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Summary 

When facing nutrient limitation, bacterial populations are forced to optimize uptake systems for available 

substrates in order to adapt and survive. However, the physiological diversity of each individual in a 

population leads to differential activation of the uptake systems in response to the same environmental 

condition. Hence, heterogeneous phenotypes can be generated in a clonal population. A way for each 

bacterial individual to sense nutrient availability and transmit this information from the extra- to the 

intracellular spaces is via two-component systems (TCSs). Escherichia coli contains 30 TCSs, each 

composed of one histidine kinase (HK) and at least one response regulator (RR). The HK is responsible 

for perceiving the extracellular stimulus and the RR consequently mediates the output, generally a 

regulation of gene expression. BtsS/BtsR and YpdA/YpdB are examples of two TCSs in E. coli. 

BtsS/BtsR activation leads to the induction of yjiY, whereas YpdA/YpdB activates yhjX expression. yjiY 

and yhjX code for putative transporters. Both systems are functionally interconnected and are though to 

form a large signalling network. 

This thesis focuses on the analysis of the transcriptional activation of yjiY and yhjX at the single-cell level 

and on the biological significance of the two TCSs. The activation of the target promoters at the single-

cell level was found to be heterogeneous and strongly influenced by the available nutrients. To exploit the 

biological relevance of the two TCSs, wild-type cells were compared to cells of a btsSRypdAB mutant 

under two metabolically modulated conditions: protein overproduction and persister formation. BtsS/BtsR 

and YpdA/YpdB network was shown to contribute to a balancing of the physiological state of all cells 

within a population. 

YjiY, the putative transport protein resulting from BtsS/BtsR activation, was found to function as a high-

affinity and specific pyruvate/H+ symporter. The protein was renamed for BtsT (Bts is an abbreviation of 

the German name for pyruvate, Brenztraubensäure, and T stands for Transporter). The correlation 

between the heterogeneous transcriptional activation of btsT and the number of persister cells was 

explored using microfluidic technology. It was showed that individuals with low btsT transcriptional 

activation were more prone to form persisters. A relevant biological application of a pyruvate transporter, 

the resuscitation from the viable but nonculturable (VBNC) state of E. coli was tested in bulk and single-

cell assays and revealed that the concominant presence of pyruvate and BtsS/BtsR and YpdA/YpdB 

network is required for proper resuscitation from this state. 

For the first time, phenotypes associated to a mutant lacking the BtsS/BtsR and YpdA/YpdB systems were 

identified, which in general are related to metabolic challenges. This thesis contributes to a better 

understanding of the biological role of the two TCSs, BtsS/BtsR and YpdA/YpdB of E. coli. 
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Zusammenfassung 

Eine Nährstofflimitation zwingt Bakterienpopulationen dazu, ihre Aufnahmesysteme für verfügbare Substrate zu 

optimieren, um Adaptation und Überleben zu gewährleisten. Die physiologische Diversität einer Population 

impliziert trotz gleicher Umweltbedingung eine je nach Individuum verschiedene Aktivierung der 

Aufnahmesysteme. Infolgedessen können sich in einer klonalen Population heterogene Phänotypen entwickeln. 

Zweikomponentensystem (TCSs) ermöglichen es jedem bakteriellen Individuum, die Nährstoffverfügbarkeit 

festzustellen und diese Information von dem extra- in den intrazellulären Raum zu übertragen. Escherichia coli 

besitzt 30 TCSs, jeweils bestehend aus einer Histidinkinase (HK) und mindestens einem Antwortregulator (RR). Die 

HK ist dafür verantwortlich, den extrazellulären Stimulus wahrzunehmen, während der RR anschließend den 

Ausgabewert vermittelt, üblicherweise in Form einer Regulation der Genexpression. BtsS/BtsR und YpdA/YpdB 

sind Beispiele für zwei TCSs in E. coli. Die Aktivierung von BtsS/BtsR führt zur Induktion von yjiY, während 

YpdA/YpdB die Expression von yhjX aktiviert. YjiY und yhjX kodieren mutmaßliche Transporter. Die beiden 

Systeme sind funktionell miteinander verbunden und bilden vermutlich ein großes Signalnetzwerk. 

Diese Arbeit konzentriert sich auf die Einzelzellanalyse der transkriptionellen Aktivierung von yjiY und yhjX, sowie 

auf die biologische Signifikanz der beiden TCSs. Auf Einzelzellebende konnte eine heterogene Aktivierung der 

Zielpromotoren nachgewiesen werden, die stark von den verfügbaren Nährstoffen beeinflussbar ist. Um die 

biologische Relevanz der beiden TCSs zu untersuchen, wurden Wildtypzellen mit einer btsSRypdAB Mutante unter 

zwei metabolisch modifizierten Bedingungen verglichen: Proteinüberproduktion und Persistenz. Es konnte gezeigt 

werden, dass das Netzwerk aus BtsS/BtsR, sowie YpdA/YpdB zum Ausbalancieren des physiologischen Zustandes 

aller Zellen einer Population beitragen. 

YjiY, das aus der BtsS/BtsR Aktivierung resultierende, mutmaßliche Transportprotein, funktioniert nachweislich als 

hochaffiner und spezifischer Pyruvat/H+ Symporter. Dementsprechend wurde das Protein umbenannt in BtsT (Bts: 

Abkürzung für Brenztraubensäure, T: Transporter). Die Korrelation zwischen heterogener transkriptioneller 

Aktivierung von btsT und der Anzahl an Persisterzellen wurde mittels Mikrofluidiktechnologie untersucht. Es konnte 

gezeigt werden, dass Individuen mit niedrigem btsT Expressionslevel tendenziell anfälliger für den Übergang in den 

Zustand der Persistenz sind. In Gesamt- und Einzelzelltests konnte belegt werden, dass die gleichzeitige Präsenz von 

Pyruvat und BtsS/BtsR, sowie YpdA/YpdB Netzwerk Voraussetzung ist für eine korrekte Umkehrung des VBNC 

Zustandes (viable but nonculturable) von E. coli. 

Damit wurden zum ersten Mal Phänotypen, die gewöhnlich mit metabolisch herausfordernden Bedingungen in 

Zusammenhang stehen, bei einer Mutante identifiziert, der die BtsS/BtsR und YpdA/YpdB Systeme fehlen. Diese 

Arbeit trägt zu einem besseren Verständnis der biologischen Rolle der beiden E. coli TCSs BtsS/BtsR und 

YpdA/YpdB bei. 
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Chapter 1 

 

Introduction 

1.1- From populations to individuals – Phenotypic Heterogeneity 

Escherichia coli and other bacteria, multiply by binary fission, resulting in two genetically identical 

daughter cells (1). Microbial research has traditionally considered bacterial populations homogeneous 

because they consist of clonal individuals derived from a common ancestor. Therefore, focus has been 

given only to bulk studies. Population-level measurements yield data representative of the population 

average of a certain studied parameter. However, differences among single individuals of a population can 

exist. Genetically identical populations which colonize homogeneous environments can display 

phenotypic differences among their individuals. This phenomenon is called phenotypic heterogeneity (2, 

3). In a nutshell, phenotypic heterogeneity allows a population to maximize its metabolic, genetic and 

growth behaviors, resulting in an extraordinary survival tool in competitive environments.  

Two different types of phenotypic heterogeneity can be characterized (Fig. 1.1). One is called macro-

heterogeneity, where two clear subpopulations appear, each with a normal distribution in gene expression 

levels. This type of heterogeneity is often referred to as bistability (4, 5). The second type is called micro-

heterogeneity and although exhibiting a unimodal distribution of gene expression, presents large 

deviations from the mean value (6). Both types provide an adaptively response to unpredictable 

environmental changes.  

Let’s take as example a research laboratory “society”. Each single individual is responsible for different 

tasks apart from their research project, as monthly radioactive garbage disposal, maintenance of 

ultracentrifuges, negotiations with suppliers, lecturing, etc. The demands that these tasks imply are not 

condensed in the principle investigator neither in technical assistants. Instead, all members of the 

laboratory take part by small contributions. If only one PhD student would be responsible for all the above 

mentioned tasks, the chances of him/her exhausts energy and consequently not fulfill the tasks would be 

high. The same behavioral principle is found in bacterial populations. The risks associated with high and 

low expressing populations (for the specific case of gene expression) are “spread” through the population 

(7).  

The source of phenotypic heterogeneity lies on the spatial gradients of nutrient availability, oxygen 

concentration or other environmental factors that occur in a population (3). These gradients generate 

microenvironments where clusters of subpopulations grow and adapt accordingly. (8). An interesting 

study (9) refers to a hierarchy of sources of phenotypic heterogeneity according to a “timescale”. It is 
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suggested that the stability (temporal matter) of a certain phenotype can help predict which is the most 

likely source of the heterogeneous behavior. 

  

 

Fig.1.1- Types of phenotypic heterogeneity. Schematic representation of histograms correlating cell 

number and “production” (here is taken as related to gene expression). The panel Heterogeneity shows 

macro-heterogeneity (red line) and micro-heterogeneity (blue line) and their distributions around the 

average of the population (dashed line). On the panel Homogeneity, a homogenous population (green line) 

with indication of the impact in productivity is represented. See text for details. Adapted from (6). 

 

Nevertheless, for certain processes it is important to accomplish a rather homogeneous profile of 

expression, as for example production of virulence factors (10). Homogeneity is associated with increase 

stability, predictability and a precise control over entire processes (11). Understanding the mechanisms 

underlying the establishment of phenotypic heterogeneity and the development of engineering tools to 

manipulate the population behavior are of major importance. 

 

1.1-1. Metabolic specialization 

Metabolic specialization is a general biological principle which supports that individual cells specialize 

phenotypically in a subset of metabolic processes (12, 13), instead of each cell performing all the 

processes required at a population level. This would mean, for instance, that a subgroup of cells 

specializes in the catabolism of glucose whereas another subgroup would be directed to nitrogen 

regulation (14), resulting in a metabolic balanced population. Ecological and evolutionary principles can 

easily explain why it is better to distribute the metabolic burden of certain processes among the 

individuals of a population (15).  

Studies have explored experimentally this concept in organisms as Pseudomonas putita (16) and 

Saccharomyces cerevisiae (17). An interesting study in E. coli aimed to investigate heterogeneity in the 
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expression of metabolic genes involved in glucose transport, gluconeogenesis and acetate scavenging (18). 

For that purpose, E. coli MG1655 strains harboring translational fusions of the corresponding genes to the 

green fluorescent protein (GFP) were analyzed under different cultivation conditions and showed that 

clonal populations growing in glucose environments have heterogeneous expression of metabolic genes. 

New techniques to access incorporation of metabolites at the single-cell level will in the near future allow 

better understanding of metabolic specialization (19–21).  

 

1.2- Perceiving environmental cues: Two-component systems 

On the basis of several phenotypic heterogeneous behaviors, as persistence to antibiotics, metabolic 

specialization, among others, there are changing environmental conditions within the organism natural 

habitat. These changes can comprise impaired oxygen supply, nutrient limitation, changing temperatures, 

differential pH and osmolarity, etc. Bacteria have therefore developed tools to cope with such changing 

environmental conditions and accomplished sustainable growth and proliferation inside ecological and 

environmental niches. 

In order to survive, single individuals within a population face the necessity to sense environmental cues 

and respond to them thereby attaining a phenotype that performs well in the current situation. 

Environmental signals are commonly interpreted by cells via systems of sensor and regulator proteins that 

result in a change in transcription and/or translational regulation (4). Signal transduction in bacteria is 

typically performed via two-component systems (TCSs) (22, 23).  

