigned to tumble events. The velocity v! for each trajectory was 

obtained by calculating the spatial displacement (in two dimensions:  𝑑𝑅! =  𝑑𝑟!
!

! =

𝑑𝑥!
! ! + 𝑑𝑦!

! !) and the total time (𝑑𝑇! = 𝑑𝑡!
!

! ) when cells were not tumbling but 

running {𝑑𝑡!}: v! = 𝑑𝑅!/𝑑𝑇!. Running-time was obtained by the average time between 

observed tumbling events. To obtain the averages and standard deviation of swimming 
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speed and running time observed across the whole sample, the obtained values for each 

trajectory were weighted with the length of the trajectory. 

 

3.8.10 Soft-agar assay to determine expansion speed 

Expanding cell population was observed within soft-agar plates. For minimal 

medium plates, medium composition followed the liquid medium described above. In 

addition, agar (BD 214010, Bacto Agar) was added and an attractant was supplemented 

when indicated. To prepare the plates, water and agar were autoclaved and then mixed 

with other medium components. 0.25% final agar concentration was used. Unless 

otherwise indicated, attractant concentration was 0.1 mM for aspartate or serine, and 

0.05% for casamino acid. The concentration of casamino acids was chosen to keep the 

concentrations of aspartate and serine in a similar range as for the runs with aspartate or 

serine as sole provided attractant. TB soft agar plates were prepared with 1% TB and 

0.5% NaCl.  

Migration speeds were measured by the tracking of the migrating ring position 

over time (manual observation, ring position is clearly visible by eye). 15 ml of freshly 

prepared and still warm soft-agar medium was transferred into a petri dish with 10 cm 

diameter, resulting in 2mm thickness. Agar was left to solidify for a minimum of 10 

minutes at room temperature.  

All the plates were freshly prepared before the assay. To start the migration assay, 

2 µl of cell culture from the (exponentially growing) experimental culture was transferred 

onto a pre-warmed soft-agar plate. The primary carbon source of the liquid culture was 

chosen such that it matched the growth conditions provided in the soft-agar plate. The 



	
	

	
	

66 

plates were incubated at 37°C. After the population covered a circular area of at least 2cm 

in radius, the radius of the population (front with chemotactic ring is clearly visible) was 

measured every 1-2 hours for 4-6 different time points. Migration speeds were obtained 

as liner fits of the observed radii vs observation times (Fig. 3.4C). For convenience, the 

initial inoculation OD600 used for the manual assay was varied depending on culture 

conditions such that ring movements could be captured during a day.  
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CHAPTER 4 
 
GROWTH OF CELL POPULATION BY 
CHEMOTACTIC RANGE EXPANSION  
 
4.1 Introduction  

We found cells expand faster when a low level of chemoattractant is provided into 

nutrient-replete soft agar and such expansion speed depends on the quality of nutrient. In 

this chapter, I describe how the relationship between growth rate and expansion speed 

arises, and how the expansion guided by attractants contributes to the growth of cell 

population. We first started with characterizing basic parameters that could affect 

chemotactic expansion, and then focused more on studying collective dynamics of cell 

population inside soft-agar plates. 

 

4.2 Cellular swimming speed and attractant consumption rate 

To probe the origin of the relationship between growth rate and expansion speed, 

we first quantified the swimming characteristics during exponential growth for different 

growth conditions in liquid culture (see 4.7.2 for the detail). We found neither swimming 

speed, run duration, nor motile fraction show substantial variation at different growth 

rates (Fig. 4.1), thus swimming characteristics alone aren’t the factor that makes ES faster 

in better conditions. 
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Figure 4.1: Cellular swimming characteristics at different growth rates. Swimming speed, run duration 
(time between tumbling events) and motile fraction for wild-type (HE206) and glycerol uptake mutants 
(HE443 and HE433) growing exponentially in glycerol and aspartate.  

We next examined attractant (aspartate) consumption rate for different growth 

conditions. Indeed, we found aspartate consumption rate showed some degree of growth 

dependence (Fig. 4.2A: magenta points). To test the effects of uptake rate perturbation on 

ES, we created mutants of aspartate transporters (gltJ-, gltP-, and the double mutant). The 

mutants showed varied degree of lowered uptake rate than wild-type strain (Fig. 4.2A: 

green, blue, red points, Fig. 4.2B), while the growth rates and expansion speeds are 

largely maintained (Fig. 4.2CD). Thus, aspartate uptake rate alone is also not a 

determinant factor for the growth dependence of ES.  

0.0 0.4 0.8 1.2
0

10

20

30

growth rate [/hr]

sw
im

m
in

g 
sp

ee
d 

[µ
m

/s
]

wild-type (HE206)

glpK22 (HE433)

Pu-glpFK (HE443)

0.0 0.4 0.8 1.2
0.0

0.1

0.2

0.3

0.4

0.5

growth rate [/hr]

ru
n 

tim
e 

[s
]

wild-type (HE206)

glpK22 (HE433)

Pu-glpFK (HE443)

0.0 0.4 0.8 1.2
0

20

40

60

80

100

growth rate [/hr]

m
ot

ile
 fr

ac
tio

n 
[%

]

wild-type (HE206)

glpK22 (HE433)

Pu-glpFK (HE443)



	
	

	
	

69 

 

Figure 4.2: Aspartate uptake rate at different growth rates and the effects of aspartate transporter 
deletions. (A) Aspartate uptake rate for wild-type (HE206) growing exponentially in different carbon 
sources with aspartate and for glycerol uptake mutants (HE433, HE443) growing in glycerol with aspartate 
(magenta points) The values for aspartate transporter mutants in glycerol plus aspartate are also shown: 
gltJ- (green), gltP- (blue), gltJ- gltP- (red). (B and C) Aspartate uptake rate and growth rate for wild-type, 
gltJ-, gltP- and gltJ- gltP- growing in glycerol with aspartate. (D) Expansion speed in soft-agar with 40 
mM glycerol and 0.1 mM aspartate for these strains. Despite large difference in uptake rate, ES changes 
only little. 

 

4.3 Capturing population dynamics inside soft-agar 

To understand the origin of growth-dependent expansion speed, we focused on 

collective aspects of cell population, by observing the spatiotemporal dynamics of 

fluorescently labeled cells in soft-agar with confocal microscopy. We first quantified 

bacterial growth and density profiles over long distance across the whole agar plate. We 

established that the growth of bacteria in agar is indistinguishable from that in batch 

culture (Fig. 4.3ABC). 
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Figure 4.3: Population-level observation of cell growth by confocal microscopy. Spatiotemporal 
evolution of the population in agar was obtained by quantifying the local fluorescence intensity of 
fluorescently labeled cells throughout the agar using confocal microscopy. (A) Calibration of fluorescence 
intensity. Known amounts of cells were transferred from a batch culture to a fresh but warm soft agar plate. 
After agar solidification (< 10 min) intensity was measured. Fitted line gave relation between observed 
intensity (fluorescence integrated along the agar thickness) and cell density measured in batch culture 
(optical density OD𝟔𝟎𝟎). (B) Example of experiment to obtain growth rates in agar. Data is for strain 
HE274 (WT with GFP plasmid) grown in 40 mM glycerol and 200 µM aspartate. A low amount of cells 
were mixed uniformly into fresh soft agar plates. After agar solidification (< 10 min), fluorescence intensity 
was observed over time. (C) Derived growth curves in soft-agar based on experiments like the example 
shown in panel C. Typically, there is a fast growth regime followed by a slower regime related to oxygen 
consumption and limitation for OD > 0.1: we noted that cells accumulate towards the agar surface and 
growth becomes slower. In this work, the population was always kept in the first aerobic regime. Growth 
rates in the first regime (shown as colored lines) are obtained by an exponential fit of the data and 
comparable to those obtained in batch culture (bar graph inset panel C). 

 We next analyzed the time-lapsed radial density profiles of the population with 

confocal microscopy (Fig. 4.4A), in minimal medium with glycerol as the primary carbon 

source and aspartate as the attractant (Fig. 4.4B). The chemotactic ring observed in photo 

(Fig. 4.4A) is seen as a bulge in density profile at the front. Strikingly, the advance of the 

front bulge (~3.2 mm/h) is steadily followed by a trailing region with an exponentially 

increasing density profile, suggesting that the outward expansion of the ring is tightly 

coupled to the growth of bacteria behind the ring. This important feature of the density 

profile is also observed for population in glycerol and serine (the other major attractant) 

and in complex medium (Fig. 4.4C), suggesting that general expansion behavior can be 

described in the combination of an abundant primary carbon source and an attractant. In 
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contrast, for wild-type cells grown in glycerol alone and for tar null cells grown in 

glycerol and aspartate, the broken ES-GR relation was accompanied by very different 

(flat) density profiles (Fig. 4.4D). Flat, slow moving profiles occurred also for 

populations in glucose alone even though glucose is an attractant38,101 (Fig. 4.4D bottom 

panel).  
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Figure 4.4: Density profiles and photos of expanding bacterial population. (A) Spatiotemporal 
evolution of the population in agar was obtained by quantifying the local fluorescence intensity of 
fluorescently labeled cells throughout the agar using confocal microscopy (B) Density profiles for 
fluorescent strain HE274 (WT) in a condition (40mM glycerol + 100 µM asparate) at different time, 
showing an advancing density bulge and an exponential trailing region. (C) Single-time density profiles for 
HE274 in other medium with attractant(s). Density bulge(s) and exponential trailing regions were present in 
40mM glycerol and 100 µM serine (top panel) and in complex medium (0.5% CAA + 40 mM glycerol, and 
1% TB; 2nd and 3rd panel). (D) No front bulge nor trailing exponential region was seen for WT cells in 
40mM glycerol alone (top panel) or Dtar cells (HE505) in 40mM glycerol + 100 µM asparate. A bulge 
without exponential trailing region was present in 5 mM glucose alone (bottom panel). This is an example 
of a scenario analyzed by Koster et al101. 
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 Based on the density measurements, we hypothesized a key factor that determines 

ES in the case of primary carbon plus attractant could be a cell density at front position: 

as the peak density becomes higher, the overall consumption rate of attractant becomes 

faster, resulting in faster expansion. Probing different growth conditions confirmed the 

increases in front density as expansion speed increases (Fig. 4.5A). In addition, we also 

compared the density profiles of aspartate uptake mutants which showed similar ES 

despite the large difference of uptake rate (Fig. 4.2). Strikingly, we found the strains with 

lowered uptake rate showed higher peak density (Fig. 4.5B), suggesting that overall 

uptake rate at front is maintained by density adjustment. Together, these data indicate that 

ES is determined by attractant uptake rate in front population. 
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Figure 4.5: Density profiles at front. (A) The peak density at front gets higher at faster growth rates. The 
profiles were measured using wild-type (HE274) and Pu-glpFK (HE486) with different inducer levels 
expanding in glycerol with aspartate. (B) Peak density becomes higher for the mutant strains with lower 
aspartate uptake rate. The profiles were measured with wild-type (HE274), gltJ- (HE506), gltP- (HE552) 
and gltJ- gltP- (HE555) expanding in glycerol with aspartate. 

4.4 Capturing cellular behavior inside soft-agar 

We have observed that expansion of cell population is coupled with the growth of 

cells behind. To study how the characteristic profile emerges, we characterized the 

motion of cells in agar at the single cell level by tracking their trajectories over time. We 

first studied the simplest case where cells expand in glycerol alone without showing a 
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ring (see Fig. 4.4D top panel). We established our method to measure movement of 

individual cells and to obtain the value of diffusion coefficient (Fig. 4.6).  

 

Figure 4.6: Single-cell motility analysis in agar by confocal microscopy. (A) Illustration of experimental 
arrangement.  Movies allowing to track single cells were acquired at a fixed position. (B) Exemplary single 
frame of time-lapse movie observing individual cell trajectories within the soft-agar. (C) Example of 
trajectories derived from cell tracking analysis. Each color indicates the trajectory of one cell over a span of 
on average 75 frames (5.1 s). (D) Statistical analysis of positional trajectory displacement and how it 
changed over time Δt. (E) Diffusion and drift of cells homogeneously distributed in soft-agar. Analysis of 
recorded cell movement confirms the variance of position displacement to increase linearly in time (orange 
symbols) with diffusion constant D = 41.5µm!/s (linear fit of var x = 2 ⋅ DΔt). In comparison, the 
average displacement of cells in the radial direction (purple symbols) and the calculated drift (⟨ΔX/Δt⟩  , 
purple line) are small, indicating the absence of directed chemotactic movement. Data shows average over 
3 independent repeats. This analysis was performed for a strain HE274 (WT) growing in 1mM glycerol in 
uniform mixture in soft-agar. 
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The dynamics of population growth and undirected diffusion can be described by 

Fisher-Kolmogorov (FK) wave102,103: the growing cell population in front moves forward 

with diffusion process (Fig. 4.7A). To compare the predictions of FK dynamics to the 

expansion of bacterial population in the glycerol alone (no chemoattractant present), we 

independently quantified the growth rate of cells (Fig. 4.7B) as well as diffusion 

homogeneously distributed in soft-agar (Fig. 4.6E). We found FK predictions matched 

well the experimentally observed ES and the density profile of expanding population 

(Fig. 4.7CD). 
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Figure 4.7: Expansion without attractant is quantitatively captured by the Fisher-Kolmogorov 
dynamics. (A) Quantification of growth by measuring the temporal density increase of a homogeneously 
distributed population in agar. Spatially averaged density increased exponentially with growth rate 
λ = 0.59/h for densities < 0.1 OD!"". For higher densities, the growth rate decreased but this regime is not 
important for the propagation of the front where density is low. (B) and (C) Front and spatiotemporal 
dynamics of a migrating population. (B) Comparison of predicted migration speed with the observed 
propagation of the population front. Position of the front R(t) was determined from the observed cellular 
densities (threshold OD!"" > 0.005); it increased linearly in time, i.e., R t = u!"# ⋅ t with a migration 
speed u!"# = 0.62 mm/h. Dashed line denotes predicted migration speed calculated as u!" = 2 λ ⋅ D =
0.59 mm/h. (C) Density profile of the population front. Observed density profile can be fitted to an 
exponential decay ρ r, t ∼ e!!!"# !!! !  with k!"# ≈ 1.2/mm. Dashed line denotes value predicted by the 
FK equation: k!" = λ/D = 1.99/mm. [The discrepancy likely resulted from the low spatial resolution of 
the very sharp density drop.]  All experiments were done with strain HE274 (WT). Growth experiment was 
performed with uniform cell mixture in saturating glycerol conditions (40mM). Migration experiments 
were performed with 1mM glycerol in which the cell density was limited to ~0.1 OD600 to avoid the slower 
growth rate regime (panel A). (D) Illustration of FK dynamics. Cells expand with diffusion D and growth λ. 
x is the direction of expansion and ρ denotes cell density. 
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We next characterized the motion of individual cells in the presence of 

chemoattractant (Fig. 4.8A) where cells show a characteristic ring at different position of 

the profile. A zoomed-in analysis for the expansion in glycerol with aspartate revealed 

that there is a finite drift velocity in the radial direction within the peak (Fig. 4.8B) and 

the nearly constant diffusion coefficient across the density peak and trough (Fig. 4.8C). 

The similar characteristics of drift and diffusion were observed at different growth 

conditions with the mutants of glycerol uptake (data not shown). We also confirmed 

growth-dependent drift velocity (Fig. 4.8D) and independent diffusion at front position 

(Fig. 4.8E), recapitulating growth-dependent ES (Fig. 3.5C) and independent swimming 

characteristic (Fig. 4.1), respectively. 
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Figure 4.8: Position dependence of swimming behavior in agar. (A) To resolve cellular swimming 
behavior of the expanding population at different spatial positions, movies allowing to track single cells 
were acquired sequentially at a fixed position in lab frame over time (varying movie acquisition time  t!"#,  
up to several hours). Image direction x was aligned with direction of migration. In this setup, the expanding 
population (with speed u) passes the point of acquisition at a determined time, allowing us to determine the 
local drift speeds and diffusion coefficients relative to the front position: x = x! − u ⋅ t!"#. (B) Position-
dependence of the drift (in the direction of migration) was determined at different t!"#, corresponding to 
different positions of the expanding population. For the ease of reference, cellular densities at the time point 
are shown as green symbols. Up to the resolution of the data, the drift velocity vanished to the left of the 
density trough (x < 19mm). A blue line indicates the position where drift velocity starts to increase. (C) 
Position-dependence of the diffusion coefficient. Using the approach of Fig. 4.6 to determine the diffusion 
coefficient at different t!"#, we obtain the results shown as orange symbols. A moderate (~20%) increase in 
𝐷 is observed at the very front of the population. This spatial dependence may be due to the accumulation 
of faster swimming cells at the front. All data in (A) (B) (C) were from a experiment done in the condition 
of 40 mM glycerol plus 100 µM with strain HE274. (D) Drift velocity averaged over ~2mm at front 
position for wild-type (HE274), glpK22 (HE484), Pu-glpFK (HE486) expanding in glycerol with aspartate. 
As a comparison, ES for the corresponding strains without plasmid (same data in Fig. 3.5C) is shown on 
the right y-axis. (E) Diffusion averaged over ~2mm at front position for wild-type (HE274), glpK22 
(HE484), Pu-glpFK (HE486) expanding in glycerol with aspartate. As a comparison, diffusion in liquid 
(derived from swim speed and run duration; see Fig. 4.1) for the corresponding strains without plasmid is 
shown on the right y-axis. Since the cell motion is affected by agar, diffusion measured in agar is about five 
times lower than in liquid. 
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Based on the single cell measurement, we deduced the following picture (Fig. 4.9) 

for the creation of characteristic density profile. Let us consider separately the front bulge 

region and the exponentially rising region behind it (separated by a blue dot line in Fig. 

4.9). As confirmed by experimental observation (Fig. 4.8), cells in the front bulge region 

have positive drift velocities and move forward on average (magenta arrow in Fig. 4.9); 

they are the ‘pioneers’ of the population. On the other hand, cells behind the bulge 

experience little chemotactic drift and can only grow locally; they are the ‘settlers’. If 

drift and growth are the only components of the dynamics, then the density profile would 

evolve to the one with a gap emerging between the pioneers (which builds up and 

marches forward) and the settlers (which also grows but experiences no net drift). 

However, the random component of cellular motion (described by diffusion of cell 

density) would drive some pioneers from the front bulge to the gap behind (orange arrow 

in Fig. 4.9), where they become settlers. The back-diffusion prevents the pioneers in the 

front bulge from reaching saturation, thus keeping them always in exponential growth; at 

the same time, the new settlers which have escaped from the front would seed the gap 

region, replicate, and eventually colonize the gap many generations later. In this way, the 

balance between growth and diffusive escape in the pioneers seeds the settlers behind and 

eventually the settlers take up nutrients creating the characteristic shape. 
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Figure 4.9: A model of chemotactic expansion coupled with growth and diffusion. Illustration of the 
coupling between the front and trailing regions. The pioneer cells in front move forward due to its 
chemotactic drift (magenta arrow). At the same time period, the cells in both front and back region take up 
nutrients and grow (red arrow). Finally, the cells diffused away from the pioneers fill the gap behind the 
front (orange arrow) and they become settlers. 

4.5 Chemotaxis as a foresighted strategy for population growth 

At the population level, the expansion-colonization process is an effective 

dispersal mechanism which provides chemotactic bacteria with a strong fitness advantage 

(Fig. 4.10): Without chemotaxis, expansion of population into nutrient-rich region is 

limited by random cell motion (Fig. 4.10A, upper panel). This “unguided” mode of range 

expansion follows the Fisher-Kolmogorov dynamics widely assumed in canonical models 

of habitat occuptation104-106. In contrast, chemotaxis along self-generated attractant 

gradients provides population movement with a guide, leading to much faster expansion 

(Fig. 4.10A, lower panel). This “navigated” mode of range-expansion suggests a built-in 
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diversification strategy with the ‘foresight’ for a population to conquer new territories 

well before nutrient depleted and carrying capacity is reached in the current environment.  

Comparing the total population growth of a chemotactic and non-chemotactic strain 

confirms the strong fitness advantage of navigated range expansion (Fig. 4.10B). 

 

4.6 Discussion  

In Chapter 3-4, we systematically characterized E. coli behavior at individual and 

population levels across different nutrient conditions to gain better understanding of how 

E. coli uses chemotaxis for the purpose of population growth. In contrast to the past-

proposed nutrient foraging hypothesis, we found cells are highly motile in nutrient replete 

conditions but lose motility soon after the onset of starvation (Fig. 3.3C). At the 

population level, we revealed a striking positive relation between expansion speed and 

growth rate (Fig. 3.5C), which indicates E. coli cells use chemotaxis in good growth 

conditions rather than poor conditions.  

 For populations to expand and colonize rapidly, bacteria separate the roles of 

nutrient for growth and signal for navigation. E. coli uses several consumable metabolites 

(chemoattractants: aspartate and serine) for the navigation purpose. In spatially-extended 

environments, a minority of pioneering cells rapidly expands open habitats by following 

the self-generated chemoattractants gradient. A settler population that diffused away from 

pioneering population consumes remaining nutrients and proliferates over time at the 

position where they are left behind (Fig. 4.9). These results suggest a foresighted strategy 
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chemotactic bacteria employ to colonize new territory well before nutrient depleted. This 

is very different from the common view of chemotaxis as a starvation response.  

 The expansion-colonization process may play a critical role in formation of 

complex microbial communities. Many of prokaryotes (e.g., Bacillus subtilis and 

Pseudomonas lachrymans) possess similar motility and chemotactic systems to E. coli 

but with different properties of chemoreception107,108. In the wild, diverse consumable 

metabolites are excreted from their hosts and other microorganisms109. In future study, 

identifying the metabolites and characterizing how they affect growth and chemotactic 

behavior of various bacterial species will be crucial to understand microbial communities 

found in natural environments.  
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Figure 4.10: Fitness advantage of navigated range expansion. (A) Illustration comparing the unguided 
mode of range-expansion (Fisher-Kolmogorv dynamics, top panel) with the navigated mode that also 
involves chemotaxis (bottom panel). Navigated range expansion along self-generated attractant gradients 
(bottom panel) allows fast expansion of the range. Nutrients allow for population growth behind the front. 
Right column shows corresponding density and nutrient/attractant profiles at the emerging front. (B) 
Comparison of population growth in glycerol and 100 µM aspartate, between strain HE274 (WT, red 
triangle) and the non-chemotactic strain HE505 (Δtar, black circle) incapable of sensing aspartate 
gradients. Difference between the two growth curves becomes noticeable at ~6 hours. Blue area highlights 
difference between the two curves. Population size is obtained by radial integration of measured 
fluorescence intensity. 
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4.7 Tables 

Table 4.1: Strains used in chapter 4.  
Strain   Parent  Genotype Plasmid Description Ref  
HE206 
(NCM3722
B) 

HE205 ∆tcyJ::FRT 
km::PfliC-lacZ 

 HE205 carrying PfliC-
lacZ fusion. 

This study 

HE213 HE205 ∆tar::km ∆tcyJ::FRT 
 

 tar null This study 

HE219 HE206 ∆tcyJ::FRT 
FRT::PfliC-lacZ 

 HE206 with km gene 
flipped out. 