 

Two-component signaling genes are found in all three domains of life (24, 25). In average bacteria 

harbour 25 TCSs to sense environmental factors (26). However there is a broad frequency range from 0 

TCSs in Mycoplasma genitalium, 9 in Haemophilus influenza, 70 in Bacillus subtilis, up to 251 in 

Myxococcus xanthus (22). The number of TCS seems to strongly correlate with ecological and 

environmental niches (27, 28). Bacteria that live primarily in constant environments, as intracellular 

parasites, harbor only few signaling pathways (e. g. Mycoplasma harbors zero TCSs) since a significant 

portion of its genome is devoted to the transport of nutrients from its host such as glucose and fructose, as 

well as genes for attachment organelles, adhesins, and antigenic variation to evade the host immune 

system, whereas organisms facing frequent fluctuations in their environments comprise more TCSs (29). 

E. coli harbors 30 sensory proteins, so called histidine kinases (HKs), and 30 effectors, so called response 

regulators (RRs) (Fig. 1.2). Prominent examples are the well characterized KdpD/KdpE involved in K+ 

regulation in E. coli (30), the BarA/UvrY which is required for the switching between glycolytic and 

gluconeogenic carbon sources (31) and ArcB/ArcA that mediates adaptation to anaerobic growth 

conditions (32). 
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Fig.1.2- Two-component systems of E. coli MG1655 K-12. Overview of the TCSs of E. coli (in blue the HK and in 

black the RR) with their corresponding stimuli and outcome (when known). Made by Kristoficova and Vilhena, 

2017. 

 

As depicted in Fig. 1.2, the variety of stimuli and responses is great and often associated with some 

pathogenic features, making TCSs a strong focus for potential pharmaceutical intervention. Typically, 

upon perception of the corresponding stimulus, firstly the HK autophophorylates at a conserved histidine 

residue (33). Secondly, the phosphoryl group of the HK is transferred to a conserved aspartate residue of 

the RR (Fig.1.3). Lastly, the effector domain of the RR is activated and modulation of gene expression 

occurs. Having control over TCSs activation influences, in turn, the modulation of gene expression upon a 

certain stimulus/environmental trigger. Unequal response of a certain TCS among individual cells of a 

population upon the same stimulus, is a source phenotypic heterogeneity.  
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Fig.1.3- Signal transduction in typical TCSs. Schematic depiction of the phosphor transfer between the sensor 

histidine kinase and the response regulator. A conserved histidine residue (H) is firstly phosphorylated and later the 

phosphoryl group (P) is transferred to a conserved aspartate residue (D). Adapted from (24). 

 

 

1.2-1. LytS/LytTR-like two-component systems 

One of the most distributed families of TCSs in bacteria is the LytS/LytTR family (34, 35). The family is 

characterized by having members which are involved in regulation of pathogenicity or virulence and by 

the structural similarity between the members. All family members have a LytS-like HK [with signal 

recognition domain of the 5 transmembrane domains (TMs) Lyt type] and a LytTR-like RR (36). 

Examples include: AgrC/AgrA from Staphylococcus aureus, which is involved in the transition from the 

persistent, avirulent state to the virulent phenotype (37); FsrC/FsrA from Enterococcus faecalis is 

responsible for the production of virulence-related proteases (38); VirS/VirR from Clostridium 

perfringens induces the synthesis of exotoxins and collagenase (39, 40); LytS/LytR from S. aureus 

controls bacterial autolysis and is associated with programmed cell death, and ComD/ComE which 

regulates natural competence in Streptococcus pneumoniae (41).  

 

The only two known members of the LytS/LytTR family in E.coli are BtsS/BtsR (formerly known as 

YehU/YehT) (34, 42–44) and YpdA/YpdB (43, 45, 46). It is worth mentioning, that BtsS/BtsR and 

YpdA/YpdB share a high degree of similarity in E. coli: the HKs have a sequence identity of 29% 

(sequence similarity of 53%), the RRs of 32% (sequence similarity of 53%). A comparative genomics 

study investigated the distribution and co-occurrence of the two systems and concluded that the majority 

of γ-proteobacteria possesses only the BtsS/BtsR system, while YpdA/YpdB system is predominantly 

found in addition to the BtsS/BtsR system (34). The co-ocurrence of both systems (E. coli’s case) is a rare 

event. The study provided evidence that the systems might co-operate in a complementary way.  
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Cross-talk between each system has been reported and suggested that they might form a nutrient sensing 

network (43). Both these systems will be discussed in more detail in the next sections. 

 

1.3- The BtsS/BtsR two-component system of Escherichia coli 

BtsS/BtsR TCS is composed of a LytS-like HK (BtsS) and LytTR-like RR (BtsR) (47, 48) (Fig. 1.4A). 

btsS and btsR form an operon localized at 47.638 centisomes in the E. coli MG1655 genome with 4 bp 

overlap between them. The HK BtsS consists of 561 amino acids (62.1 kDa) (49, 50). The N-terminal 

input domain of BtsS consists of a 5TM Lyt domain (36) and a cGMP specific phosphodiesterases, 

adenylyl cyclases and FhlA (GAF) domain. GAF domains are known to be involved in the perception of 

stimuli and/or signal transduction (51). The RR BtsR consists of 289 amino acids (27.4 kDa) (49, 50) and 

is organized in two domains: a CheY-homologous receiver domain and a DNA binding domain of the 

LytTR family (52, 53). Autophosphorylation of the HK BtsS or the transfer of the phosphoryl group to 

BtsR was not experimentally detected yet.  

 

Previous studies on BtsS/BtsR in E. coli identified yjiY as its only target gene (42). yjiY is located at 98.87 

centisomes on E. coli chromosome. Its genomic organization is depicted in Fig. 1.4B. This gene appears 

dissociated from btsSbtsR operon, contrary to the situations in Vibrio, Shewanella species or 

Photorhabdus asymbiotica (54). However, it is suggested that yjiY might be organized in an operon (55) 

with yjiX, a small cytosolic protein of unknown fuction, and yjiA, a protein with low GTPase activity (56). 

Though recent proteome data of E. coli did not reveal similar expression profiles of these three proteins 

under several experimental conditions, which does not support that they are all encoded in one single 

operon (57). The promoter region of yjiY was determined to be within -112 and -13 positions upstream the 

start of the coding region. A core binding site consist of two direct repeats of the motif 

ACC(G/A)CT(C/T)A linked by a 13 bp spacer and a third stabilizing motif (42). 

BtsR binds tighly to yjiY promoter region (Kd 75 nM). yjiY transcription is further positively regulated by 

the  cyclic AMP (cAMP) receptor  protein  (CRP) complex (CRP-cAMP) and at a post-transcriptional 

level it is negatively regulated by the carbon storage regulator A (CsrA). This target gene shows a 

transient peak of expression at the onset of stationary phase in rich media (43). Further in vitro studies 

showed that BtsS/BtsR-mediated activation of yjiY can occur in nutrient-limiting conditions when 

pyruvate is later provided extracellularly (from a threshold of 50 μM), suggesting a scavenging role of this 

two-component system (58). 

 

The target gene codes for the putative carbon starvation transporter YjiY, which is homologous (61.1% 

identity) to CstA, a carbon starvation protein and putative peptide transporter. YjiY belongs to the amino 
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acid-polyamine-organocation (APC) superfamily of secondary transporters (59, 60). The APC superfamily 

contains 18 families, from which the functionally characterized are responsible for the transport of amino 

acids, peptides, inorganic anions or cations (60). Characterization of bacterial transporters is crucial as 

they play a major role in maintaining a balance in terms of substrates concentrations between the extra- 

and intracellular spaces due to the impermeability of the membrane (61). So far, the transported substrated 

by YjiY has not yet been identified. 

 

 

 

 

 

 

 

 

Recently, the substrate of the HK BtsS was elucidated (58). Extracellular pyruvate binds the HK BtsS with 

a Kd of 58.6 μM, confirming that BtsS is a high-affinity receptor for pyruvate. Moreover, it was shown 

that pyruvate is firstly produced intracellularly and upon accumulation, it is excreted to the extracellular 

space in a process called overflow metabolism. The peak of pyruvate excretion coincides with the 

activation of yjiY promoter, suggesting that somehow, YjiY might be involved in pyruvate transport.  

The specific physiological and functional role of the BtsS/BtsR TCS in E. coli remains elusive.  

 

1.4- The YpdA/YpdB two-component system of Escherichia coli 

Alike BtsS/BtsR, also YpdA/YpdB comprise a LytS-type HK and a LytTR-like RR (Fig. 1.5A) and both 

ypdA and ypdB are genetically encoded in an operon together with ypdC, which codes for a AraC-type 

regulatory protein (49). The operon is located 53.56 centisomes on the chromosome of E. coli. YpdA HK 

consists of 565 amino acids (62.7 kDa) with a N-terminal 5TM Lyt input domain linked to a GAF domain, 

as its cognate BtsS (62). The RR YpdB consists of 244 amino acids (28.7 kDa) and shares the same 

Fig. 1.4- The BtsS/BtsR two-component system of Escherichia coli. (A) Schematic representation of the TCS 

BtsS/BtsR and the corresponding target gene and protein. The figure was provided by Ivica Kristoficova, adapted 

and modified. (B) The neighboring genomic region of yjiY is represented schematically (units in bp). See text for 

details.  
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structural organization as BtsR, a CheY-homologous receiver domain and a DNA binding domain of the 

LytTR family.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.5- The YdpA/YpdB two-component system of Escherichia coli. (A) Schematic representation of the TCS 

YdpA/YpdB and the corresponding target gene and protein. The figure was provided by Ivica Kristoficova, adapted 

and modified. (B) Localization of yhjX gene within the E. coli genome (units in bp). (C) Schematic model of the 

cooperative binding of YpdB to yhjX promoter. M1-high affinity binding site. M2- low affinity bindinf site. +1 – 

start of the coding region. -35 and -10 core promoter region. See text for details. Adapted and modified from (63).  

 

Previously, yhjX has been identified as the sole target of YpdA/YpdB TCS of E. coli (45). This target gene 

is located at 79.94 centisomes on the E. coli chromosome (Fig. 1.5B), disassociated from ypdABC operon 

(49). Other organisms like Yersinia enterocolitica and Aeromonas hydrophila have yhjX and ypdABC co-

localized in the genome (54). The promoter region of yhjX was determined to lie within the -264/+36 

positions from the start of the coding region. A recent study elucidated how the RR YpdB initiates gene 

expression of yhjX (46). Using surface plasmon resonance (SPR) spectroscopy combined with interaction 

map® (IM) analysis, a high-affinity (M1 or A-site) and a low-affinity (M2 or B-site) binding sites within 

the yhjX promoter were identified (Fig. 1.5C). It is suggested that YpdB shows a ‘AB-BA’ DNA-binding 

mechanism, involving sequential promoter binding (one molecule of YpdB binds to M1, a second 

molecule to M2 and then recruitment of RNA polymerase occurs), and rapid promoter clearance. The 
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rapid clearance might enable a dynamic pulse expression leading to a switch-like behavior (64). At a post-

transcriptional level, yhjX is positively regulated by CsrA, contrary to the case of yjiY (43). However, 

similarly to yjiY, also yhjX show a transient peak of expression precisely at the transition between 

exponential and stationary phases. Interestingly, expression of yhjX was claimed to be highly induced 

upon overexpression of the toxic peptides ShoB, LdrD or IbsC (65) and by benzoate (66), however 

luciferase-based reporter assays never indicated such expression levels (45). yhjX transcription activation 

is constitutive and maximal when cells are cultivated in M9-minimal medium supplemented solely with 

pyruvate, and the threshold concentration of pyruvate required for induction was determined to be 600 μM 

(45).  

yhjX codes for the putative transporter protein YhjX. This protein is a member of the Oxalate:Formate 

Antiporter (OFA) Family within the Major Facilitator Superfamily (MFS) (67, 68). Thus far and although 

YpdA/YpdB-mediated yhjX expression be detected in the presence of extracellular pyruvate, neither 

binding of the substrate to the HK YpdA nor the transport by YhjX were experimentally proved yet. 