This study 

HE274 HE206 ∆tcyJ::FRT 
km::PfliC-lacZ 

pZA31 
Ptet-gfp 

HE206 with 
constitutive GFP 
expression harbored 
on pZA31 Ptet-gfp 
plasmid 

This study 

HE303 HE219 ∆tcyJ::FRT 
FRT::PfliC-lacZ 
∆gltJ::kan 

 gltJ null This study 

HE304 HE219 ∆tcyJ::FRT 
FRT::PfliC-lacZ 
∆gltP::kan 

 gltP null This study 

HE339 HE206 ∆tcyJ::FRT 
km::PfliC-lacZ 

pZA31 
Ptet-nfp 

HE206 with pZA31 
Ptet-nfp plasmid 
(control with mutant 
gfp that does not 
fluoresce) 

This study 

HE443 HE440 attB::Ap:Plac (no 
CRP needed)-xylR, 
FRT::Pu-PglpFK, 
∆tcyJ::FRT, 
km::PfliC-lacZ 

 HE440 carrying PfliC-
lacZ fusion. 

This study 

HE484 HE433 ∆tcyJ::FRT 
FRT::PfliC-lacZ, 
glpK22 

pZA31 
Ptet-gfp 

HE433 with pZA31 
Ptet-gfp plasmid. 

This study 

HE485 HE433 ∆tcyJ::FRT 
FRT::PfliC-lacZ, 
glpK22 

pZA31 
Ptet-nfp 

HE433 with pZA31 
Ptet-gfn plasmid 

This study 

HE486 HE443 attB::Ap:PLlac -
xylR, FRT::Pu-
PglpFK, 
∆tcyJ::FRT, 
km::PfliC-lacZ 

pZA31 
Ptet-gfp 

HE443 with pZA31 
Ptet-gfp plasmid. 

This study 

HE487 HE443 attB::Ap:Plac (no 
CRP needed)-xylR, 
FRT::Pu-PglpFK, 
∆tcyJ::FRT, 
km::PfliC-lacZ 

pZA31 
Ptet-nfp 

HE443 with pZA31 
Ptet-gfn plasmid 

This study 
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Table 4.1: Strains used in chapter 4, continued.  
Strain   Parent  Genotype Plasmid Description Ref  
HE505 HE213 ∆tar::km ∆tcyJ::FRT 

 
pZA31 
Ptet-gfp 

HE213 with pZA31 
Ptet-gfp plasmid. 

This study 

HE506 HE303 ∆tcyJ::FRT 
FRT::PfliC-lacZ 
∆gltJ::kan 

pZA31 
Ptet-gfp 

gltJ null with pZA31 
Ptet-gfp plasmid 

This study 

HE552 HE304 ∆tcyJ::FRT 
FRT::PfliC-lacZ 
∆gltP::kan 

pZA31 
Ptet-gfp 

gltP null with pZA31 
Ptet-gfp plasmid 

This study 

HE553  ∆tcyJ::FRT 
FRT::PfliC-lacZ 
∆gltP::FRT 
∆gltJ::kan 

 gltJ and gltP null This study 

HE555 HE553 ∆tcyJ::FRT 
FRT::PfliC-lacZ 
∆gltP::FRT 
∆gltJ::kan 

pZA31 
Ptet-gfp 

gltJ and gltP null with 
pZA31 Ptet-gfp 
plasmid 

This study 

 

Table 4.2: Growth rates measured in batch culture for the plasmid strains. 
*For batch culture growth, the average values and standard deviations (displayed as ±) among replicates are 
listed in the table. 

Strain carbon source 
Growth rate (h-1) * 

carbon alone carbon +1mM 
Asp 

HE274 
(wt pZA31-Ptet-GFP) 

40mM glycerol 0.57±0.01 0.68 
40mM glycerol 
(in soft-agar) 0.59 0.69 

HE484(glpK22 
pZA31-Ptet-GFP) 40mM glycerol 0.75 0.91 

HE486 
(Pu-glpFK pZA31-

Ptet-GFP) 

40mM glycerol + 
3MBA 25µM 0.32 0.36 

40mM glycerol + 
3MBA 50µM 0.45 0.51 

40mM glycerol + 
3MBA 800µM 0.62 0.68 
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Table 4.3: Expansion speed for plasmid strains and aspartate uptake mutants. 
*The average values and standard deviations (displayed as ±) among replicates are listed in the table.  

strain carbon source 
Expansion speed (mm/hr) * 

carbon alone carbon +1mM 
Asp 

carbon +1% 
cAA 

HE274 (wt pZA31-
Ptet-GFP) 40mM glycerol 0.71 3.07±0.25 7.37 

HE484 (glpK22 
pZA31-Ptet-GFP) 40mM glycerol 0.75 4.15  

HE486 
(Pu-glpFK pZA31-

Ptet-GFP) 

40mM glycerol + 
3MBA 25µM  1.75  

40mM glycerol + 
3MBA 50µM  2.37  

40mM glycerol + 
3MBA 800µM  3.83  

HE303 (gltJ-) 40mM glycerol  3.22  
HE304 (gltP-) 40mM glycerol  3.79  

HE553 (gltJ- gltP-) 40mM glycerol  2.92  
 

Table 4.4: Swimming characteristics measured in tube culture.  
*5mM aspartate was additionally provided into each condition. 

Strain Carbon source* Growth rate 
(h-1) 

Swim speed 
(µm/s) 

Run 
duration (s) 

Motile 
fraction (%) 

HE206 (wt) 40mM glycerol 0.77 25.3 0.43 95.2 
HE433 

(glpK22) 40mM glycerol 0.99 26.4 0.39 94.3 

HE443 
(Pu-glpFK) 

40mM glycerol + 
3MBA 25µM 0.41 21.9 0.41 88.5 

40mM glycerol + 
3MBA 50µM 0.53 24.1 0.44 94.5 

40mM glycerol + 
3MBA 800µM 0.74 24.4 0.44 94.2 
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Table 4.5: Aspartate uptake rate at different growth rates. 
* The average values and standard deviations (displayed as ±) among two replicates are listed in the table. 

Strain Carbon source Growth rate  
(h-1)* 

Aspartate consumption 
rate (mM/h/OD600)* 

HE206 
(wt) 

60mM acetate 0.51±0.01 1.43±0.16 
20mM galactose 0.67±0.00 1.59±0.15 
20mM glucose 1.03±0.01 2.01±0.10 
40mM glycerol 0.76±0.02 1.63±0.06 
11mM mannose 0.50±0.03 1.47±0.12 

HE274 (wt 
pZA31-Ptet-GFP) 40mM glycerol 0.69 1.02 

HE433 (glpK22) 40mM glycerol 0.96±0.01 2.14±0.00 

HE443 
(Pu-glpFK) 

40mM glycerol + 
3MBA 25µM 0.42±0.01 1.25±0.09 

40mM glycerol + 
3MBA 50µM 0.51±0.02 1.29±0.09 

40mM glycerol + 
3MBA 800µM 0.74±0.00 1.61±0.04 

HE303 (gltJ-) 40mM glycerol 0.72 0.99 
HE304 (gltP-) 40mM glycerol 0.71 0.89 

HE553  
(gltJ- gltP-) 40mM glycerol 0.68 0.60 

HE506 (gltJ -
pZA31-Ptet-GFP) 40mM glycerol 0.61 0.69 

HE552 (gltP-
pZA31-Ptet-GFP) 40mM glycerol 0.61 0.73 
HE555 (gltJ-gltP- 
pZA31-Ptet-GFP) 40mM glycerol 0.58 0.36 
 
 
Table 4.6: Drift and diffusion measured in soft-agar. 
*The ratio of GFP : nFP cells was 2 : 1 for all conditions. 
†All the measurements were done at front region for the cells expanding in glycerol with 100 µM aspartate. 
++The average values and standard deviations (displayed as ±) among two replicates are listed in the table. 

GFP-strain* nFP-strain* Carbon source† diffusion 
(µm2/s)++ 

drift 
(mm/hr)++ 

HE274 (wt) HE339 (wt) 40mM glycerol 50.2±0.28 4.10±0.15 
HE484 

(glpK22) 
HE485 

(glpK22) 40mM glycerol 47.2±4.67 4.61±0.41 

HE486 
(Pu-glpFK) 

HE487 
(Pu-glpFK) 

40mM glycerol + 
3MBA 25µM 41.5±8.06 1.66±0.56 

40mM glycerol + 
3MBA 50µM 47.5±2.05 2.65±0.48 

40mM glycerol + 
3MBA 800µM 45.7 4.28 
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4.8 Experimental procedure used in Chapter 4 

4.8.1  Construction of pZA31-PtetM2-gfp/nfp plasmids 

PtetM2 is a stable version of the constitutive promoter Ptet110. PtetM2 was 

amplified from Ptet using the primers Ptet-mod-F2 and Ptet-mod-R. The PCR products 

were digested with XhoI/KpnI, gel purified and then were substituted for Ptet in pZA31 

Ptet-gfp, yielding pZA31 PtetM2-gfp constitutively expressing GFP with 

chloramphenicol resistance marker. This plasmid was transformed into HE206, HE213, 

HE433 and HE443, yielding HE274, HE505, HE484 and HE486 respectively. 

To adjust the number of fluorescence cells, we also constructed a modified 

version of this plasmid where in the sequence of GFP, Tyr at the 66th residue was 

changed into Cys. This leads to a non-fluorescent variant of GFP which we denote as 

nFP. The plasmid pZA31-Ptet-nfp was transformed into HE206, HE433 and HE443, 

yielding HE339, HE485 and HE487 respectively. Strains transformed with GFP/NnFP 

plasmids exhibit the same growth rates and migration speeds in different medium tested. 

Using this pair allows us to adjust the fraction of fluorescence cells, while avoiding the 

possible bias when comparing strains growing with and without plasmids.  

 
4.8.2  Swimming behavior measurement in liquid culture 

The cells were grown in MOPS minimal medium with 40 mM glycerol and 5 mM 

aspartate plus 0.05% PVP40. 5 mM aspartate was used to avoid temporal gradients of 

aspartate, which potentially affect cellular swimming behavior. Samples were taken and 

analyzed for swimming behavior 3-4 times during steady growth (within the OD600 range 
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0.05~0.3). The swimming behaviors of cells were recorded inside a glass capillary by a 

phase-contrast microscope, as already described in 3.8.8 & 3.8.9.  

 
4.8.3  Aspartate uptake rate measurement 

Cells were grown in minimum medium with different sources of carbon plus 800 

µM Aspartate. 500 µl of cell culture was filtered by a syringe with 0.22 µm filter 

(SLGVM33RS MilliporeSigma) and the filtered media was immediately frozen in dry 

ice. For each growth condition, four to five samples were collected during steady state 

growth in the OD600 range 0.1~0.3. Aspartate concentrations were determined using a 

colorimetric aspartate assay kit (ab102512 Abcam). For this, samples were thawed in a 

water-bath and 40µl sample volume was used. Aspartate was then measured according to 

the kit instructions and plotted against the respective OD!"" values. The resulting slopes 

from linear regression were then multiplied by the measured growth rate to obtain the 

aspartate consumption rate. For each growth condition, measurements were repeated 

twice. The aspartate consumption rates measured in this study are summarized in Table 

4.5. The aspartate consumption rate obtained increased moderately with growth rate. The 

dependence is linear with a fit given by: µ = 0.72 mM/h/OD!"" + 1.31 mM/OD!"" ⋅ λ. 

Here, µ is the aspartate consumption rate (in unit of mM/h/OD!"") and λ is the growth 

rate (in unit of h!!). 

 

4.8.4  Soft-agar assay for confocal microscopy 

Confocal microscope detects the cells based on the fluorescence. Thus, we needed 

to use the cells that contain GFP plasmid (see 4.7.1). Soft-agar medium composition 



	
	

	
	

91 

follows what is described in 3.8.10. In addition, 8µg/ml chloramphenicol was supplied 

into the soft-agar medium to maintain the plasmid harboring fluorescence marker. To 

prepare the soft-agar plates, 2.7 ml of the medium was transferred into a glass bottom 

petri dish (Ted Pella Inc). The final thickness of the agar was approximately 1.2 mm. The 

cells were always inoculated at OD600 = 0.2 and observation was started immediately 

after the 2 µl cell culture was added to the agar. 