The specific physiological and functional role of the YpdA/YpdB TCS in E. coli is still unknown. 
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1.5- Scope of this thesis 

In recent years, characterization of TCSs has been a popular field of research due to the necessity to 

understand bacterial communication and adaption processes. The two TCSs BtsS/BtsR and YpdA/YpdB 

from E. coli have been extensively studied and characterized. However, the physiological relevance of 

these two systems and the function of both putative transport proteins are still unclear. Moreover and 

importantly, the so far experimental designs have only englobed bulk experiments, leaving a vast gap in 

the single-cell analysis of these systems activities. 

The primordial aim of this thesis is to perform analysis of the transcriptional activation of each target gene 

at the single-cell level to check for heterogeneous behavior and unravel the physiological and functional 

roles of the sensing network BtsS/BtsR and YpdA/YpdB. 

 

i. Single-cell analysis of yjiY and yhjX transcriptional activation 

Based on bulk experiments, the inducing conditions for BtsS/BtsR and YpdA/YpdB- mediated 

activation of yjiY and yhjX, respectively, are known. Here, the distribution profiles of the 

activation of each target gene among single individuals shall be elucidated. Fluorescence-based 

reporter strains will be constructed and tested under inducing conditions. The transcription 

activation of yjiY and yhjX will also be quantitatively accessed in single cells. 

 

ii. Identification of the substrate transported by YjiY 

The fact that the HK BtsS binds extracellular pyruvate with high-affinity was a hint to test YjiY 

for the transport of pyruvate. Transport assays will be performed to elucidate the transported 

substrate. 

 

iii. Investigation of the biological relevance of BtsS/BtsR and YpdA/YpdB systems 

With the obtained knowledge from the two above sections, the biological role of these TCSs will 

be addressed. A mutant lacking the sensing network will be generated and used to compare 

metabolically related phenotypes against a wild-type strain. Moreover, microfluidic techniques 

will be employed to investigate the transcriptional activation of the target genes under stress 

conditions with single cell resolution. 
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ABSTRACT 

Phenotypic heterogeneity, which is defined as diversity among genetically identical individuals, poses 

significant challenges in biotechnological applications as well in health care. One important consequence 

of phenotypic heterogeneity is the persistence to antibiotics. Time-resolved single-cell analysis is 

inevitable to understand the mechanisms underlying the formation of persistent cells.  

In this study, we apply a PDMS-based microfluidic device to perform a persister cell formation assay with 

Escherichia coli, offering spatial and temporal single-cell resolution and constant environmental 

conditions that could potentially alter the behavior of the cells. We study the transcriptional activation of 

btsT, the target gene of BtsS/BtsR, a two-component system in E. coli responsible for sensing and 

transporting pyruvate. The system forms a network together with YpdA/YpdB, also a pyruvate-responsive 

system. Bulk experiments have previously revealed that the systems play a role in persister cell formation. 

By tracking individual persister cells and simultaneously observing the activity of btsT transcriptional 

activation, we were able to find that individuals featuring low btsT transcriptional activation are more 

prone to form persisters. These findings come to complement the biological significance of the nutrient 

sensing network BtsSR/YpdAB of E. coli and at the same time show how microfluidic devices in 

combination with time-lapse microscopy provide a powerful tool to study bacterial phenotypes with high 

resolution. 
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INTRODUCTION 

In recent years, bacterial heterogeneity has emerged as a new and challenging field of research(3, 69, 70). 

Bacterial phenotypic and/or genetic heterogeneity have important practical consequences which can affect 

industrial fermentations(71), the pathogenic potential of certain microorganisms(72) and even antibiotic 

resistance (73). A well-known case of phenotypic variance among clonal bacterial individuals is 

persistence to antibiotics (2, 74). Persister cells are able to survive antibiotic treatment and restore a 

normal sensitive population once the antibiotic stress is removed from the media (75). Contrary to 

resistant cells, persisters do not acquire a genetic mechanism for sustaining antibiotic stress, instead they 

suffer a reversible phenotypic switch to a dormant state (76, 77).  

In order to explore the intriguing single-cell bacterial behavior and the complex mechanisms underlying, 

for instance, persister cell formation, the development of adequate analytical tools is of significant 

importance (78). Among those tools, microfluidic devices appear as one of the most thoroughly studied 

and reliable emerging technology for bacterial single-cell analysis (79–82). Microfluidic devices present 

numerous advantages comparing to bulk technologies. Among these is the ability to perform studies under 

well-defined and controlled environmental conditions (83, 84). When coupled to automated time-lapse 

microscopy, microfluidic technologies allow live-cell imaging with spatial and temporal single-cell 

resolution(80). Ultimately, microfluidic devices secure homogeneous cultivation conditions and 

consequently more reliability on the study of bacterial heterogeneity. Once studying complex 

environment-related phenotypes, as for the case of persistence, having a high-throughput microfluidic 

cultivation platform comes as a great advantage. Other works already explored the study of persister cell 

formation using microfluidic devices (77, 85–87). However, some of these studies use cultivations based 

on mechanical cell trapping (85) or agarose pad cultivations (87) which generate external stress for the 

bacterial cell (change from liquid to semi-solid medium and restriction in movement). 

In this study, we use a PDMS-based microfluidic device to assess persister cell formation. As model 

organism we use E. coli MG1655 which harbors GFP under the control of btsT promoter. btsT is the target 

gene of BtsS/BtsR two-component system (TCS) of E. coli (42, 44). The gene codes for a protein with the 

same name, BtsT, which is a pyruvate transporter in E. coli (88). In previous studies we have shown that 

in order to have BtsS/BtsR-mediated activation of btsT, nutrient limiting conditions and the presence of 

extracellular pyruvate have to concomitantly occur (44, 89). This system is part of a signaling network 

comprising another TCS, YpdA/YpdB, whose stimulus and function remain elusive, although the system 

also responds to external pyruvate (43, 45). Both are referred to as the pyruvate sensing network 

BtsSR/YpdAB.  
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MATERIAL AND METHODS 

 

Bacterial strains and growth conditions.For this study we used the E. coli MG1655 PbtsT-gfp strain (89). 

This strain was grown overnight in lysogeny broth (LB) (10 g/l NaCl, 10 g/l tryptone, 5 g/l yeast extract). 

After inoculation, bacteria were routinely grown in LB-medium under agitation (200 rpm) at 37°C in 100 

mL baffled shake flasks. For solid medium, 1.5% (wt/vol) agar was added. Where appropriate, media 

were supplemented with kanamycin sulfate (50 µg/ml). 

 

Microfluidics. The microfluidic experiments were carried out in polydimethylsiloxane (PDMS)-based 

devices within a Nikon Ti-E Eclipse fluorescence microscopy setup (Nikon Corporation, Japan). The 

fabrication of the microfluidic device follows a silicon wafer processing and PDMS fabrication protocol 

as described in (80, 90, 91). Briefly, the microfluidic features were structured in SU-8 negative photoresist 

(Microchemicals GmbH, Germany) on a 4” silicon wafer. The structured wafer served as a mold for liquid 

PDMS (Sylgard 184, Dow Corning Corporation, USA). After curing the PDMS in an oven at 80°C for 

about three hours, the PDMS cast containing the channel structures was peeled off from the wafer and cut 

into separate devices. Inlet and outlet holes were punched using a punching needle. The device was 

cleaned by a rinse with Isopropyl alcohol and a subsequent treatment using adhesive tape. After cleaning, 

the device was bonded to a glass substrate by the application of an oxygen plasma (Femto Plasma Cleaner, 

Diener Electronics, Germany) for 25 s at an oxygen flow rate of 20 sccm.  

Fluorescence and phase contrast images were taken using an Zyla sCMOS camera (Andor Technology 

Ltd, Northern Ireland) in combination with an 100x objective (Plan Apochromat λ Oil, NA=1.45, 

WD=170µm, Nikon Corporation, Japan). A SOLA LED lamp (Lumencor®, USA) was used as 

fluorescence excitation light source. Both phase contrast and fluorescence images were taken every 30 

minutes using the NIS Elements Software (Nikon Corporation, Japan). Fluorescence images of the GFP 

signal were acquired using an YFP filter set (AHF Analysentechnik AG, Germany) featuring a 500/24 

excitation filter, a 520 long-pass dichroic mirror and a 542/27 emission filter. All filter specifications are 

given as peak/width in nm. 

 

Statistical analysis. Fluorescence microscopy images were analyzed using the Fiji Software (92) in 

combination with the MicrobeJ plugin(93), which facilitates automated cell detection and segmentation. In 

order to access the initial fluorescence values of the cells, the first frame of the recorded image stack was 

extracted and cell detection was performed on the phase contrast channel. The mode of detection in 

MicrobeJ was set to Medial Axis and the thresholding method to Default. As segmentation method, LoG + 
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Watershed has been selected. After obtaining and manually correcting the overlays resulting from the cell 

detection, the fluorescence values from each overlay in the fluorescence channel were further processed 

using Microsoft Excel (Microsoft Corporation, USA) and Origin (OriginLab Corporation, USA). The 

obtained data were used to create a fluorescence distribution of all imaged cells. 

Persister cells were identified by manual tracking of surviving cells. In dense populations, the tracking of 

single cells may be difficult if only phase contrast images are available. The fluorescence signal helped us 

to identify the interesting cells. The frequency distribution depicts the fraction of values which lie within 

the range of values that define the bin. The bin range was kept constant at 15 AU. 
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RESULTS AND DISCUSSION: 

 

Microfluidic device operation for persister cell formation assessment. As depicted in Fig.1, the device 

features three separate channel systems incorporating 50 cultivation chambers for cell cultivation. 

Therefore, the chip allows to perform three independent cultivations in a single experiment. The chambers 

are 1 µm in depth and are located between two 10 µm deep supply channels. Each channel system consists 

of two parallel 10 µm deep supply channels, separated by the cultivation chambers. This geometry allows 

fast cell seeding with high cell trapping efficiency. Another advantage of the chosen layout lies in the 

ability to perform smoother media changes in comparison to previous layouts, which is a crucial property 

for persister assays.  

The device operation is illustrated in Fig. 2. The chambers were loaded with a cell suspension which is 

diluted to an OD600 of 2. Therefore, one supply channel was perfused with the cell suspension, while the 

opposing channel system was left with dead ends. This practice facilitates perfusive flow of the medium-

cell suspension through the chambers and thereby enables a high cell trapping efficiency. The cells are 

pushed into the chambers until they are trapped by the grid at the chamber edge. After cell loading, LB-

medium with ampicillin (200 μg/mL) was flushed through the supply channel, resulting in diffusive 

transport of the antibiotic inside the cultivation chambers. The antibiotic treatment was sustained for 

around three hours before the medium was changed to LB in order to observe the regrowth of persister 

cells.   

 

Role of BtsSR during the process of persister cell formation. In this work we focus on the 

transcriptional activation of the gene btsT. btsT is the target gene of BtsS/BtsR TCS in E. coli (42). The 

histidine kinase BtsS binds pyruvate with high affinity and the consequently codes protein BtsT transports 

pyruvate intracellularly (88, 94). Previously we have shown that BtsSR-system mediated activation of its 

target gene is heterogeneous (89). Moreover, we have also shown that the presence of the pyruvate 

sensing network BtsSR/YpdAB lowers the number of persister cells at a population level (89). Using the 

microfluidic device system described above (Fig. 2) we aimed to elucidate, at the single-cell level, the 

relationship between the heterogeneous activation of PbtsT and the survival frequency to antibiotic 

treatment.The reporter strain E. coli MG1655 PbtsT-gfp was utilized to monitor individual cells before, 

during, and after treatment with the β-lactam antibiotic ampicillin. The microfluidic devices in 

combination with time-lapse fluorescence imaging, allowed us to observe the spatially and temporally 

resolved response of individual cells before and during antibiotic treatment as well as the recovery of 

surviving cells. 
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To ascertain if growth within the microfluidic devices would allow heterogeneous activation of PbtsT-gfp, 

cells from the reporter strain were grown in LB-medium until late exponential growth phase and loaded 

into the microfluidic chip. Cells were not loaded on chip directly after overnight incubation due to: (i) 

continuous (exponential) growth in microfluidic chambers which prevents the transient activation of PbtsT 

at the transition from exponential to stationary phase, and (ii) the fast growth of E. coli in LB-medium, 

which would cause excessive cell density in the microfluidic chambers, and thus, would prevent single-

cell definition and tracking. After loading of the cells, the initial fluorescence intensities were measured. 