 

4.8.5  Basic setup for confocal microscopy 

For time and space resolved information on cell density, cells within the soft-agar 

were observed using a laser scanning microscope (Leica SP8 inverted microscope 

equipped with 8Hz resonant scanner and HyD detector). Fluorophores (GFP) were 

excited with a 488 nm laser. Detectors were scanning in the wave-length range 

495− 545 nm.  Detection and laser intensity settings were kept constant throughout all 

experiments (after initial adjustment such that no saturation occurred even for high cell 

densities). Temperature was controlled using an environmental chamber with temperature 

stabilized at 37°C. Cells were observed with a 10x long distance objective (NA = 0.3). 

For best optical results, experiments were done in a glass bottom petri dishes (Ted Pella 

Inc) with a diameter of 40 mm.  

 

4.8.6 Intensity scan by confocal microscope 

To scan local intensities, 512x512 pixel images were taken at 8bit depth, 

covering a size of 980x980 µm! along x and y. To cover a larger area, images were 

taken sequentially at different positions along one horizontal axes using a motorized state 
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(x, typically 30 positions covering in total 29mm). For measurements of migration, the y 

position was kept constant and aligned after inoculation such that the droplet edge in x 

was centered along y. For measurements of growth and for calibration (see below), the y 

position was chosen such that observations were taken in the center of the agar plate. For 

each stage position, 110 z-positions were scanned along a distance of 1.4 mm (difference 

δz = 12.7 µm between images), covering the glass bottom and the agar-air interface.  

The scanning of all positions (30x110 images) took about 15 minutes. Image acquisition 

was repeated continuously for 12-24 hours to observe migration and growth over time 

(typically 60 time points).  Images and the corresponding position coordinates and time 

points of acquisitions were saved. 

To analyze the data, images were processed using a customized Python script.  

First, all intensities bellowing to the same z-stack (same x-position and time, 110 images) 

were summed up, giving the areal intensities I n!,n! ; n!and n! denote the x-position of 

the stage and the time-point of observation. Subsequently, to minimize the influence of 

background signals coming from surface reflection at the glass-agar and the agar-air 

interfaces, intensities were also obtained for an agar dish containing no cells. These 

measured background intensities (I!) were then subtracted from the runs with cell 

densities: 

I n!,n! = I n!,n! − I! 
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4.8.7  Calibration of intensity and cell density 

To calibrate intensity measurements with cell-density, different amounts of cells 

from an exponentially growing batch culture (glycerol as carbon source, reference 

condition) were successively mixed into freshly prepared but cooled down soft-agar 

plates (ratio of 270 µl culture volume into 2.43 ml soft-agar medium). After ~10 min, the 

soft-agar was solidified and intensity was then observed across the whole agar thickness 

as described in the previous section. The resulting calibration curve in Fig. 4.3A follows a 

linear behavior and is given by: 

OD!""(n!,n!) = 0.00708 ⋅ I(n!,n!)+ 0.0014 

 
4.8.8  Determining growth rates insider agar 

To obtain growth rates of cells growing in agar, cells were homogenously mixed 

into freshly prepared but cooled down agar plates: About 5 minutes after transferring 

2.6 ml of the liquid agar-medium mix onto a glass bottom plate, and before the agar 

solidifies, about  100 µl volume of a pre-culture (batch culture in shaker, same growth 

conditions for pre-culture as for prepared soft-agar media, OD!"" ≈ 0.4)  was added. 

Agar and cell culture were mixed using pipette tips. The agar solidified within ≈ 10 min 

at room-temperature and the plates where then transferred into the incubation chamber of 

the microscope ( 37°C) . Observation of cell-intensity was started immediately. 

Observations confirmed a homogenous cell distribution in space (Fig. 4.3B). Results for 

different growth conditions are shown in Fig. 4.3C. Growth rates were determined by an 

exponential fit of the spatially averaged intensities increasing over time. Growth rates are 

given in Table 4.2. For low cell-densities, growth-rates correspond to those observed in 
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batch culture experiments. For higher cell-densities, growth-rates in the agar decreased 

and fell below batch culture values. This presumably occurred because of a decrease in 

oxygen levels as a decrease in growth rates was correlated with cellular migration 

towards the top of the agar (data not shown). 
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CHAPTER 5 
 
BACTERIAL BEHAVIOR FROM GENES TO 
CELL 
 
5.1 Introduction  

At the cellular level, motility in E. coli is achieved by the expression of flagella 

apparatus. E. coli cell coordinates the expression of over 50 genes that compose flagellum 

in response to the quality of nutrients in the environments111-113. Once a flagellum is built 

up, the motor is driven by proton motive force114,115,116. In the presence of 

chemoattractant gradient, flagella motor activity is controlled by a chemotactic signaling 

protein CheY whose activity is coordinated with chemoreceptors80,85. Recent studies have 

shown cyclic di-GMP (c-di-GMP), a signaling molecule known to promote biofilm 

formation, provides another layer of regulation on the flagella motor activity117,118.  

Although there are several layers of regulations that play in controlling cellular motility, 

little is known about how different pieces of the regulations are coupled together to 

control cellular motility. To gain better understanding, in this chapter, I started with a 

systematic characterization of individual cellular behavior in a broad range of growth 

conditions. In all conditions we studied, cells were grown in well-mixed liquid culture 

(devoid of chemotactic gradients). 
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5.2 Swimming behavior in different growth conditions 

To study the dependence of individual behavior on the growth state of cells, we 

characterized the swimming behavior of cells across a broad range of growth conditions 

(Fig. 5.1). Different steady-state growth rates were attained for growing cells in minimum 

medium with a variety of carbon sources, or with supplements of various amino acid 

components (see legend table in Fig. 5.1). To probe the behavior of cells under poor 

carbon conditions, we also titrated glycerol uptake for the cells growing on glycerol (Fig. 

5.1, triangles) or used a mutant strain that has lowered uptake rate of glucose (Fig. 5.1, “+” 

symbol). The obtained fraction of motile cells (defined as cells swimming faster than 8 

µm/s), the average swimming speed and run time of motile cells were plotted against 

growth rates for the range 0.2/hr to 1.7/hr. The plot shows that motile fraction (Fig. 5.1A) 

is nearly constant above an intermediate growth rate (λ > 0.5/hr) and sharply decreases 

for slower growth rates. Swimming speed (Fig. 5.1B) changes in a similar way with slight 

reduction in rich conditions. Run time (Fig. 5.1C) is almost unchanged throughout the 

range examined, except slight increase in rich conditions. Together, these data show that 

motile activity of cells is maintained across a wide range of growth conditions but drops 

at very slow growth. 

Similar characterizations were performed for two other widely studied E. coli 

strains. MG1655B strain (Fig. 5.2, magenta points) showed similar characteristics with 

NCM3722B (HE206) strain. However, RP437 (Fig. 5.2, orange points) showed 

significantly lowered motile fraction and swim speed in rich conditions, especially at 
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37℃. (Note that most existing studies on RP437 were carried out at 30℃. The data at 

37℃ was collected for cross-comparisons.)   

 

Figure 5.1: Characteristics of swimming behavior for steadily growing cells under different nutrient 
conditions. See Table 5.2 for the plotted values. For clarity, growth conditions and depository of data are 
summarized in the legend table. (A) Motile fraction of cells against growth rate. Cells swimming faster than 
8 µm/s were defined as motile cells (see methods in 3.8.8 & 3.8.9). (B) Swimming speed of motile 
population against growth rate. Mean swimming speeds were extracted from the trajectories of motile cells 
after removing tumbling events. (C) Mean run duration (time between tumbling events) of motile 
population. 
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Figure 5.2: Characteristics of swimming behavior for MG1655B and RP437. See Table 5.2 for the 
plotted values. For clarity, growth conditions and depository of data are summarized in the legend table. 
RP437 was measured at two different temperature: 37 ℃ and 30 ℃. The points obtained at 30 ℃ are 
outlined with black color. (A) Motile fraction of cells against growth rate. (B) Swimming speed of motile 
population against growth rate. (C) Mean run duration (time between tumbling events) of motile 
population.  

5.3 Flagella gene expression in different growth conditions 

The synthesis of flagella is a highly regulated process that involves a number of 

genes111,113,119. Next we characterized flagella gene expression under the various 

conditions examined above. We measured the activity of the fliC promoter, using a 

construct that has native lacZ promoter in the chromosome replaced by the fliC promoter 

(PfliC-lacZ) (see construction 3.8.2). FliC is a major component of flagella filament and 

the most abundantly expressed protein among all flagella components27. The obtained 
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PfliC-lacZ expression exhibited strong increase for decreasing growth rate from 1.7/hr to 

0.5/hr, with gradual decrease under poorer conditions below growth rate 0.5/hr (see linear 

scale for Fig. 5.3A, and logarithmic scale for Fig. 5.3B, red points). The PfliC-lacZ shows 

much sharper increase of expression, when comparing to the LacZ expression driven by a 

constitutive promoter (Ptet-lacZ)96 (Fig. 5.3AB black points). The expression of flagella 

genes is regulated by a master transcriptional factor FlhDC whose expression is further 

regulated by cAMP-CRP complex along with many other regulators 113,120. The sharp 

increase of PfliC-lacZ expression presumably reflects the activation by cAMP-CRP 

complex on flhDC promoter, as the expression of other cAMP-CRP dependent genes is 

known to increase for decreasing growth rates under carbon limitation26,27. Our proteomic 

measurements (conducted in the range of growth rate from 0.56 to 0.91/hr) also revealed 

a similar fold change of protein expression not only for FliC (Fig. 5.3C, magenta points), 

but also for many other motility-related proteins including flagella basal machineries, 

receptors and signaling proteins (Fig. 5.3C). The coordinated expression of flagella genes 

and its increase under carbon-limited growth environments (growth rate above 0.5/hr) are 

consistent with the observations in previous studies39,113. 
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Figure 5.3: Flagella gene expression for steadily growing cells under different nutrient conditions. 
See Table 5.3-5.5 for the plotted values. The growth conditions and depository of data are summarized in 
the legend table. (A and B) Expression of fliC promoter (red) as compared to constitutive tet promoter 
(black). See the linear scale for A and logarithmic scale for B. The strains with native lacZ promoter 
replaced by either PfliC or Ptet were used. The left and right y-axis shows LacZ expression per OD600 for 
PfliC and Ptet, respectively. (C) Relative changes of motility-related protein expression as compared to 
PfliC-lacZ in linear scale. The left y-axis shows PfliC-lacZ as in Fig. 5.2A. The right y-axis shows relative 
values of protein expression for each protein category. The protein expression levels were normalized to 1 
based on the mass-fraction obtained at growth rate 0.56/hr (see table 5.5). Signaling genes include cheA, 
cheB, cheR, cheW, cheY, cheZ, motA and motB. Receptors include aer, tap, tar, trg and tsr. Basal structural 
genes include fliE, fliF, fliG, fliH, fliI, fliJ, fliK, fliL, fliM, fliN, fliO, fliP, fliQ, flgA, flgB, flgC, flgD, flgE, 
flgF, flgG, flgH, flgI, flgJ, flgM and flgN. Filament gene includes fliC only. 

5.4 Effects of flagella gene expression on cellular behavior  

Surprisingly, despite the large change of flagella gene expression across a broad 

range of growth conditions (Fig. 5.3), motile fraction and swimming speed are largely 

maintained until very slow growth (Fig. 5.1). To examine the role of gene expression on 

motile behavior, we constructed a strain with smoothly titratable flhDC expression96(see 

5.8.1 for construction), carrying PfliC-lacZ reporter that is regulated by FlhDC. We first 
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grew cells in glucose minimum medium with different concentrations of the inducer 

chlortetracycline (cTc). PfliC-lacZ expression changed from low to wild-type level (Fig. 

5.4B red circles). At various cTc levels in glucose medium, we also characterized their 

swimming behavior (Fig. 5.4CD red circles). Although the motile fraction substantially 

changed almost proportionally with the level of PfliC-lacZ expression (Fig. 5.4CE red 

circles), the swimming speed of motile cells changed only moderately (Fig. 5.4DF red 

circles). A similar result was obtained by growing cells in different carbon sources (Fig. 