The resulting fluorescence intensities are plotted in Fig. 3. A Gaussian distribution of fluorescence 

intensities was observed, yet with high degree of cell-to-cell variability, as previously demonstrated (89). 

Microfluidic devices showed to be suitable for further studies by allowing heterogeneous behavior of the 

reporter strain. 

Next, we supplied the cells with LB-medium with ampicillin and assayed for single-cell persister cell 

formation. Upon ampicillin treatment, most cells lysed and eventually were flushed out of the chamber 

(Movie S1). From over 50000 cells distributed over 50 cultivation chambers, 24 persister cells were 

observed, which were able to survive the antibiotic treatment and formed new colonies. We noticed that 

cells with a low initial PbtsT-gfp signal (e.g. cell marked with an arrow in Fig. 4) were more likely to 

survive the antibiotic treatment, whereas cells with higher PbtsT-gfp signal could not persist antibiotic 

treatment. Upon change of media to LB-medium (t=220 min), the cell with an initial low PbtsT activation 

was able to divide. Data Set S1 compiles three individual cells (from three different cultivation chambers) 

that showed initially low btsT transcriptional activation and were able to restore cell division after 

treatment with antibiotic. 

In order to statistically confirm if cells with an initially low PbtsT-gfp signal were more prone to persist 

antibiotic treatment, we tracked six individual persister cells and measured their initial fluorescence 

intensity (FI) (Fig. S1). The population signal average was µ0 = 49.0 ± 12.1 whereas the persister cells 

average was FIp= 31.3 ± 5.9. A t-test was performed to access whether the persister FI is significantly 

lower compared to the whole population (p < 0.005). The t-test has shown that the average FI of persister 

cells is significantly lower compared to the average FI of the initial population. These results corroborate 

the hypothesis that cells with low PbtsT-gfp signal are more capable to survive antibiotic treatment. 

 

Thus, we conclude that cells with an initially low PbtsT-gfp signal have a tendency to become persister 

cells, which supports the interrelation of the BtsS/BtsR-system and the individual cellular metabolic state. 

This study has also shown the necessity of the use of microfluidic technology to obtain time-resolved 

information on the emergence of persister cells. The application of the microfluidic device facilitated the 
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tracking of individual cells and allowed to correlate the activity of the pyruvate sensing and transport 

system BtsSR of E. coli to the occurrence of persisters.  
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FIGURES: 

 

 

 

 

 

FIG 1. Illustration of the microfluidic cultivation device. (A) Photographic image of the assembled 

chip inheriting three channel structures and tubing connected. The device consists of a PDMS slab, which 

inherits the microfluidics channels, bonded to a glass substrate. For better visualization the channels are 

filled with dyes. (B) Top view on the channel layout. Each channel structure features two parallel 10 µm 

deep supply channels (green), which are connected by 1 µm deep growth chambers (blue). (C) Enlarged 

image of the region marked in (B) showing the chamber layout. (D) Scanning electron microscopy image 

of one microfluidic cultivation chamber. 
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FIG 2.Scheme of the operation of the microfluidic device. (A) Cell loading procedure. Bacterial cells 

(green) are trapped inside the growth chambers during the infusion of the cell suspension in growth 

medium (yellow). (B) After treatment with antibiotic (pink), most cells die inside the growth chambers 

(white cells), while some persister cells are able to survive (green cells). (C) The infusion of fresh media 

leads to the regrowth of surviving persister cells. 
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FIG 3.PbtsT-gfp expression under growth in LB-medium. E. coli cells expressing GFP under the control 

of PbtsT were grown in rich media LB until post-exponential growth phase and then analysed on a 

microfluidic chip. The corresponding distribution of the fluorescence intensity of PbtsT-gfp was plotted in 

the form of a histogram. A total of 200 cells were analyzed and frequency is represented as % of cells 

(refer to Material and Methods for detailed explanation). The continuous curve represents a Gaussian fit 

on the histogram of fluorescence intensity. Inlet shows representative fluorescence and phase contrast 

images of PbtsT-gfp reporter strain. AU, arbitrary units. Scale bar = 5μm. 
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FIG 4.PbtsT-gfp expression under antibiotic stress. E. coli cells expressing GFP under the control of PbtsT 

were grown in rich media LB until entry to stationary phase and then analysed under antibiotic stress 

(200μg/mL of ampicillin for ~3h). Time-lapse imaging in microfluidic devices was performed during the 

course of antibiotic stress and recovery in LB. A designated cell with initial low PbtsT activation is marked 

with an arrow. Scale bar = 5μm. 
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ABSTRACT  

Viable but nonculturable (VBNC) cells endure a variety of environmental stresses (e.g., nutrient 

limitation, fluctuating temperatures, oxygen deprivation) during induction and resuscitation from this 

state. These external changes need to be sensed and the information transmitted intracellularly, allowing 

bacteria to respond accordingly. Escherichia coli contains 30 two-component systems (TCSs), each 

composed of a histidine kinase (HK) and a response regulator (RR). The BtsS/BtsR and YpdA/YpdB 

TCSs have been characterized in more detail in our laboratory. We demonstrated that BtsSR/YpdAB 

sensing network responds to extracellular pyruvate. 

We tested the effect of these two systems on the induction and resuscitation of E. coli from the VBNC 

state. Restoration of culturability occurred only in the concomitant presence of pyruvate and the 

BtsSR/YpdAB systems. Deletion mutants presented extremely low protein and DNA biosynthesis during 

resuscitation, corroborating the importance of the BtsSR/YpdAB systems. Furthermore, we performed 

time-lapse microscopy and monitored pyruvate- and BtsSR/YpdAB- dependent resuscitation of E. coli 

from the VBNC state at single-cell level. Finally, we performed transport assays and discovered that 

pyruvate is taken up by the VBNC cells. Our results demonstrate the importance of sensing and 

transporting pyruvate during resuscitation of E. coli from the VBNC state. 
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IMPORTANCE  

Viable but nonculturable (VBNC) organisms have been underestimated and neglected when studying 

dormant phenotypes. In clinical settings, VBNC cells may contribute to non-apparent infections capable of 

being reactivated after months or even years, as for the case of Mycobacterium tuberculosis. The lack of 

specific and reliable methodology prevents the proper characterization of the VBNC state. Ultimately, 

these organisms pose a public health risk with potential implications in several industries ranging from 

pharmaceuticals to food industry. Research regarding their induction and resuscitation is of major 

importance. 

Bacteria are able to respond to several environmental and physiological oscillations in part via two-

component systems (TCSs). BtsS/BtsR and YpdA/YpdB are two TCSs of Escherichia coli that form a 

pyruvate sensing network. Their role in the VBNC state is explored in this study. 

 

Key Words: metabolism, oxidative stress, scavenging, heterogeneity 
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INTRODUCTION 

Viable but nonculturable (VBNC) organisms are characterized by a loss of culturability on routine culture 

media yet with maintenance of viability markers (95). They are phenotypic variants among the population 

that act as a survival strategy upon adverse environmental conditions (96, 97) which makes them 

appealing and challenging candidates for pharmaceutical intervention. Situations of extreme temperatures 

and/or oxidative stress promoting conditions, are known to trigger the induction into the VBNC state of 

several organisms (98–100). The process of regaining culturability is called resuscitation and compounds 

promoting the restoration of culturability have been described, e. g. YeaZ promoting-factor, catalase, α-

ketoglutarate, and pyruvate (98, 101–103).  

In both induction and resuscitation processes, establishing communication between the extracellular 

environment and the intracellular space is of crucial importance. Escherichia coli and many other 

organisms use two-component systems (TCSs) to ascertain this communication (104). A membrane 

integrated histidine kinase (HK) perceives the stimulus and a cytosolic response regulator (RR) mediates 

an appropriated output. In the last years, we have studied in detail two of these TCSs of E. coli, BtsS/BtsR 

and YpdA/YpdB systems (42, 43, 45, 88, 89, 94). Both TCSs respond to extracellular pyruvate, though 

with different affinity, thus forming the pyruvate sensing network BtsSR/YpdAB. The target protein of 

BtsS/BtsR, BtsT, has been recently identified as a high-affinity pyruvate/H+ symporter (88). The pyruvate 

sensing/transport capacities of the network BtsSR/YpdAB might constitute a proper tool to study the 

underlying resuscitation mechanism of VBNC cells.  

The VBNC state of several organisms has been extensively studied in the last decades, for instance Vibrio 

species (103, 105, 106), Salmonella typhi (107), Campylobacter jejuni (108), Lactobacillus acetotelerans 

(109), Yersinia pestis (110) and clinical isolates from E. coli (111). Characterization of the induction into 

this state has mainly comprised cold temperatures and oxidative stress experimental designs in order to 

mimic the real habitat challenges of these organisms (food conservation, milk pasteurization and 

chlorination of wastewater) (95, 112).  

 

A comprehensive study of the induction and resuscitation of the commonly laboratory studied gram-

negative bacterium E. coli K-12 strain MG1655 under cold stress has not yet been done. With this work 

we aimed to further explore the induction profile into the VBNC state of E. coli MG1655 when cells are 

kept at cold temperature for a long period of time and clarify the concrete role of pyruvate 

sensing/transport during resuscitation. For this purpose, throughout this study we compare two strains: E. 

coli MG1655 wild-type (WT) and E. coli MG1655 ∆btsSR∆ypdAB (btsSRypdAB mutant) which comprises 
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the deletions of two operons: btsSbtsR which codes for the BtsS/BtsR pyruvate transport system and 

ypdAB which codes for the pyruvate responsive system YpdA/YpdB. 
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RESULTS 

 

Cold-stressed E. coli entry into the VBNC state is independent of the pyruvate sensing network. The 

VBNC state of E. coli was induced by long term storage at 4ºC of cell suspensions of WT and 

btsSRypdAB mutant in LB medium. After 120 days, culturability was lost for both tested strains (Fig. 1A). 

No significant difference between the two strains was observed in terms of colony forming units (CFU). 

To access viability, membrane potential and respiratory activity of these strains was assayed (Table 1). 

After 120 days of incubation at 4°C, the membrane potential was kept in around 8% of WT and 9% of  

btsSRypdAB mutant cells. Respiratory activity, assayed by reduction capacity of 5-cyano-2, 3-ditolyl 

tetrazolium chloride (CTC) by the cells, reached percentages in the same range. These results show that a 

portion of the WT and btsSRypdAB mutant populations was viable yet not culturable, with no difference in 

the percentage of viable cells between the tested strains. Total protein amount was also calculated and 

proved that both strains reached the state with equal amount of protein (WT= 1.65±0.05 mg/mL and 

∆btsSR∆ypdAB=1.72±0.03 mg/mL). An unpaired t test was performed and no significant difference was 

observed between the two strains.  

To verify if the WT strain had any of the components of the pyruvate sensing network up or down 

regulated upon entry into the VBNC state, a proteomic analysis of the viable cellular fraction was 

performed using density gradient centrifugation with Percoll (113, 114) followed by mass spectrometry 

analysis. The two detectable proteins BtsR and BtsT were not significantly upregulated in the VBNC state 

(Fig. S1). Interestingly, the most differentially expressed proteins were mostly associated with stress 

response (e.g. CspB, CspI, YdfK, UspE, UspF), central and intermediary metabolism (e.g. LdcI, BgaL, 

YbiC, GarR, LdhD, Fnr), transport (e.g. YdcS, PlaP) and translation (e. g. Sra, TtcA) which is in 

conformity with previous studies that report proteomic analysis made in VBNC cells from several 

organisms (111, 115, 116).  