5.4, blue and green symbols). A comparison of motile fraction at the same PfliC-lacZ 

expression level (e.g., wild-type level in glucose, as indicated by the vertical grey line in 

Fig. 5.4C) shows reduced motile fraction for cells grown in poorer carbon sources.  
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Figure 5.4: Swimming behavior under the titration of flhDC expression. Three growth conditions were 
chosen to examine the effect of flhDC titration (glucose: red circles, fructose: blue squares, mannose: green 
triangles). See Table 5.6 for the plotted values. (A-D) Growth rate (A), PfliC-lacZ expression (B), motile 
fraction (C), swim speed of motile cells (D) against inducer chlortetracycline (cTc) concentration with 
titratable flhDC construct. The values of wild-type cells are shown as horizontal lines with different colors. 
(E and F) Fraction of motile population (E) and mean swimming speed of motile population (F) against 
PfliC-lacZ expression. The grey line indicates the PfliC-lacZ expression of wild-type grown in glucose. (G) 
PfliC-lacZ expression against growth rates. For E-G, The data of wild-type are shown by the filled circles. 
See the legend table. 
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 Collectively, the data in Fig. 5.3 and 5.4 suggest that the maintenance of motile 

fraction for WT cells across wide range of growth rate (λ > 0.5/h, Fig. 5.1A) is due to the 

active regulation of flagella gene expression. On the other hand, the swim speed is largely 

not affected by flagella expression and thus is controlled by other factors.  

 

5.5 Flagella abundance per cell in different growth conditions  

To understand how flagella gene expression plays in maintaining the motile 

fraction, we considered flagella abundance per cell. The gene expression so far has been 

reported in terms of LacZ expression (driven by fliC promoter) per OD600 (OD600 is 

proportional to biomass121) or the abundance of flagella protein per total protein, both of 

which measure the concentration of flagella proteins. If the concentration of flagella 

protein remains unchanged across different conditions, flagella abundance per cell 

(obtained by dividing flagella protein concentration by cell concentration) is expected to 

become lower for decreasing growth rate, because the concentration of cells within a 

culture exponentially increases (Fig. 5.5A), as a consequence of cell size reduction (see 

Fig. 1.2A). Thus, the observed increase of flagella gene expression might be a 

compensation mechanism to maintain flagella number against the reduction of cell size. 

Indeed, when we calculated PfliC-lacZ expression in the unit of “per cell” by dividing 

PfliC-lacZ expression (LacZ/OD600) by the expected number of CFU (cells/mL/OD600) 

obtained from the exponential fit in Fig. 5.5A, the PfliC-lacZ expression per cell changes 

only moderately across wide growth conditions (logarithmic scale: Fig. 5.5B; linear scale: 

Fig. 5.5C, orange points).  
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Figure 5.5: Cell size and flagella amounts per cell for steadily growing cells under different nutrient 
conditions. (A) The concentration of cells in the unit of “cells per OD600 and culture volume (mL)” is 
plotted against growth rates in the logarithmic scale. See Table 5.7 for the plotted values. Wild-type cells 
growing exponentially are plated onto LB plates and colony numbers were counted after overnight 
incubation as described in 5.8.7. There is approximately 10 fold change in CFU value from growth rate 
1.7/hr to 0.4/hr. The fit (grey line) is given by 𝑙𝑜𝑔10 𝑌 =  −0.72𝜆 + 9.6, where Y and λ denote CFU and 
growth rate, respectively. (B and C) Conversion of PfliC-lacZ expression from the unit of LacZ “per 
OD600” to “per cell”. PfliC-lacZ expression (LacZ/OD600) was divided by Y (CFU) expected from the 
analysis in A at each growth condition. B is in logarithmic scale and C is in linear scale. For each B and C, 
The left y-axis shows PfliC-lacZ expression in the unit of per OD600 (red) as in Fig. 5.3AB. The right y-axis 
shows PfliC-lacZ expression in the unit of per cell (orange). There is approximately 10 fold change of 
PfliC-lacZ expression in the unit of per OD600 from growth rate 1.7/hr to 0.4/hr, on the other hand, only 2 
fold in terms of per cell. (D and E) mean flagella amount per cell as compared to PfliC-lacZ expression per 
cell. See Table 5.8 for the plotted values. D is in logarithmic scale and E is in linear scale. The left y-axis 
shows mean flagella amount per cell (blue). See 5.8.8 for the details of staining and analysis. The right y-
axis shows PfliC-lacZ expression per cell replotted same dataset as in Fig. 5.5BC (grey points).  
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To test the above hypothesis more directly, we characterized flagella amount per 

cell by visualizing flagella with staining122 (see method: 5.8.8). We grew cells in different 

growth conditions and quantified the fluorescent intensity of flagella per cell (see the 

photos in Fig 5.6). The mean fluorescent values (obtained from 80~100 cells) largely 

followed with PfliC-lacZ expression per cell (logarithmic scale: Fig. 5.5D; linear scale: 

Fig. 5.5E; blue points), confirming weak growth-rate dependence of flagella machineries 

per cell. At the single cell level, interestingly, it appears cells growing at very slow rate 

possess a small number of long flagella filament (see the cells in Fig 5.6D), while the 

cells grown in rich conditions possess a multiple number of shorter filament (see the cells 

in Fig 5.6A). In addition, we found that nearly a quarter of cells taken from the slowest 

growth condition examined do not possess any flagella (e.g., the cells annotated by the 

red arrows in Fig 5.6D). Thus, the reduced motile fraction at slow growth (Fig. 5.1A) is 

likely due to the loss of flagella for some cells at the reduced flagella expression level 

(Fig. 5.3). Detailed characterization of the dependence of flagella length and number for 

different flagella expression level and in different growth conditions will be a subject of 

future study. 
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Figure 5.6: Representative images of flagella. (A-D) Images obtained with transmission mode were 
overlaid with fluorescent images. The scale bar shows 10µm. (E-H) Distribution of fluorescence intensity 
per cell obtained from flagella staining. The dot black line indicates average value. (A,E) Cells (HE582) 
grown in glycerol plus casamino acids (λ = 1.40 /hr). (B,F) Cells (HE582) grown in glucose minimum 
medium (λ = 0.92 /hr). (C,G) Cells (HE582) grown in fructose minimum medium (λ = 0.67 /hr). (D,H) 
Cells (HE614: titratble glpFK strain) grown in glycerol minimum medium without inducer (λ = 0.21 /hr). 
The red arrow indicates the cells that have no flagellum.  

5.6 Inhibitory effects of c-di-GMP 

 We next asked what factors contribute to the maintenance of swim speed above 

the growth rate of 0.5/hr and the subsequent drop under poorer growth conditions (See 

Fig. 5.1). One of the candidates is the secondary messenger, cyclic di-GMP (c-di-GMP), 

known to promote biofilm formation123 and inhibit flagella motor activity through a 

protein, YcgR117,118. The internal pool of c-di-GMP is controlled by a balance between 

production by a number of cyclases123 and degradation by a number of phosphodiestrases, 

the most dominant of which being PdeH 118,123.  

We first tested the effect of pdeH deletion and overexpression at intermediate 

growth rate (0.68/hr), designed to perturb internal concentration of c-di-GMP. 
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Interestingly, we found the strain with pdeH deletion (increased c-di-GMP level) shows 

substantial drop in the motile fraction (Fig. 5.7A second bar) while the swimming speed 

and run time of motile cells are not affected (Fig. 5.7BC second bar, respectively). On the 

other hand, the strain with pdeH overexpression (reduced c-di-GMP level) didn't show 

any changes in motile fraction, swim speed or run time of motile cells (Fig. 5.7ABC, 

third bar). Additionally, we tested the effect of ycgR deletion. The strain with ycgR 

deletion also didn’t show any changes in those motile characteristics (Fig. 5.7AB, fourth 

bar). However, we found the reduction of motile fraction by pdeH deletion is released by 

the additional deletion of ycgR (Fig. 5.7A, fifth bar), suggesting high level of c-di-GMP 

inhibits motility through YcgR.  

We also characterized these mutants at the slowest growth rate (0.20/hr) studied, 

and obtained similar observations as described above (Fig. 5.7E-H). Specifically, the 

strain with pdeH overexpression (reduced c-di-GMP) did not exhibit increase in the 

motile fraction or swim speed of motile cells (Fig. 5.7EF, third bar), indicating that c-di-

GMP is unrelated to the reduction of motile fraction and swim speed of motile cells in 

wild-type cells in poor growth conditions. Together, these data suggest pdeH expression 

is maintained at high enough level for steadily growing cells such that c-di-GMP doesn't 

affect motility in wild-type cells. Detailed characterization of non-motile cells in the 

pdeH- strain is another subject of future study, to examine if high level of c-di-GMP 

affects swimming speed or tumbling frequency. 
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Figure 5.7: Effects of c-di-GMP perturbations on motile behavior at two different growth conditions. 
See Table 5.9 for the raw values and list of strains. Top panels (A-D, blue bars) show the characterizations 
in the background of wild-type cells growing at intermediate growth rate (0.68/hr) in glycerol, and the 
bottom panels (E-H, green bars) show in the background of titratble glycerol uptake strain growing slowly 
(0.20/hr) in glycerol without inducer. For each background, four mutants were characterized: pdeH-, pdeH 
overexpression (pdeH OE), ycgR-, and double mutant pdeH- ycgR-. pdeH overexpression was attained by 
using Ptet-pdeH construct with high level of inducer (see Table5.9). (A & E) Effects of mutations on motile 
fraction. Strain with pdeH deletion significantly reduced its motile fraction at both growth conditions, and 
this reduction was rescued by additional deletion of ycgR. Interestingly, the low level of motile fraction at 
slow growth condition remained unchanged in the strain with pdeH overexpression. (B & F) Effects on 
swimming speed of motile fraction, (C & G) Effects on run duration of motile population. (D & F) Effects 
on growth rates. Overall, except motile fraction, those mutations didn't affect other characteristics 
compared to wild-type. 

5.7 Proton motive force 

Lastly, we examined the effects of proton motive force (PMF) on swimming 

behavior. PMF is an energy source for flagella motor rotation114,115,124 and its generation 

is coupled to carbon metabolism35,116. We first used nutrient downshift to provide an 

w
t

pd
eH

−

pd
eH

 O
E

yc
gR

−

pd
eH

− 
yc

gR
−

A
m

ot
ile

 fr
ac

tio
n 

[%
]

0

20

40

60

80

100

w
t

pd
eH

−

pd
eH

 O
E

yc
gR

−

pd
eH

− 
yc

gR
−

sw
im

 s
pe

ed
 [µ

m
/s

]
0

5

10

15

20

25

30

w
t

pd
eH

−

pd
eH

 O
E

yc
gR

−

pd
eH

− 
yc

gR
−

ru
n 

tim
e 

[s
]

0.0

0.1

0.2

0.3

0.4

0.5

w
t

pd
eH

−

pd
eH

 O
E

yc
gR

−

pd
eH

− 
yc

gR
−

gr
ow

th
 ra

te
 [/

hr
]

0.0

0.2

0.4

0.6

0.8

w
t

pd
eH

−

pd
eH

 O
E

yc
gR

−

pd
eH

− 
yc

gR
−

m
ot

ile
 fr

ac
tio

n 
[%

]

0

20

40

60

80

100

w
t

pd
eH

−

pd
eH

 O
E

yc
gR

−

pd
eH

− 
yc

gR
−

sw
im

 s
pe

ed
 [µ

m
/s

]

0

5

10

15

20

25

30

w
t

pd
eH

−

pd
eH

 O
E

yc
gR

−

pd
eH

− 
yc

gR
−

ru
n 

tim
e 

[s
]

0.0

0.1

0.2

0.3

0.4

0.5

w
t

pd
eH

−

pd
eH

 O
E

yc
gR

−

pd
eH

− 
yc

gR
−

gr
ow

th
 ra

te
 [/

hr
]

0.00

0.05

0.10

0.15

0.20

0.25
E

DCB

HGF



	
	

	
	

109 

abrupt perturbation on the energy status. We grew cells in limited concentration of 

glycerol and characterized swimming behavior over the course of cell growth (Fig. 5.8, 

green points). Upon depletion of the carbon sources, as indicated by abrupt arrest of cell 

growth (Fig. 5.8A, green points and vertical dashed line), the swimming speed 

immediately dropped from steady state value 25 µm/s to 15 µm/s (Fig. 5.8B, green 

points). The motile fraction slowly decreased over time (Fig. 5.8C, green points), 

presumably due to reduction in flagella number per cell due to cell divisions which 

proceed for a while after the growth arrest16. As a control, we conducted a similar 

experiment by limiting nitrogen source (NH4Cl) in the medium (Fig. 5.8, red points). In 

contrast to carbon depletion, even after the nitrogen depletion, the swimming speed of 

cells remained unchanged (Fig. 5.8B, red points). Together, these data suggest that 

energetic status which is affected by carbon metabolism plays a role to maintain fast 

swimming speed (~ 25 µm/s) until very slow growth rates. 