BtsSR/YpdAB systems did not influence the induction into VBNC state via cold stress. 

  

BtsSR/YpdAB systems are required for the resuscitation from the VBNC state of E. coli. LB medium 

supplemented with pyruvate was assayed as resuscitation medium, however resuscitation was not 

observed (data not shown). The only media that sustained resuscitation was 0.1x LB medium with 

undiluted salt concentration (dLB) and this was used throughout the assays. A control experiment without 

pyruvate resulted only in a slight increase in culturable cell numbers for the WT strain (Fig. 2-Control). 

btsSRypdAB mutant did not resuscitate under such condition. When pyruvate was used to promote 

resuscitation, WT strain significantly increased culturable cell numbers, whereas btsSRypdAB mutant 
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remained unresponsive (Fig. 2-Pyruvate). We further analysed the complemented strain of the 

btsSRypdAB mutant and found a resuscitation profile resembling the WT pattern, showing that the effect is 

specific for these systems action (Fig. 2, green bars). As positive control α-ketoglutarate was tested and 

promoted resuscitation of all three tested strains, however btsSRypdAB mutant did not resuscitate to the 

same extent as the WT strain. As negative control, acetate was given in the media and resulted in no 

resuscitation for any assayed strain. These results demonstrated for the first time a dependency on the 

pyruvate sensing network BtsSR/YpdAB for the resuscitation of cold-stressed E. coli VBNC cells.  

To get further confirmation of the pyruvate- and BtsSR/YpdAB-dependent resuscitative effect on E. coli 

VBNC cells, DNA (Fig. 3A) and protein (Fig. 3B) biosynthesis rates were measured on the early stages of 

resuscitation. Within the first 40 min, an increase in both DNA and protein biosynthesis was observed for 

the WT and complemented strain. Interestingly, btsSRypdAB mutant showed very little to none 

incorporation of the radioactive labelled compounds, showing that the intracellular machinery is in fact 

impaired under the tested resuscitation conditions. 

 

Single-cell pyruvate-mediated resuscitation from the VBNC state occurs only in the presence of 

BtsSR/YpdAB network. To further explore the behaviour of single individuals among the population 

during resuscitation, we performed time-lapse imaging on VBNC cells undergoing resuscitation. We used 

microfluidic devices (83) which guarantee constant environmental conditions (temperature, oxygen, etc) 

and simultaneously allow us to observe the response of individuals undergoing resuscitation from the 

VBNC state with high spatial and temporal resolution.  

Both WT and btsSRypdAB mutant strains were loaded on chip and dLB medium alone was flushed in the 

supply channels. Cell lysis was observed for both tested strains; however none could successfully restore 

cell division (Movies S1, S2). Two types of cells could be morphological identified. Some cells were 

small and clear, common features of dead cells after cell lysis. Other cells were darker, longer and wider, 

resembling healthy E. coli cells. The later tipe is referred to as “potential” dividing cells. 

Next we tested the capacity of both the WT and the btsSRypdAB mutant strain to resuscitate on chip using 

as media dLB medium supplemented with pyruvate (Movies S3, S4). As expected, the WT strain restored 

cell division. In average, the first division occurred after around 2h of cultivation (Fig. 4A). When 

BtsSR/YpdAB systems were absent, no cell division was observed.  

The previously mentioned complemented strain was also assayed for resuscitation in both dLB medium 

alone or supplemented with pyruvate, and the results resembled a WT-like behaviour. These results prove 

the specificity for the systems activity (Fig. 4, Movies S5, S6). To notice that the resuscitation of the 

complemented strain at the single-cell level was faster than the WT case (appearance of the first cell 
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division after 1h for the complemented strain and after 2h for the WT, Fig.4). The fact that the 

complemented strain harbours a plasmid might influence the induction and resuscitation from the state, as 

previously reported (117–119). We observed a rather faster entrance into the VBNC state (data not shown) 

which might account for the quicker resuscitation. 

In order to quantitatively access the single-cell resuscitation, we measured growing cells. For that the total 

number of “potential” dividing cells was counted on the first frame (t=0 h) and manual tracking of those 

cells was performed to verify cell division. The percentage of growing cells regarding the initial cell count 

was plotted in Fig. 4B. Corroborative results show that only WT (~20%) and complemented strain (~35%) 

are able to restore cell division upon cultivation in dLB supplemented with pyruvate.  

The single cell analysis is in conformance with the population-based assays, which showed the importance 

of BtsSR/YpdAB pyruvate sensing network in promoting resuscitation from the VBNC state of cold-

stressed E. coli cells.  

 

Pyruvate is uptaken by VBNC cells during resuscitation. After showing that BtsSR/YpdAB systems 

are crucial for a proper resuscitation from the VBNC state, we decided to further explore the role of 

pyruvate in the resuscitation process. For this purpose, we assayed the intracellular transport of radioactive 

labelled pyruvate by VBNC cells induced at 4°C as described in Materials and Methods. WT strain and 

btsSRypdAB mutant underwent resuscitation in dLB medium. A mixture of 14C-Pyruvate and cold-

pyruvate was used as promoter for resuscitation to a final concentration of 80 μM. Within 20 sec, the WT 

strain was able to uptake pyruvate to a maximal rate of 0.33 nmol of pyruvate per mg of protein (Fig. 5). 

The presence of BtsSR/YpdAB systems allowed a significantly higher transport of pyruvate (3-fold) when 

comparing to a mutant of the pyruvate sensing network of E. coli. The peak of transported pyruvate was 

followed by a steady state at around 30 sec. These results show for the first time transport of pyruvate by 

cold-stressed E. coli VBNC cells, suggesting that pyruvate might also function as carbon source for the 

cell during early resuscitation.  
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DISCUSSION 

The VBNC state is for pathogens and non-pathogens a survival strategy which pose potential health risks 

in medicine, food and water industries (120). It is of major importance to characterize the state in terms of 

induction and resuscitation mechanisms in order to better control the eradication/maintenance of cells in 

this state.  

This study shows the relevance of a pyruvate sensing network of E. coli in the resuscitation process from 

cold-stressed VBNC cells. So far, the BtsSR/YpdAB pyruvate sensing network is known to contribute to a 

balancing of the physiological state of all cells within a population (89). The systems help ensuring an 

optimized use of the available resources so that the entire population can bear forthcoming metabolic 

stresses. 

Here we enlarge the phenotypic relevance of the systems by showing that although their function does not 

alter the entry into the VBNC state (Fig. 1), the network has an impact on the resuscitation process. On 

batch experiments, culturability was restored after 5h incubation in fresh media (followed by overnight 

incubation in solid media) with the concomitant presence of pyruvate and BtsSR/YpdAB systems (Fig. 2). 

A mutant of the network was only able to resuscitate upon presence of α-ketoglutarate.  

Resuscitation was not only accessed through restoration of culturability, but also by DNA and protein 

biosynthesis rate measurements (Fig. 3). Cells showed an initial (t=0 min) synthesis rate (< 5 %) which 

further corroborate their viability with no culturable cells detected at that time point. In less than 40 min, 

biosynthesis of DNA and protein was considerably restored in WT and complemented strain, in 

accordance to similar studies performed in the closely related Salmonella enterica (102). Surprisingly, no 

CFU was observed after 40 min incubation in fresh liquid media with pyruvate (data not shown). We 

suggest that the adaptation required from VBNC cells to a different and richer media followed by a drastic 

change in media consistency (from liquid to solid) explains why at such early stages of resuscitation no 

CFU is observed yet DNA and protein are being synthesized. This hypothesis is in accordance with 

previous studies performed in E. coli adaptation capacity in liquid and solid media, which concluded that 

adaptation is slower in structured (solid) media and a lag phase of around 3h occurs when cells are shifted 

from liquid to solid LB medium (121, 122). The single cell analysis of the resuscitation process agreeably 

confirmed the response of cells to pyruvate only when the BtsSR/YpdAB network is present (Fig. 4). For 

the first time, microfluidic devices were used to access resuscitation from cold-stressed VBNC cells. The 

devices allow optimal and controlled growth conditions for each single bacterium, avoiding 

misjudgements of bacterial behaviour based on heterogeneous cultivation conditions (80). The continuous 

media perfusion results in continuous growth, which accounts for the fairly quick response of cells to 
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pyruvate under microfluidic cultivation in contrast to the resuscitation experiments performed on batch 

cultures. 

Several studies have described pyruvate as a main promoter of resuscitation, yet with an unclear 

mechanism (102, 123, 124). Although its role as ROS scavenger has been previously described (98), we 

sought to investigate if pyruvate could also be uptaken by the cells and potentially used as a carbon 

source. Pyruvate was transported intracellularly within 20 sec in the WT strain and the uptake was 

significantly lower when BtsSR/YpdAB network was absent (Fig. 5). We provide the first described 

uptake of pyruvate by VBNC cells which constitute a ground-breaking finding for the community, 

enlarging the role of pyruvate in resuscitation beyond its ROS scavenging capacity. Further studies 

elucidating the intracellular mechanism of pyruvate metabolization upon resuscitation are required. 

 

In summary, based on our presented results, a comprehensive model of cold-stressed E. coli VBNC cells 

resuscitation can be ascertained. Pyruvate is uptaken within the first seconds of resuscitation by VBNC 

cells in part via BtsSR/YpdAB systems, which allows the cell machinery to restarts DNA and protein 

biosynthesis within the first hour. Cell division in liquid media occurs immediately, however culturability 

is ultimately restored in routinely used LB-agar plates after overnight incubation. The entire process is 

dependent on the pyruvate sensing network BtsSR/YpdAB.  
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MATERIALS AND METHODS 

Strains, plasmids and oligonucleotides. In this study we used E. coli strains MG1655 (125) and E. coli 

MG1655 ΔbtsSRΔypdAB (89). For complementation in trans of the mutant strain, the plasmid pCOLA-

btsSR-ypdAB was constructed by inserting btsSR (on BamHI and NotI sites) and ypdAB (on the XhoI and 

NdeI sites) on pCOLA-Duet-1 vector (Merck, Darmstadt). All oligonucleotide sequences are available on 

request. 

 

Molecular biological techniques. Plasmid and genomic DNAs were isolated using a HiYield plasmid 

minikit (Suedlaborbedarf) and a DNeasy blood and tissue kit (Qiagen), respectively. DNA fragments for 

plasmid construction were amplified from genomic DNA by PCR. DNA fragments were purified from 

agarose gels using a HiYield PCR clean up and gel extraction kit (Suedlaborbedarf). Q5 DNA polymerase 

(New England BioLabs) was used according to the supplier’s instructions. Restriction enzymes and other 

DNA-modifying enzymes were also purchased from New England BioLabs and used according to the 

manufacturer’s directions. 

 

Growth conditions. E. coli MG1655 strains were grown overnight in lysogeny broth (LB) (10 g/l NaCl, 

10 g/l tryptone, 5 g/l yeast extract). After inoculation, bacteria were routinely grown in LB medium under 

agitation (200 rpm) at the designated temperature. For solid medium, 1.5% (wt/vol) agar was added. 

Where appropriate, media were supplemented with antibiotics (kanamycin sulphate, 50 µg/ml).  

 

Induction into the VBNC state. E. coli MG1655 strains were grown overnight as described above. On 

the day cells were routinely grown in LB medium until optical density (OD) reached 1.2. Bacteria were 

harvested by centrifugation and sequentially washed twice with ice-cold PBS. Cells were resuspended in 

LB medium to a final cell density of 1010 cells/mL and held without shaking at 4°C for long-term cold 

stress. 