 

Figure 5.8: Characteristics of swimming behavior upon nutrient depletion. Cells (wt: HE206) were 
grown in limited concentration of carbon source glycerol (green points) or nitrogen source ammonium 
chloride (red points) so that motile behavior of cells can be captured upon depletion. See Table 5.10 for the 
plotted values. (A) Growth curves. Time 0 min is the point when OD600 increase stopped due to depletion. 
(B) Changes in swim speed for the motile population. Upon carbon depletion, swim speed immediately 
decreased from 25 µm/s to 15 µm/s. On the other hand, cells kept swimming at same speed under nitrogen 
depletion. (C) Changes in motile fraction. In both types of depletions, motile fraction remained high over 
long period.  
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Next, we used nutrient upshift to transiently increase the energy status (Fig. 5.9). 

In this experiment, we shifted the medium of cell culture from fructose (growth rate = 

0.67/hr) to glucose (growth rate = 0.90/hr) or glucose plus aspartate (growth rate = 

1.00/hr). As characterized in Fig. 5.6, during the steady state growth, the abundance of 

flagella is twice higher in fructose than glucose (Fig. 5.9B). Thus, this experiment creates 

(transiently) a situation in which cells have high catabolic activities (energy status) while 

also having twice more flagella amount after the shift. We measured swimming behavior 

of cells at several time points during the nutrient upshift Interestingly, the obtained data 

showed little change of swimming speed after the upshift (Fig. 5.9C), suggesting that the 

swimming speed cannot be faster above certain speed even with increased number of 

flagella and restored energy status. 
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Figure 5.9: Characteristics of swimming behavior upon nutrient upshift. (A) Cells (wt: HE206) grown 
in fructose (orange points, λ = 0.67/hr) were transferred at time 0 min into glucose minimum medium (blue 
points, λ = 0.92/hr) or glucose plus 1mM aspartate medium (red points, λ = 1.00/hr). See Table 5.11 for the 
plotted values. (B) As previously shown in Fig. 5.5DE and Fig. 5.6BC, the amount of flagella is twice 
larger in fructose than in glucose. Since the doubling time in glucose is about 45 minutes, in the short time 
scale of this experiment, cells transiently have higher number of flagella after the upshift while growing 
fast. (C) Changes in swim speed. There is a slight increase (~ 10 %) in swim speed when cells were 
transferred into glucose plus aspartate medium (red points), but there is little change when transferred to 
glucose medium (blue points). (D) Changes in motile fraction. There is little change in motile fraction.  

5.8 From gene expression to population growth 

In this chapter, we have established how E. coli cells maintain motile fraction and 

swimming speed in different growth conditions (except at very slow growth rates). Motile 

fraction is maintained at slow growth by an up-regulation of flagella gene expression to 

keep up flagella amount per cell with the reduction of cell size in slow growth conditions. 

At very slow growth (growth rate < 0.5/h), flagella expression gradually decreases and 
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some fraction of cells lose flagella, resulting in a reduction of motile population. PMF 

coupled with carbon metabolism is not a limiting factor unless cells grow under severe 

carbon-limited conditions, thus the cells can maintain their swim speed until very slow 

growth, possibly due to the maintenance of energy status.   

As we have seen in chapter 3 & 4, motile cells obtain strong fitness advantage while 

growing and expanding in soft-agar medium (Fig. 4.10). We next characterized how 

flagella gene expression contributes to the growth of cell population in these conditions. 

As discussed in Chapter 1, when cells grow in well-mixed liquid culture where 

swimming conveys no benefit, flagella gene expression imposes a cost to cell 

growth35,62,63, and the deletion of transcriptional regulators for motility genes (flhDC and 

fliA) leads to improvements of growth rates 35.  

To see the role of flagella gene expression in soft-agar environment, we repeated the 

soft-agar assays using the titratable flhDC strain (HE170 and HE302). In this construct, 

PfliC-lacZ expression and the motile fraction are reduced for decreasing inducer 

concentrations (Fig. 5.4BC), although growth rate increases (Fig. 5.4A and 5.10A). When 

plotting PfliC-lacZ expression and expansion speed characterized by the movement of 

ring (see Fig. 3.4), we found the expansion speed decreases proportionally with PfliC-

lacZ expression in each growth condition (Fig. 5.10E).  

These results demonstrate that, under spatially extended environments, although the 

cost of flagella gene expression to maintain motile fraction is high, it can be turned into 

the benefit due to expanded spatial region supporting population growth. 
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Figure 5.10: Cost and benefit of motility gene expression. Three growth conditions were chosen to 
examine the cost and benefit of motility gene expression (wild-type in glucose: red circles, wild-type in 
glycerol: blue squares, ptsG- in glucose: green tringles). Deletion of major glucose transporter ptsG- leads 
to slow growth in glucose. See Table 5.13 for the plotted values. (A & B) growth rate and expansion speed 
against inducer (cTc) concentration. The dotted lines show wilt-type values. Due to the protein cost of 
motility genes35, increasing expression leads to some reduction in growth rate. Expansion speed was 
measured with 0.5mM aspartate. For titratble flhDC construct, different concentration of inducer was 
additionally provided into soft-agar. (C) PfliC-lacZ expression against growth rates with the data of wild-
type (filled circles) and titratable flhDC construct (empty circles). See the legend table. (D) Expansion 
speed against growth rate. As seen in precious chapters, expansion speed of wild-type cells shows growth 
dependence (filled circles). Use of titratable construct with lower inducer leads to slower expansion speed. 
(E) Expansion speed against PfliC-lacZ expression. For each growth condition, decrease in PfliC-lacZ 
expression leads to slower expansion speed.  
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5.9 Tables 

Table 5.1: Strains used in chapter 5. 

 
 
 
 

Strain Parent Genotype Description 
NCM3722   Non-motile strain. 6kb transposon 

upstream of flhDC promoter. Mis-
sense mutation (N87K) in fliC. See 
Table3.1. 

MG1655B   Motile strain. IS1 upstream of 
flhDC promoter. See Table3.1 

RP437   Motile strain. IS5 upstream of 
flhDC promoter. See Table3.1 

NQ122 NCM3722 PlacZ::km-PLtet-O1-lacZ lacZ driven by constitutive 
promoter26. Non-motile strain. 

NQ840 NCM3722 ycaD::rrnBT-Ptet-tetR 
Non-motile strain carrying  
PLtet-O1 promoter driven tetR at the 
ycaD site96. 

HE136 NQ840 ycaD::rrnBT-Ptet-tetR 
Km::PfliC-lacZ NQ840 carrying PfliC-lacZ fusion. 

HE161 HE136 ycaD::rrnBT-Ptet-tetR 
FRT::PfliC-lacZ HE136 with Km gene flipped out. 

HE170 HE161 
ycaD::rrnBT-Ptet-tetR 
FRT::PfliC-lacZ 
Km:T:PtetM2-flhDC 

HE161 carrying flhDC driven by 
PLtet-O1 promoter and wild-type fliC. 
Motile strain. 

HE205  ∆tcyJ::FRT 

tcyJ null NCM3722 carrying IS1 
upstream of flhDC promoter and 
wild-type fliC. Motile strain. See 
3.8.1 for more details. 

HE206 
(NCM3722
B) 

HE205 ∆tcyJ::FRT  Km::PfliC-lacZ HE205 carrying PfliC-lacZ fusion. 

HE219 HE206 ∆tcyJ::FRT  FRT::PfliC-lacZ HE206 with Km gene flipped out. 

HE301 HE170 
ycaD::rrnBT-Ptet-tetR 
FRT::PfliC-lacZ 
FRT:T:PtetM2-flhDC  

Titratable flhDC construct with  Km 
gene flipped out.  

HE302 HE301 

ycaD::rrnBT-Ptet-tetR 
FRT::PfliC-lacZ 
FRT:T:PtetM2-flhDC 
∆ptsG::Km 

Titratable flhDC construct with 
ptsG deletion.  

HE331 HE205 ∆tcyJ::FRT ycaD::rrnBT-
Km-Ptet-tetR 

HE205 carrying PLtet-O1 promoter 
driven by tetR at the ycaD site96. 

HE341 HE331 ∆tcyJ::FRT ycaD::rrnBT-
FRT-Ptet-tetR HE331 with Km gene flipped out. 
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Table 5.1: Strains used in chapter 5, continued. 
Strain Parent Genotype Description 
HE404 HE205 ∆tcyJ::FRT ∆ycgR::Km ycgR null. 

HE443  

attB::Ap:Plac (no CRP 
needed)-xylR, FRT::Pu-
PglpFK, ∆tcyJ::FRT, 
km::PfliC-lacZ  

Titratable glycerol uptake strain. 
Motile strain carrying IS1 upstream 
of flhDC promoter, wild-type fliC, 
PfliC-lacZ. See 3.8.1 for more 
details. 

HE479  HE219 ∆tcyJ::FRT  FRT::PfliC-lacZ 
∆pdeH::Km pdeH null. 

HE511 HE443 

attB::Ap:Plac (no CRP 
needed)-xylR, FRT::Pu-
PglpFK, ∆tcyJ::FRT, 
FRT::PfliC-lacZ 

HE443 with Km gene flipped out. 

HE512 HE511 

attB::Ap:Plac (no CRP 
needed)-xylR, FRT::Pu-
PglpFK, ∆tcyJ::FRT, 
FRT::PfliC-lacZ ∆pdeH::Km 

pdeH null under titratable glycerol 
uptake system.  

HE516 HE479 ∆tcyJ::FRT  FRT::PfliC-lacZ 
∆pdeH::FRT HE479 with Km gene flipped out. 

HE518 HE512 

attB::Ap:Plac (no CRP 
needed)-xylR, FRT::Pu-
PglpFK, ∆tcyJ::FRT, 
FRT::PfliC-lacZ 
∆pdeH::FRT 

HE512 with Km gene flipped out. 

HE533 HE341 
∆tcyJ::FRT ycaD::rrnBT-
FRT-Ptet-tetR Km::Ptet-
pdeH 

HE341 carrying pdeH driven by 
PLtet-O1 promoter 

HE538 HE511 

attB::Ap:Plac (no CRP 
needed)-xylR, FRT::Pu-
PglpFK, ∆tcyJ::FRT, 
FRT::PfliC-lacZ 
ycaD::rrnBT-Km-Ptet-tetR 

HE511 carrying PLtet-O1 promoter 
driven by tetR at the ycaD site96 

HE543 HE538 

attB::Ap:Plac (no CRP 
needed)-xylR, FRT::Pu-
PglpFK, ∆tcyJ::FRT, 
FRT::PfliC-lacZ 
ycaD::rrnBT-FRT-Ptet-tetR 

HE538 with Km gene flipped out. 