 

Viability validation. 5-cyano-2, 3-ditolyl tetrazolium chloride (CTC)-reduction assay was carried out 

with the reagents of a Bacstain- CTC Rapid Staining Kit (Dojindo Kumamote, Japan) according to the 

manufacturer’s instructions. This kit provides indication of bacterial aerobic respiration (126), therefore 

functioning as a viability indicator. CTC is reduced by an active electron transport system to the insoluble 

fluorescence (red) salt formazan, which can be detected using fluorescence microscopy. 
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Samples from inducing VBNC cultures were taken and diluted with PBS to a final cell density of 106 

cells/mL. For each 1 mL of cell suspension, 20 μL of CTC solution and 1 μL of enhancing reagent A were 

added. Bacterial suspensions were incubated for 30 min at 37°C protected from the light. Cells were 

further analysed via flow cytometry.  

Alternatively, inducing VBNC cells were checked for viability using the Baclight™ Bacterial Membrane 

Potential Kit (Invitrogen). Diethyloxacarbocyanine (DiOC2) exhibits green fluorescence in all bacterial 

cells, but the fluorescence shifts towards red emission as the dye molecules self-associate in the presence 

of higher membrane potentials. As a measure of viability, the ratio red to green fluorescence was 

calculated. Approximately 106 cells/mL were aliquoted and per each 1 mL of cell suspension, 10 μL of 3 

mM DiOC2 was added followed by incubation at room temperature for at least 20 min, protected from 

light. Cells were further analysed via flow cytometry.  

 

Flow cytometry. Aliquots from inducing VBNC cells were taken, diluted 1:1000 in PBS and analysed on 

flow cytometer BD Accuri™ C6 equipped with a solid-state laser (488 nm-emission; 20 mW). Forward 

angle light scatter (FSC) and side angle light scatter (SSC) were collected in the FSC detector and SSC 

filter (BP 488/10 filter) respectively. The red-fluorescence emission was collected by the FL2 filter (BP 

585/40 filter). The green-fluorescence emission was collected by the FL1 filter (BP 533/30 filter). Sheath 

flow rate was 14 µL/min and no more than 100000 events/second were acquired. For each sample run, a 

total of 10000 events were collected. Analysis of data was carried out using Cytospec software 

(http://www.cyto.purdue.edu/Purdue_software).  

 

Resuscitation procedures from the VBNC state. Resuscitation from cold-stressed VBNC cells was 

performed by harvesting the cells from 4°C incubation flasks, resuspension in dLB medium alone 

(unaltered salt concentration) or supplemented with 2 mM of either pyruvate, α-ketoglutarate or acetate 

and incubation at 37°C for at least 5h. Further enumeration of CFU from LB-agar plates was taken as a 

measure for restoration of culturability. 

 

Protein and DNA biosynthesis during resuscitation. E. coli VBNC cells were resuspended to 108 

cells/mL in dLB medium supplemented with 2 mM pyruvate. The VBNC cells undergoing resuscitation 

were incubated with either L-[35S] methionine / L-[35S] cysteine (11 mCi/mL; 37 MBq, Biotrend) or 

[methyl-3H] thymidine (1 mCi/mL; 74GBq/mmol, Biotrend) and incubated at 37º C for several time points 

up to 60 min. After incubation, 50% TCA/PBS (Carl Roth GmbH) was added to stop the incorporation of 

the radiolabelled compounds. Samples were left on ice for 15 min and later harvested by centrifugation. 

http://www.cyto.purdue.edu/Purdue_software
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The pellets were washed twice with 10% TCA/PBS and finally dissolved in 0.1 M NaOH (pH was 

neutralized with drops of HCl). Radioactivity was measured in a Liquid Scintillation Analyser 

(PerkinElmer). Incorporation of 3H-Thymidine and 35S-Methionine/Cystein was measured as biological 

activity, meaning the percentage of incorporation relative to the positive control (intact logarithmic E. coli 

MG1655 population).  

 

Pyruvate transport assays. For pyruvate transport assay, aliquots from E. coli VBNC cells were re-

inoculated into dLB medium. Subsequently, 14C pyruvate (50-60 mCi/mmol, final concentration of 14.4 

μM Biotrend) and cold-pyruvate (final concentration of 65.6 μM) were added to 200 μL cell suspension to 

a final substrate concentration of 80 μM. Cells were incubated at 37°C for several time intervals. 

Transport was terminated by addition of 100 mM potassium buffer (pH 6.0) and 100 mM LiCl (stop 

buffer) followed by rapid filtration through membrane filters (Macherey-Nagel, MN GF-5 0.4 μm). The 

filters were dissolved in 5 mL of scintillation fluid (MP Biomedicals) and the activities (counts per 

minute, CPM) were determined by a Liquid Scintillation Analyser (PerkinElmer). The experiment was 

repeated 3 times for reproducibility check.  

 

Microfluidics 

The microfluidic experiments were performed in Polydimethylsiloxan (PDMS)-based devices within a 

Nikon Ti-E Eclipse fluorescence microscopy setup (Nikon Corporation, Japan). Phase contrast images 

were taken using an Andor Luca R CCD camera (Andor Technology Ltd, Northern Ireland) in 

combination with an 100x objective (Plan Apochromat λ Oil, NA=1.45, WD=170 µm, Nikon Corporation, 

Japan). Images were taken every 10 min.  

The microfluidic devices were fabricated using a soft lithography process as described in (90, 127). The 

device features 50 cultivation chambers for cell cultivation. The chambers are 1 µm in depth and feature a 

cultivation area of 60x70µm2, resulting in a volume of 4.2 picoliters. The chambers are located between 

two 10 µm deep channels which provide for medium supply (80). Image processing was carried out in Fiji 

(92).  

 

Sample preparation and Mass Spectrometry. Aliquots of VBNC cell cultures (100 mL) were harvested 

and resuspended in 20 mL of PBS buffer (8,1 mM Na2HPO4; 1,47 mM KH2PO4; 137 mM NaCl; 2,68 mM 

KCl; pH 8,25) plus 30 mL of Percoll (GE Healthcare Sciences) for a final colloidal silica solution 

concentration of 60%. Viable and dead cells were separated by several density gradient centrifugation 

steps. First, the sample was centrifuged at 10,000 rpm at 4°C for 1h until two distinct cell layers were 
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visible. The lower one was collected and resuspended in 70 mL of PBS. The cells were washed and 

isolated by three centrifugation steps at 5,000 rpm for 45 min each at 4°C and finally the pellet was 

resuspended in 50 mL PBS.  

For mass spectrometry analysis, cells were disrupted by ultrasonic treatment followed by tryptic protein 

digestion with the kit “iST” from Preomics.  

Statistical analysis. All experiments were repeated at least 3 independent times. Statistical analysis was 

carried out using GraphPad Prism (version 5.03 for Windows, USA). Data was assessed for significance 

between tested groups by using one-way analysis of variance (ANOVA) followed by Tukey’s multiple 

comparison post hoc test. Error bar on graphs represent standard errors of the mean. When indicated, an 

unpaired t test was performed. 
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TABLES 

 

Table 1 – Viability determinations on long-term cold-stressed cell cultures of WT and btsSRypdAB 

mutant 

 

 

 

 

 

 

 

 WT btsSRypdAB 

Membrane potential-positive cells (%) 8±0.7 9±0.3 

Respiratory activity-positive cells (%) 9±1 6±0.5 

Total protein amount (mg/mL) 1.65±0.05 1.72±0.03 
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FIGURES 

 

 

 

 

 

 

 

 

 

 

 

FIG 1. Culturability profile of cold-stressed E. coli cells.  E. coli MG1655 WT (blue) and btsSRypdAB 

mutant (red) cells were grown in LB until OD600 reached 1.2, washed with PBS and resuspended  in LB to 

a final OD600 of 1 and incubated at 4°C for 120 days. Culturability was accessed by periodical serial 

dilutions followed by platting of cell cultures aliquots in LB-agar plates. All experiments were performed 

in triplicate and mean values are shown. Standard deviations were below 10%.  
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FIG. 2. Culturability restoration of cold-stressed E. coli VBNC cells. E. coli MG1655 WT (blue), 

btsSRypdAB mutant (red) and the complemented btsSRypdAB mutant with pCOLA-btsSR-ypdAB (green) 

were induced into the VBNC state by long term storage at 4°C. Resuscitation was performed by 

resuspending cells in dLB medium alone (control) or supplemented with 2 mM of either pyruvate, α- 

ketoglutarate or acetate; cells suspensions were grown at 37°C for 5 h and plated in LB-agar plates. Error 

bars represent standard error. Significant differences of the CFU number between different strains and 

cultivation conditions are marked in the figure (***, P-value<0.001). 
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FIG. 3. DNA and protein synthesis of cold-stressed E. coli VBNC cells. E. coli MG1655 WT (blue), 

btsSRypdAB mutant (red) and the complemented btsSRypdAB mutant with pCOLA-btsSR-ypdAB (green) 

were induced into the VBNC state by long term storage at 4ºC and assayed for DNA (A) and protein (B) 

biosynthesis during resuscitation with dLB medium supplemented with 2 mM pyruvate. Biological 

activity refers to the percentage of incorporation according to the control (E. coli MG1655 on exponential 

growth). All experiments were performed in triplicate and error bars represent standard errors. 
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FIG.4. Single-cell analysis of E. coli VBNC cells resuscitation. Resuscitation was assayed in 

microfluidic devices as described in Material and Methods. (A) Representative phase contrast microscopy 

images of cells under resuscitation in dLB medium supplemented with pyruvate are shown for selected 

time points. Scale bar 5 µm. (B) Quantitative assessment of growing (resuscitated) cells in microfluidic 

devices from E. coli MG1655 WT (blue), btsSRypdAB mutant (red) and the complemented btsSRypdAB 

mutant with pCOLA-btsSR-ypdAB (green). Error bars represent standard errors. 
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FIG.5. Pyruvate transport by cold-induced E. coli VBNC cells during resuscitation. E. coli MG1655 

WT (blue), btsSRypdAB mutant (red) were induced into the VBNC state by long term storage at 4°C. 

Transport of pyruvate by VBNC cells during the resuscitation process was assayed as described in 

Material and Methods. Error bars represent standard errors. 
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Chapter 6 

Concluding discussion 

6.1- Single-cell analysis of btsT (yjiY) and yhjX transcriptional activation 

 

Studies of TCSs usually focus on elucidation of the phosphorylation capacities (128), crosstalk between 

TCSs (129) and theoretical approaches (130). However, single-cell research has enlarged and clarified 

bacterial behavior greatly (78). 

BtsS/BtsR and YpdA/YpdB systems of E. coli, the only two known members of the LytS/LytTR family in 

this organism, were extensively studied and characterized using population-based approaches (42, 43, 45, 

46, 94). The gap on the single-cell analysis of these systems transcriptional activation was filled on this 

thesis (Chapter 2).  

 

6.1-1. Heterogeneity of btsT and yhjX transcriptional activation 

Transcriptional fluorescence reporter strains were constructed for each target gene and tested in LB 

medium. The promoter activation at the onset of stationary phase is heterogeneous for both of the target 

genes (89). The heterogeneity of yhjX depends on the external pyruvate concentration (Fig. 6.1). The 

higher the pyruvate concentration supplied externally, the more homogenous is a population of yhjX 

promoter (PyhjX) tagged cells and higher the signal intensity. Interestingly, for the transcriptional activation 

of btsT (former yjiY ) the scenario is different. btsT promoter is not active solely upon growth in minimal 

medium supplemented with pyruvate, as expected given that BtsS (the corresponding HK of the 

BtsS/BtsR system) binds external pyruvate. When cells from an btsT promoter (PbtsT) tagged cells are 

grown for one hour in nutrient limiting conditions (LB that has been diluted ten times) and subsequently 

are given pyruvate, a drastic increase in PbtsT activation is observed. Most surprisingly, the distribution of 

frequency intensities is rather heterogeneous. The heterogeneity is not influenced by increasing 

concentrations of the given pyruvate, which points for a further step of regulation in terms of 

establishment of the heterogeneous behavior. In B. subtillis a very similar study was performed where 

YsbA (later renamed to PftA) was identified as being essencial for pyruvate utilization (131). The 

transcription activation of ysbA occured also at the transition to stationary phase, was decreased upon 
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addition of glucose and, most striking, was also heterogeneous, with unimodal distribution of signal 

intensities. 