HE554 HE543 

attB::Ap:Plac (no CRP 
needed)-xylR, FRT::Pu-
PglpFK, ∆tcyJ::FRT, 
FRT::PfliC-lacZ 
ycaD::rrnBT-FRT-Ptet-tetR 
Km::Ptet-pdeH 

HE543 carrying pdeH driven by 
PLtet-O1 promoter 

HE560 HE511 

attB::Ap:Plac (no CRP 
needed)-xylR, FRT::Pu-
PglpFK, ∆tcyJ::FRT, 
FRT::PfliC-lacZ ∆ycgR::Km  

ycgR null under titratable glycerol 
uptake system.  
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Table 5.1: Strains used in chapter 5, continued. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Strain Parent Genotype Description 

HE576 HE516 ∆tcyJ::FRT  FRT::PfliC-lacZ 
∆pdeH::FRT ∆ycgR::Km pdeH and  ycgR null 

HE577 HE518 

attB::Ap:Plac (no CRP 
needed)-xylR, FRT::Pu-
PglpFK, ∆tcyJ::FRT, 
FRT::PfliC-lacZ 
∆pdeH::FRT ∆ycgR::Km 

pdeH and  ycgR null under titratable 
glycerol uptake system. 

HE582 HE206 ∆tcyJ::FRT  Km::PfliC-lacZ  
fliC with S219C HE206 carrying S219C in fliC gene. 

HE613  ∆ptsG::FRT, ∆manX::Km  

HE614 HE443 

attB::Ap:Plac (no CRP 
needed)-xylR, FRT::Pu-
PglpFK, ∆tcyJ::FRT, 
km::PfliC-lacZ,  fliC with 
S219C 

HE443 carrying S219C in fliC gene. 
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Table 5.2: Growth rates and swimming characteristics. 
* The nine amino acids are aspartate, serine, and seven non-degradable amino acids (histidine, isoleucine, 
leucine, lysine, methionine, phenylalanine, valine). 
++ For growing RP437, 1 mM of four amino acids (methionine, leucine, threonine, histidine) were 
provided to sustain cell growth. 

 
 
 
 

Strain Carbon source Supplement 
Growth 

rate 
(/hr) 

Motile 
fraction 

(%) 

Swim 
speed 
(µm/s) 

Run 
duration 

(s) 

HE206 
(wt) 

20 mM fructose  0.672 92.6 26.1 0.448 
20 mM glucose  0.919 85.5 24.4 0.409 

11 mM mannose  0.403 94.9 25.2 0.450 
40 mM glycerol  0.682 94.7 24.1 0.400 
40 mM glycerol 5 mM aspartate 0.774 95.2 25.3 0.427 

40 mM glycerol 2 mM of 9 
amino acids* 1.16 86.9 22.3 0.447 

40 mM glycerol 2 % casamino 
acids 1.41 81.9 20.2 0.495 

 2.5 % LB 1.72 89.0 19.6 0.481 
HE433 

(glpK22) 40mM glycerol 5 mM aspartate 0.992 94.3 26.4 0.396 

HE443 
(Pu-glpFK) 

 

40mM glycerol + 
3MBA 0µM  0.212 49.5 18.0 0.387 

40mM glycerol + 
3MBA 10µM  0.271 48.3 16.2 0.352 

40mM glycerol + 
3MBA 50µM  0.447 92.5 22.9 0.404 

40mM glycerol 
+3MBA 800µM  0.691 91.9 23.1 0.399 
40mM glycerol + 

3MBA 0µM 5 mM aspartate 0.222 45.5 17.0 0.358 
40mM glycerol + 

3MBA 10µM 5 mM aspartate 0.328 71.2 18.9 0.376 
40mM glycerol + 

3MBA 25µM 5 mM aspartate 0.411 88.5 21.9 0.405 
40mM glycerol + 

3MBA 50µM 5 mM aspartate 0.529 94.4 24.1 0.437 
40mM glycerol 
+3MBA 800µM 5 mM aspartate 0.737 94.2 24.4 0.439 

MG1655B 

20 mM glucose  0.758 66.5 22.6 0.385 
40 mM glycerol 5 mM aspartate 0.502 93.2 26.4 0.441 

40 mM glycerol 2 % casamino 
acids 0.934 86.7 23.2 0.464 

 1 % TB 1.47 92.2 20.1 0.389 
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Table 5.2: Growth rates and swimming characteristics, continued. 

 
Table 5.3: Growth rates and pfliC-lacZ expression. 

Strain Carbon source Supplement 
Growth 

rate 
(/hr) 

Motile 
fraction 

(%) 

Swim 
speed 
(µm/s) 

Run 
duration 

(s) 

RP437++ 
at 37 ℃ 

20 mM glucose  0.765 70.1 18.0 0.414 
40 mM glycerol 5 mM aspartate 0.594 94.7 20.5 0.414 

40 mM glycerol 2 % casamino 
acids 1.05 54.7 15.5 0.439 

 1 % TB 1.24 7.4 13.7 0.393 

RP437++ 
at 30 ℃ 

20 mM glucose  0.469 92.5 20.4 0.533 
40 mM glycerol 5 mM aspartate 0.417 98.0 22.4 0.507 

40 mM glycerol 2 % casamino 
acids 0.608 87.8 18.3 0.500 

 1 % TB 0.700 80.2 15.6 0.492 

Strain Carbon source Supplement Growth 
rate (/hr) 

pfliC-lacZ 
(LacZ/OD600) 

HE206 
(wt) 

20 mM fructose  0.672 4018 
20 mM glucose  0.919 1671 

11 mM mannose  0.403 5189 
20 mM galactose  0.523 4318 
10 mM maltose  0.749 2857 
20 mM sorbitol  0.539 4693 
40 mM glycerol  0.682 3870 
40 mM glycerol 5 mM aspartate 0.774 2686 

40 mM glycerol 2 mM of 9 amino 
acids 1.16 1040 

40 mM glycerol 2 % casamino 
acids 1.41 726 

 2.5 % LB 1.72 298 
HE265 (ptsG-) 20 mM glucose  0.316 5518 

HE433 (glpK22) 40mM glycerol 5 mM aspartate 0.992 1911 

HE443 
(Pu-glpFK) 

 

40mM glycerol + 
3MBA 0µM  0.212 3828 

40mM glycerol + 
3MBA 10µM  0.271 5529 

40mM glycerol + 
3MBA 50µM  0.447 5913 

40mM glycerol 
+3MBA 800µM  0.691 3831 

40mM glycerol + 
3MBA 0µM 5 mM aspartate 0.222 4257 

40mM glycerol + 
3MBA 25µM 5 mM aspartate 0.411 5240 
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Table 5.4: Growth rates and ptet-lacZ expression. 

 
 
Table 5.5: Mass-fraction of motility-related proteins. 
In Fig. 5.3C, the relative values of protein expression are shown by normalizing the mass-fraction at the 
growth rate 0.56 /hr for each protein category. Signaling genes include cheA, cheB, cheR, cheW, cheY, 
cheZ, motA and motB. Receptors include aer, tap, tar, trg and tsr. Basal structural genes include fliE, fliF, 
fliG, fliH, fliI, fliJ, fliK, fliL, fliM, fliN, fliO, fliP, fliQ, flgA, flgB, flgC, flgD, flgE, flgF, flgG, flgH, flgI, flgJ, 
flgM and flgN. Filament gene includes fliC only. This proteomic data is provided from Dr. Matteo Mori. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Strain Carbon source Supplement Growth rate 
(/hr) 

ptet-lacZ 
(LacZ/OD600) 

NQ122 

20 mM G6P  10 mM gluconate 1.085 25679 
20 mM mannitol  0.839 30211 
20 mM glucose  0.910 26831 
20 mM fructose  0.642 30325 
20 mM sorbitol  0.520 28070 
40 mM glycerol 2 % casamino acids 1.182 19138 

 2.5 % LB 1.645 15222 

Strain Carbon 
source 

3MBA 
(µM) 

Growth 
rate (/hr) 

Signaling 
proteins 

(%) 

Receptor 
(%) 

FliC 
(%) 

Basal 
structure 

(%) 

NQ1243 
 20 mM 

glucose 

0 0.56 0.85 1.92 3.08 0.46 
100 0.69 0.68 1.67 2.31 0.42 
100 0.71 0.82 1.75 2.82 0.39 
100 0.72 0.63 1.59 2.26 0.39 
400 0.77 0.58 1.28 1.92 0.37 
400 0.81 0.64 1.34 2.19 0.32 

NCM3722 0 0.91 0.38 0.79 0.81 0.23 
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Table 5.6: Characteristics of titratable flhDC strain. 

 
 
 
Table 5.7: Colony formation unit at different growth rates.  

 
 
 
 
 
 
 
 
 
 

Strain Carbon 
source 

cTc 
concentration 

(ng/ml) 

Growth 
rate 
(/hr) 

Motile 
fraction 

(%) 

Swim 
speed 
(µm/s) 

Run 
duration 

(s) 

pfliC-lacZ 
(LacZ/OD600) 

HE170 
 

20 mM 
glucose 

 

20 0.951 26.7 18.7 0.39 312 
30 0.988 67.5 21.8 0.40 905 
40 0.951 87.8 23.7 0.41 1160 
50 0.904 91.8 24.9 0.42 1379 

100 0.871 91.6 24.4 0.43 1695 

20 mM 
fructose 

10 0.782 4.3 15.8 0.39 150 
20 0.761 28.2 18.2 0.37 645 
30 0.742 44.0 19.4 0.38 963 
40 0.724 69.2 23.2 0.40 1778 
50 0.685 72.8 22.1 0.39 1710 

100 0.663 96.1 27.4 0.45 3784 

11 mM 
mannos

e 

20 0.465 26.3 17.1 0.38 1206 
30 0.462 53.5 19.2 0.40 1723 
40 0.446 51.9 20.0 0.40 2338 
50 0.428 70.1 21.3 0.41 2939 

100 0.377 88.7 23.3 0.44 5153 

Strain Carbon source Supplement Growth rate 
(/hr) 

CFU 
(cells/mL/OD600) 

HE206 
(wt) 

20 mM glucose  0.919 9.83×10! 
11 mM mannose  0.403 1.94×10! 
10 mM maltose  0.749 1.08×10! 
60 mM acetate  0.450 1.71×10! 

40 mM glycerol  0.682 1.60×10! 
40 mM glycerol 2 % casamino acids 1.40 4.46×10! 

 2.5 % LB 1.72 2.00×10! 
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Table 5.8: Flagella intensity per cell.  
+Little difference in growth rates compared to HE206. 
*The average values and standard deviations (displayed as ±) among two replicates are listed in the table.  

 

 
 

 

 

 

 

 

 

Table 5.9: Swimming characteristics for the strains with pdeH and ycgR mutations. 