 

In this thesis a mathematical equation for the noise value is used: 𝑁 =
𝜎

𝜇
, where N is noise, σ the standard 

deviation and µ the mean of the population. This coefficient is commonly referred to as coefficient of 

variation  and provides a measure of dispersion of a probability distribution or frequency distribution 

(132). However, it appears difficult to compare cell-to-cell variations with significantly different 

expression levels (µ values) since expression noise is usually decreasing with elevated expression levels 

according to the scaling law (133). According to this law, gene expression noise is inversely proportional 

to the gene expression level, e. g. highly expressed genes generate a low noise compared to the low level 

expressed gene that yield to high noise (134, 135). When comparing PbtsT and PyhjX corresponding 

activation noise levels, can be ascertained that PbtsT is more heterogeneously activated then PyhjX. However, 

this is a mathematical misconception as the single-cell analysis showed similar heterogeneous signal for 

both reporter strains. The scaling law explains why, most likely, the two genes have similar heterogeneous 

activation, and not one preferably over the other. 

Studying the establishment of the heterogeneous behavior is challenging for both target genes as their 

activation is strongly influenced by the external concentration of pyruvate and the metabolic state of the 

cells. Pyruvate has, however, also endogeneous production and participates in several metabolic pathways 

due to its central position in carbon metabolism (136). Pyruvate levels are crucial to be maintained and are 

further influenced by the type of respiration (the role of pyruvate is going to be discussed in section 6.2 of 

this thesis). 

 

6.1-2. Modulators of the heterogeneous behavior  

A point of argumentation is the mechanism underlying the establishment of the observed heterogeneity. 

Actually, transcription heterogeneity may not be fully representative of the phenotypic heterogeneity 

observed in bacterial populations. Changes in mRNA stability, translation, and protein stability within 

individual cells are also expected to play important roles in defining gene expression noise and 

consequently the phenotypic heterogeneity.  

Several factors that might influence differential gene expression for the case of btsT and yhjX will be 

explored in the following paragraphs (Fig. 6.1). First, the binding of the RRs, BtsR and YpdB. Although 

not characterized for BtsR, the binding to the promoter region has been explored for YpdB (46). 

 

 

https://en.wikipedia.org/wiki/Statistical_dispersion
https://en.wikipedia.org/wiki/Probability_distribution
https://en.wikipedia.org/wiki/Frequency_distribution
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Fig. 6.1- Schematic representation of possible contributors for the establishment of heterogeneity. Scheme 

representing the signalling cascade involving the two TCSs. The likely contributors are marked with a red arrow and 

the corresponding description. For more details about each hypothesis refer to text. CM-cytoplasmatic membrane. 

TCA- tricarboxylic acid. 

 

A sequential docking of YpdB to two different binding sites followed by a quick clearance of the RR is 

required. The docking and clearance processes can play a role on modulating the activation of PyhjX. 

Several reactions in the signal transmission cascade of TCSs are subject to stochastic events, as for 

instance phosphorylation events, degradation of mRNA, etc (137) (Fig. 6.1). A second point is the 

involvement of other regulatory proteins on the regulation of btsT and yhjX expression (Fig. 6.1). Previous 

studies did not identified any other transcriptional regulators (apart from the corresponding RRs and 

cAMP-CRP for btsT) for the target genes (42, 45). Nevertheless, at the post-transcriptional level, both 

target genes transcripts are under regulation of CsrA (43). Interestingly, CsrA has a repressive effect on 
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btsT and a positive effect on yhjX (43). CsrA has a regulatory effect on unrelated pathways such as carbon 

metabolism, motility, biofilm formation, persister cell formation, virulence, quorum sensing, oxidative 

stress, etc (138). CsrA is itself regulated by two small RNAs, CsrB and CsrC, by the sigma factor 38 (σ38) 

and by the BarA/UvrY TCS of E. coli (138). By being integrated in such elaborated regulatory circuitry, 

CsrA is affected by nutrient starvation and by different cultivating conditions (e. g. growth in glucose 

versus growth in LB), posing CsrA as a good candidate for an intermediate player between the 

intracellular metabolic state of the cells and the expression of btsT and yhjX. btsT was suggested to be 

transcriptionally regulated by LeuO (involved in the regulation of genes associated with stress response 

and pathogenesis) (139). It was showed that btsT RNA was significantly increased in a leuO mutant 

compared to a wild type strain (139). Although LeuO-binding sites were identified upstream of the coding 

region of btsT, no binding to the promoter was effectively proven. 

 

6.1-3. Cellular physiology at the post-exponential growth phase 

The inner physiological state of the cells might also contribute for the establishment of the heterogeneous 

output (Fig. 6.1). The concept of metabolic specialization (presented in Chapter 1 section 1.2-2 of this 

thesis) can be now further explored. Although differentiation into distinct states (bistability) was not 

observed for the activation of PyhjX nor PbtsT, the high degree of cell-to-cell variability supports that it is 

important for the population to keep some individuals with extremely low/high promoter activity of the 

two target genes. Individuals of a population contribute with different levels for the carbon metabolism, 

transport of substrates, stress responses, etc., in order to maintain the overall metabolic stability of the 

population. In fact, other studies highlighted that microbial population exploits noise to increase the 

fitness in accordance to environmental perturbations, thus suggesting that gene expression noise can 

confer functionalities for the robustness of the population as a whole (140).  

Prominent examples of heterogeneous behavior related to metabolic specialization have been described 

for the lactose and arabinose utilization systems (141, 142). In the lactose utilization system, fluctuating 

expression levels of the lactose transporter gene lacY were shown to produce distinct lac gene expression 

heterogeneity. A positive feedback loop via LacY-imported inducers induce an even higher expression of 

lacY and bistable populations arise (141, 143). In the case of the arabinose utilization network, the 

arabinose inducer is unequally transported intracellularly via AraE and AraFGH systems leading to a 

heterogeneous induction response (144–146). Other organisms like Lactococcus lactis also show 

phenotypic heterogeneous behavior, in this case related to sugar metabolization during the diauxic shift 

from glucose to cellobiose (147).  
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The metabolic specialization theory would imply that a strain harboring the two TCSs (BtsS/BtsR and 

YpdA/YpdB) is better balanced in terms of metabolic demands than a strain lacking the systems. To 

clarify this point, on this thesis the single-cell characterization of the BtsS/BtsR and YpdA/YpdB systems 

was further enlarged by studies regarding the ribosome synthesis rate and protein overproduction, both 

metabolic demanding tasks in two different strains: wild-type (WT) and mutant from the network 

(btsSRypdAB mutant). Only when the systems are present (and consequently have heterogeneous 

activation of their target genes) there is an unimodal and homogeneous synthesis of ribosome and protein 

overproduction. Synthesizing proteins in abundance is a normal occurrence in natural habitats as several 

pathogens synthesize virulence factors, exoenzymes, siderophores, etc. The btsSRypdAB mutant showed 

bistability in both ribosome synthesis and protein overproduction, having two distinct populations, one 

producing and one non-producing. Ribosome synthesis rate was checked by monitoring the promoter 

activity of rrnB P1 (148). The activation strength of this promoter was recently correlated with 

intracellular adenosine- 5’-triphosphate (ATP) levels (149). Low ribosome synthesis rate (case of the 

btsSRypdAB mutant) could possibly mean low ATP content of the cells and consequently low metabolic 

activity. Another study associated YhjX levels to ATP content, by showing that in a mutant of PykA 

(isoenzyme of pyruvate kinase), both YhjX and ATP content are decreased comparing to a WT strain of E. 

coli (150). The hypothesis that the metabolic state of the mutant was somehow impaired was further 

shown to be correct, as the mutant also shows higher persister cells percentage. Persisters are phenotypic 

variants characterized by a low-metabolic state and a non-growing phenotype (151, 152). The network 

helps sustaining an overall metabolic balanced population.  
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6.2- Identification of the substrate transported by BtsT (YjiY)  

The impermeability of E. coli membrane conditions the exchange of metabolites between the intra- and 

extracellular spaces. Membrane transporter proteins became of major importance by mediating the influx 

and efflux of molecules. In Chapter 3, the study of a putative transporter protein of E. coli, BtsT (former 

YjiY), is conducted. Combined approaches using intact cells and reconstituted and purified protein into E. 

coli proteoliposomes revealed that BtsT is a pyruvate/H+ symporter with a Km of 16 μM (88). It is the first 

identified and characterized pyruvate transporter in E. coli, despite previous studies provided evidence that 

pyruvate can be excreted and re-uptaken under diverse growth conditions and that E. coli harbors several 

pyruvate transporters (153, 154). BtsS/BtsR system can now be fully understood (44): upon exponential 

growth, E. coli cells experience nutrient depletion from the media; intracellularly, serine is converted to 

pyruvate which accumulates until approach of stationary phase and pyruvate overflow occurs; the 

extracellular pyruvate binds to the HK BtsS and after activation of the RR BtsR, BtsT is coded allowing 

the reuptake of pyruvate.  

In fact, the discussed heterogeneous behavior in Chapter 2 can now be better understood for the case of 

PbtsT tagged cells. Among single individuals of a population, the uptake of pyruvate is strategically spread 

in order to fullfill individuals needs and collectively improve metabolic fitness. BtsS/BtsR system requires 

limiting conditions (late exponential growth phase or growth in diluted LB) followed by the presence of 

extracellular pyruvate in order to sustain activation of its target gene promoter (44). Therefore, the 

hypothesis that there is a secondary intracellular signal (that enables bacteria to sense “limitation”) which 

can stochastically contribute for the establishment of the heterogeneous behavior can not be erased.  

 

6.2-1. BtsT and other pyruvate transporters 

CstA, a homologous of BtsT (61.1% identity), together with YbdD, were very recently described as a 

pyruvate transporter complex in E. coli (155). By performing a high-throughput transposon sequencing 

coupled to growth inhibition assays by toxic pyruvate, the group was able to show that CstA and YbdD 

comprise a constitutive pyruvate transporter system. Curiously, the same study shows an additive effect of 

BtsT in the pyruvate uptake capacity of CstA-YbdD complex, suggesting a possible link between 

peptide/amino acid sensing and pyruvate transport involving the three systems (CstA-YbdD, BtsS/BtsR 

and YpdA/YpdB). Most striking, ybdD (located directly after cstA) is very similar (77% identity) in gene 

sequence to yjiX (located directly after yjiY, refer to Fig. 1.4B in Chapter 1). However, transporter assays 
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using reconstituted and purified proteins, specificity and the mechanism of transport were not assayed in 

that study. 

A recent study identified a novel bacterial transport system for pyruvate in another organism: B. subtillis. 

The PftAB heteroligomeric complex (mentioned earlier in section 6.1 of this thesis) facilitates pyruvate 

transport (156). PftAB is able to transport pyruvate across the cell membrane having as driving force 

solely pyruvate concentration gradient, therefore acting as both an importer and exporter. The transporter 

PftAB operates under complex feedback loops with LytS/LytT TCS of B. subtillis which enable its proper 

activation and repression. Interestingly, there are similarities in gene sequence and signalling between 

LytS/LytT and YpdA/YpdB system of E. coli.  

 

6.2-2. The importance of pyruvate in prokaryotic cells 

The transported substrate of BtsT, pyruvate, is the simplest α-keto acid and a key metabolite for living 

cells (156). It is located at the junction of several essential pathways in prokaryotic cells, as glycolysis, 

oxidative metabolism, amino acid synthesis, tricarboxylic acid (TCA) cycle, etc, thus representing a 

switch point between respiratory and fermentative metabolism. Under acid conditions, pyruvate can be 

protonated (pKa of 2.5) and cross the bacterial cytosolic membrane by simple diffusion, however, usually 

pyruvate is in the deprotonated form and requires an active transporter. Tight control of pyruvate 

homeostasis and fate is essential to ensure robustness and stability to changing environmental conditions. 