 

 
 
 
 
 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Strain Carbon source Supplement Flagella intensity 
per cell (A.U.)*  

HE582+ 

20 mM fructose  717±29 
20 mM glucose  394±18 

11 mM mannose  671±56 
10 mM maltose  620±106 
40 mM glycerol 2 mM of 9 amino acids 346±14 
40 mM glycerol 2 % casamino acids 274±148 

 2.5 % LB 261±71 

Strain Genotype 
cTc 

concentration 
(ng/ml) 

Growth 
rate 
(/hr) 

Motile 
fraction 

(%) 

Swim 
speed 
(µm/s) 

Run 
duration 

(s) 
HE511 Pu-glpFK  0.202 49.5 18.0 0.387 

HE518 Pu-glpFK 
pdeH-  0.207 17.2 14.5 0.375 

HE554 Pu-glpFK 
Ptet-pdeH* 100 0.199 48.9 17.9 0.414 

HE560 Pu-glpFK 
ycgR-  0.205 55.6 18.7 0.402 

HE577 Pu-glpFK 
pdeH- ycgR-  0.200 62.2 19.5 0.417 

HE206 Wild-type  0.663 94.7 24.1 0.400 
HE479 pdeH-  0.668 30.6 21.7 0.349 
HE533 Ptet-pdeH* 100 0.687 96.3 25.6 0.434 
HE404 ycgR-  0.642 96.1 24.7 0.435 
HE576 pdeH- ycgR-  0.687 85.3 22.9 0.406 
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Table 5.10: Nutrient downshift. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Condition Time 
(min) OD600 Motile 

fraction (%) 
Swim speed 

(µm/s) 
Run 

duration (s) 

Carbon 
depletion 
in 10 mM 
glycerol 

-132.6 0.2 76.7 22.9 0.400 
-44.6 0.536 97.2 25.1 0.446 
-10.6 0.779 28.1 23.2 0.412 
-1.6 0.847 96.5 20.3 0.436 
6.4 0.895 93.4 16.7 0.440 

15.4 0.881 85.6 16.2 0.413 
23.4 0.87 93.0 15.7 0.450 
33.4 0.864 93.0 15.7 0.412 
41.4 0.865 89.5 14.8 0.408 
74.4 0.865 82.5 14.0 0.405 

118.4 0.861 77.2 13.6 0.396 

Nitrogen 
depletion 
in 2 mM 
NH4Cl 

-151.1 0.091 64.9 22.9 0.368 
-82.1 0.19 85.3 22.2 0.390 
-50.1 0.266 97.9 24.1 0.428 
-17.1 0.371 96.2 26.4 0.433 
-2.1 0.438 87.0 24.1 0.411 
2.9 0.449 91.9 24.7 0.426 

10.9 0.446 74.7 24.7 0.413 
20.9 0.441 96.3 25.1 0.441 
29.9 0.436 93.9 24.2 0.441 
52.9 0.438 94.4 23.0 0.437 

262.9 0.466 50.9 13.3 0.374 
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Table 5.11: Nutrient upshift. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Table 5.12: Expansion speed with titratable flhDC strain. 
*Expansion speed was measured by soft-agar assay with the indicated carbons plus 0.5 mM aspartate. 

Shift Condition Time 
(min) 

Motile 
fraction (%) 

Swim speed 
(µm/s) 

Run 
duration (s) 

Preshift 20 mM 
fructose 

-5 95.1 26.3 0.445 
-0.5 97.1 24.4 0.432 
-2.5 82.9 24.5 0.436 

Postshift 20 mM 
glucose 

0 91.2 22.8 0.401 
2.5 96.6 24.5 0.401 
5 95.3 24.5 0.391 

7.5 92.2 24.2 0.390 
10 95.7 25.2 0.412 

12.5 95.7 24.7 0.388 

Postshift 

20 mM 
glucose 

+ 
5 mM 

aspartate 

0 86.5 27.3 0.462 
2.5 92.0 28.8 0.449 
5 93.4 29.1 0.440 

7.5 96.0 28.3 0.437 

Strain Carbon 
source 

cTc 
concentration 

(ng/ml) 

Growth 
rate (/hr) 

pfliC-lacZ 
(LacZ/OD600) 

Expansion 
speed* 
(mm/s) 

HE206 
(wt) 

 

20 mM 
glucose  0.919 1671 4.60 

40 mM 
glycerol 

  0.682 3870 2.99 

HE265 
(ptsG-) 

20 mM 
glucose 

  0.316 5518 1.96 

HE170 
(Ptet-flhDC) 

20 mM 
glucose 

20 0.951 312 1.4 
30 0.988 905 2.26 
50 0.904 1379 3.48 

100 0.871 1695 4.02 

40 mM 
glycerol 

20 0.730 569 1 
40 0.702 1224 1.65 

100 0.659 2614 2.49 

HE302 
(Ptet-flhDC 

ptsG-) 

20 mM 
glucose 

20 0.387 896 0.366 
40 0.350 1928 1.02 
60 0.323 2938 1.2 

100 0.282 4206 1.62 
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5.10 Experimental procedure used in Chapter 5 

5.10.1  Construction of titratable flhDC and pdeH strain 

Using plasmid pKDT:Ptet96 as template, the DNA fragment (referred to as 

“km:rrnBT:Ptet”) containing the km gene, the rrnB terminator (rrnBT) and the Ptet 

promoter was amplified using the primer pair Ptet.flh-P1/Ptet.flh-P2 (see below). The 

PCR products were integrated into the chromosome of K12 strain BW25113 (no insertion 

element upstream of flhDC regulatory region) by the method Datsenko et al. 95 to replace 

the flhDC promoter (the upstream region from the 644th nucleotide to the 1st nucleotide 

relative to the translational start point of flhD). The chromosomal integration was 

confirmed first by colony PCR and subsequently by DNA sequencing. The region 

carrying “km:rrnBT:Ptet-flhDC” was transferred to HE161 by P1 transduction, yielding 

strain HE170 (Table 5.1). Primers used are as follows:  

Ptet.flh-P1: caggtaaatattagtctgattattagtaaagataattaatcaatcactcccgtgtaggctggagctgcttc 

Ptet.flh-P2: gtaaatatgacaagttgatgtcataaatgtgtttcagcaactcggaggtatgcatggtacctttctcctctttaatga 

 Similarly, the “km:rrnBT:Ptet” DNA fragment was amplified from pKDT:Ptet 

using Ptet.pde-P1/Ptet.pde-P2 (see below) and subsequently integrated into the 

chromosome of MG1655 strain EQ42 deleted for ryhB, lacY and galK96 to replace the 

pdeH promoter (the upstream region from the 644th nucleotide to the 1st nucleotide 

relative to the translational start point of pdeH). The region carrying “km:rrnBT:Ptet-

pdeH” was transferred to HE341 and HE543 by P1 transduction, yielding strain HE533 

and HE554 respectively (Table 5.1). Primers used are as follows: 

Ptet.pde-P1: tgagccagaacgtattcctgaaagattccgttgtggagtgaggaaatttacgtgtaggctggagctgcttc 
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Ptet.pde-P2: ctcgatgcttgcttcagggttgcttattcgctggataacctgccttatcatggtacctttctcctctttaatgaattcg 

 

5.10.2  Construction of gene deletion mutant 

Deletion alleles of ΔycgR::km and ΔpdeH::km were from Keio deletion 

collection94 (from CGSC, Yale). The allele was transferred into strain HE205, HE219 and 

HE511 by phage P1vir mediated transduction. 

 
 
5.10.3  Construction of a strain for flagella staining 

HE206 and HE443 were transformed with a pTOF24 plasmid carrying S219C in 

fliC that has a single cysteine substitution suitable for flagella staining122. The plasmid is 

a gift from Teuta Pilizota. The native fliC gene in HE206 was then replaced by following 

PMGR protocol described in Merlin et al.,30, yielding HE582 and HE614.  

 

5.10.4   Growth media 

See 3.8.5 for most of details. TB was used at 1 % with 0.5 % NaCl. For the strains 

titratable for flhDC and pdeH, different concentrations of chlortetracycline (cTc) were 

additionally provided into medium. When swim assay and flagella staining were 

performed, PVP40 was provided at 0.05 %. 

 

5.10.5  Culture conditions  

Each growth experiment was carried out in three steps: “seed culture” in LB 

broth, “pre-culture” and “experimental culture” in identical minimal medium. Most of the 

measurements follow the procedure described in 3.8.6, except rich conditions. It is 
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difficult to maintain exponential cell growth during overnight pre-culture in those rich 

conditions including LB, TB, and glycerol with casamino acids and glycerol with 9 

amino acids. For these conditions, the saturated overnight culture was diluted into fresh 

medium and continuously grown for 10 generations. The bacterial density was always 

maintained below OD600 = 0.5 by repeating growth and dilution for a couple of times. 

The culture was then diluted into fresh medium to start main culturing.  

 

5.10.6   β-galactosidase assay 

Samples (0.2 ml cell culture) were collected, fast frozen on dry ice and stored at -

80 °C prior to β-Galactosidase assay. Four samples were collected for each culture during 

exponential growth (for OD600 = 0.1~0.4). For each sample collected, β-galactosidase 

activity was measured at 37°C by the traditional Miller method. The activities obtained 

(in unit of U/ml=OD420/min/ml) were plotted against the respective OD600, and the 

resulting slope from linear regression is taken to be the “LacZ expression level”. 

 

5.10.7   Cell plating 

For cell counting, cell culture was serially diluted 105-fold (x100x100x10) with 

the same growth medium (pre-warmed to 37°C). 0.1 mL of the diluted cell sample was 

added to pre-warmed LB plate. For each plate, 5-10 small beads were added. The plate 

was then quickly shaken to uniformly spread the cell sample around the plate. 

Furthermore, the plate was dried before removing the beads. The plate was sealed with 

tape to prevent evaporation. Cells were grown for 18 hrs at 37°C before counting the 

colonies. A typical plate had 50 to 300 colonies. At least 4 plates per condition were used. 
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5.10.8   Flagella quantification by staining 

Cells (HE582) were grown in the specified medium with PVP40 at 0.05 % and 

Alexa Fluor 488 Maleimide dye at 6.25 µg/ml (ThermoFisher: A10254). When the OD600 

reached about OD600 = 0.1, 2.5 µl of cell culture was placed onto a glass plate and 

covered by a 1 cm x 1cm of 2 % agar pad. For all the conditions studied, we confirmed 

that the presence of dye doesn't interfere with cell growth or swimming behavior.  

Cells were then observed using a laser-scanning microscope (Leica SP8 inverted 

microscope equipped with 8Hz resonant scanner and HyD detector). Fluorophores were 

excited with a 488 nm laser. Detectors scanned in the wave-length range 500−550nm. 

Detection and laser intensity settings were kept constant throughout all experiments. The 

settings are adjusted to avoid saturation of signals. Temperature was maintained at 37°C 

using an environmental chamber.  

The images were taken with a 4x objective covering a size of 58.18 x 58.18 µm2 

containing 1024 x 1024 pixels. To reduce noise, each image was taken by line-averaging 

the image for 64 times. Simultaneously, another image was taken with a transmission 

mode to ensure the position of cell body. Typically each image contained 5 ~ 10 cells. 

We confirmed that the cells with wild-type fliC sequence exhibit very low fluorescent 

intensity close to background, thus the main fluorescent signals come from the stained 

flagella. 

The images were subsequently processed using Fiji ImageJ tools.  First, the area 

of each cell covering its all flagella was selected by polygon tool. To ensure all the cells 

measured even in the absence of flagella, the position of each cell was confirmed by 
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looking at the corresponding transmission image. Then, integrated intensity was 

measured for the selected areas. To minimize the effect of background signals, intensities 

obtained without cells are subtracted from each image. The areal intensities were 

measured at least for 80 cells at each condition. The measurements were repeated at least 

twice, and the error bars shown in the plot is the average ± standard deviation.  

 

5.10.9   Nutrient upshift experiment 

The cells (HE206) were first grown in 20 mM fructose. At time 0 min, the cells 

were transferred into the medium that contains 20 mM glucose or 20 mM glucose with 5 

mM aspartate. Following procedures described in 3.8.8, cells were diluted and transferred 

into glass capillary. The swimming behaviors of cells were kept recording every 2.5 min.  

 

5.10.10   Nutrient downshift experiment 

For carbon depletion experiments, cells (HE206) were first seed-cultured and then 

pre-cultured in 10 mM glycerol and 20 mM ammonium chloride with 0.05% PVP40. The 

cells in pre-culture were grown for ~20 generations, with the bacterial density below 

OD600 = 0.6, and transferred into fresh identical medium (initial OD600 = 0.04). The 

swimming assays were performed several times until saturation was reached for several 

hours. The concentrations of glycerol were chosen such that cells run out of glycerol and 

reached saturation at a cell density of about OD600 = 0.8. For nitrogen depletion 

experiments, cells were pre-cultured in 40 mM glycerol and 2 mM ammonium chloride 

with 0.05% PVP40. The cells in pre-culture was grown for ~20 generations, with the 

bacterial density below OD600 = 0.3, and transferred into fresh identical medium (initial 
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OD600 = 0.04). The concentrations of ammonium chloride were chosen such that cells run 

out and reached saturation at a cell density of about OD600 = 0.45. 

 

5.10.11   Soft agar assay 

See 3.8.10 for the details. For the strains titratable for flhDC (HE170, HE302), 

cTc uniformly mixed into the soft-agar medium. 
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