Pyruvate induces expression of a small noncoding RNA (Spot42) which in turn activates the master 

regulator of acid resistance (157, 158). Therefore, fluctuating levels of intracellular pyruvate resolve in 

unbalanced acid resistance. A very recent study highlighted the fulcral role of pyruvate in virulence 

regulation in S. aureus (159). Pyruvate was shown to induce the production of pore-forming leucocidins 

which in turn increased the virulence of community-acquired methicillin-resistant S. aureus. Three TCSs 

(AgrAC, SaeRS and ArlR/ArlS) of S. aureus are responsible for the regulation of pyruvate-related 

secretion of proteins. Furthermore, this study also revealed that pyruvate causes pronounced changes in 

the transcriptome of S. aureus, e. g. in pathways involved in central metabolism and amino acid 

metabolism, as well as in the transcript levels of enzymes that regulate these pathways, culminating in 

alterations in the overall metabolic flux of this organism. Pyruvate plays also an important role in 

oxidative stress protection; the topic will be discussed in Section 6.3 of this thesis.  

 

 

Based on the presented single-cell analysis and on the elucidation of the function of BtsT (former YjiY), a 

hypothetical model can be ascertained (Fig. 6.2).  
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At an early stage of growth (from lag phase to mid-exponential phase), E. coli MG1655 cells have no PbtsT 

activity (OFF state). When approaching mid-exponential growth phase, cells excrete pyruvate (blue balls) 

due to overflow metabolism (transition A). Pyruvate becomes a “common good” and can be uptaken. 

Subsequently, cells sense the availability of pyruvate and depending on their individual needs and on the 

extracellular pyruvate concentration, PbtsT is heterogeneously activated among the population (transition 

B). This activation occurs post-exponentially, at the transition to stationary phase. The promoter activation 

is normally distributed among the population, yet cell-to-cell variability occurs (demonstrated on the 

scheme by varied shades of green). This heterogeneity on BtsS/BtsR-mediated PbtsT activation allows cells 

to individually uptake pyruvate and fullfill their particular needs. The transcription activation of btsT is 

transient which leads to a return to an OFF state (no PbtsT activity) in stationary phase (transition C).  

Fig. 6.2- Scheme of cell-to-cell variations on the transcription activation of btsT during growth in rich 

medium. The scheme summarizes PbtsT activation (represented by shades of green) during growth of E. coli 

MG1655 cells in rich medium. “ON” and “OFF” refer to full activation/none activation of btsT promoter, 

respectively. (A) Transition from the OFF state at an early stage of growth to mid-exponential phase when 

pyruvate overflow occurs. (B) Establishment of the heterogeneous output dependent on pyruvate availability and 

on the physiological state of each cell. (C) Return to the OFF state at stationary phase. (D) Hypothetical 

conversation from heterogeneous to homogenously ON population. Blue balls:pyruvate. See text for details.  
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It is reasonable to consider a hypothetical conversion from heterogeneous to homogenous behaviour (all 

cells would have PbtsT activated- ON state) (transition D). In this situation, all cells from the population 

would participate equally on perceiving and transporting pyruvate.  
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6.3- Investigation of the biological relevance of BtsS/BtsR and YpdA/YpdB systems 

Chapters 2 and 3 from this thesis contributed greatly for the understanding of the functionality of the 

sensing network BtsS/BtsR and YpdA/YpdB. For the last two chapters of the thesis, the aim was to bring 

the knowledge acquired on the last two sections together and further characterize the biological relevance 

of these systems. First, tools were developed to access a related phenotype observed in bulk experiments 

(persistence), this time at the single-cell level (Chapter 4). Lastly, in Chapter 5 another dormancy state is 

studied in both scales, bulk and at single-cell.   

 

6.3-1. Heterogeneity of PbtsT activation relates to antibiotic persistence 

By employing microfluidic technique coupled to high throughput fluorescence microscopy imaging, it was 

observed that cells with lower btsT transcription activation are more prone to persist antibiotic treatment. 

Although several studies have explored the use of microfluidics for the study of persister cells, several 

problems were recurrent and incapable of provide reliable single-cell data analysis (85–87). In order to 

discriminate between low and high expressing cells in time-lapse microfluidic cultivation, a tracking 

analysis protocol was developed. The basis software was Fiji (92) and the used plugin Microbe J (93). The 

results presented in this thesis, corroborate the importance of the transport of pyruvate to the overall 

metabolic state of a single individual, bringing together the described heterogeneous behavior of the target 

genes promoters and its impact on a phenotypical variant state. When pyruvate uptake is impaired (either 

btsT is deleted or is being heterogeneously expressed at lower level) the population is on average 

metabolic “less active”. This lower metabolic activity (also observed and discussed in Section 6.1) turns to 

be an add-on upon antibiotic treatment.  

 

6.3-2. The viable but nonculturable state of E. coli  

Knowing that a strain lacking the systems is on average metabolic less active, a deeper latency state was 

explored, the viable but nonculturable (VBNC) state. Bacteria in this state are characterized by a loss of 

culturability in routinely used cultivation media yet the cells are still viable (production of biomass, 

transport of nutrients, active metabolism, membrane integrity and respiration are traceable) (95, 160). The 

factors promoting the entrance in this state (referred to as induction) are diverse, varying from starvation, 

oxidative stress, elevated osmotic concentrations, low oxygen supply, etc (95). Under certain conditions, 

VBNC cells can regain the lost culturability in a process referred to as resuscitation (101). Compounds 

promoting the restoration of culturability have been described, e. g. YeaZ promoting-factor, catalase, α-



 

 

 

68 
 

ketoglutarate, and pyruvate (98, 101–103). In this thesis it is shown for the first time that the presence of 

the systems BtsS/BtsR and YpdA/YpdB is essential for the resuscitation from the VBNC state. Pyruvate 

transport assays allowed seeing for the first time uptake of pyruvate at the early stages of resuscitation by 

VBNC cells. Previous studies have demonstrated the resuscitative effect of pyruvate (102) however, the 

mechanism underlying the role of pyruvate has only been attributed to its reactive oxygen species (ROS) 

scavenging effect (VBNC cells are under severe oxidative stress) and not to its use as carbon source (161). 

Pyruvate is a great antioxidant as it is capable of scavange hydrogen peroxide (162, 163), hydroxyl radical 

(164) and prevents lipid peroxidation (165). Pyruvate and other α-ketoacids scavange hydrogen by a 

nonenzymatic oxidative decarboxylation (166). In this reaction, a carboxyl group from pyruvate and an 

oxygen from hydrogen peroxide for carbon dioxide, leaving water and acetic acid. A recent study 

conducted in Pseudomonas aeruginosa showed that the organism can remain viable over several days to 

weeks if provided with pyruvate as a fermentable energy source (167). In this thesis it is shown that 

pyruvate is transported into the cell during resuscitation, which implies that pyruvate is metabolized early 

on and allows the cell to restore a fully active metabolic state and ultimately cell division. However, it is 

not discarded the possibility that pyruvate plays a dual role on the resuscitation of VBNC cells, both with 

extra- and intracellular implications.  

 

6.3-3. BtsS/BtsR and YpdA/YpdB role in pathogenecity 

The expression of btsT is robust in both the acute and chronic stages of infection in the mouse gut by a 

urinary pathogenic E. coli strain (UPEC) (44). This strain shows similar transient transcription activation 

of btsT as the parental strain E. coli MG1655 (44). However, UPEC shows a different cross-regulation 

between the two TCSs, BtsS/BtsR and YpdA/YpdB, than the commensal E. coli MG1655 (168). Although 

BtsS/BtsR system controls activity of YpdA/YpdB system, the contrary is not true for the pathogenic 

strain. Morevover, yhjX expression requires all components from the pyruvate-sensing network. These 

differences might be accounted for by differential selective pressures acting upon pathogenic and non-

pathogenic strains. The first documented association between the BtsSR/YpdAB sensing network and 

pathogenicity was reported by Kwang-sun Kim et al. (169). YpdB was suggested to be involved in 

motility, biofilm formation and antibiotic resistance when E. coli was exposed to volatile organic 

compounds emitted from B. subtilis. A second association was reported in the same year by the group of 

Jean-Marc Ghigo (170) where btsT was found to be slightly upregulated upon commensal biofilms of E. 

coli being colonized by a pathogenic E. coli strain. btsT, which codes for the pyruvate transporter BtsT, 

was later associated with flagella expression and poor adhesion of Salmonella to the host cells (171). The 

target gene btsT was also described as being required for successful colonization of Salmonella in the 
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mouse gut, similarly to what was observed in E. coli. However, the study refers to btsT as being a putative 

peptide transporter in Salmonella. The same group suggested that BtsT might transport peptides of proline 

in Salmonella and, by doing so, regulates expression of mgtC and csgD (172). The association btsT-

motility has not yet been shown in E. coli, however it is conceptually interesting to conceive that a 

heterogeneously expressed target gene of a TCS aids virulence (173).  

The above mentioned studies, encountered mainly btsT as being a potential participant on pathogenicity, 

rarely mentioning the YpdA/YpdB system. The distribution and co-occurrence of the two TCSs were 

studied in more detail and revealed that the majority of the γ-proteobacteria harbor only the BtsS/BtsR 

system (34). YpdA/YpdB system was found in addition to the BtsS/BtsR system only in E. coli, 

Citrobacter and Serratia. The combination of both BtsS/BtsR and YpdA/YpdB in one organism might 

result from evolutionary traits that led to the synthesis of an adjacent low-affinity transport system 

(YpdA/YpdB) in addition to the high-affinity system (BtsS/BtsR). In S. cerevisiae, cells starved for 

phosphate activate feedback loops that regulate high- and low-affinity phosphate transporters, in a similar 

fashion as for the pyruvate responsive systems. Dual-transport systems seem to prolong preparation for 

starvation and ease the recovery, hence optimizing sensing of nutrients and their depletions by integrating 

information regarding the internal and external availabilities (174).  

 

 

Based on the results obtained in this thesis, a scheme summarizing the main obtained results was made 

(Fig. 6.3). The heterogeneity of the transcription activation of btsT and yhjX was observed during growth 

of E. coli MG1655 in LB medium at the transition from exponential to stationary phase and it was proved 

to result from the sum of the metabolic state of each individual and the available carbon source. However, 

the mechanism underlying the origin of the heterogeneous behavior remains elusive. Nevertheless, using 

several tools and via the establishment of specific protocols, the outcome of having heterogeneous 

transcriptional activation of the target genes was clarified. A mixed population, composed of highly 

expressing cells, low expressing cells and everything in between, turned out to balance and optimize the 

utilization of the available resources according to each individual needs at a designated time point. 

Ribosome synthesis and protein overproduction were metabolic burdens sustained by the heterogeneous 

population. Persister cells and resuscitation from the VBNC state are dormancy related phenotypes 

strongly associated with nutrient sensing and pyruvate transport, respectively that were also explored in 

this thesis. 
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Fig. 6.3- Scheme compiling and connecting the heterogeneous behaviour and phenotypic output. 

Heterogeneous transcription activation of the target genes is a result of the sum of the metabolic state of the cells and 

the available carbon sources. This heterogeneous behaviour, observed for a wild-type strain of E. coli MG1655, is 

relevant upon antibiotic treatment, where cells with low btsT transcription activation are more prone to persist. 

Furthermore, unimodal ribosome synthesis, homogeneous protein overproduction and resuscitation from the VBNC 

state are processes sustained by the wild-type population.  See text for further details.  
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6.4- Outlook 

In this thesis, a single-cell analysis of the promoter activation of the two target genes from BtsS/BtsR and 

YpdA/YpdB TCSs of E. coli was done. One of the target genes was further found to code for a 

pyruvate/H+ symporter, the first identified and characterized pyruvate transporter in E. coli. The 

heterogeneous output was correlated with sustainability of metabolic burdens and dormant phenotypes, 

which were addressed via optimized imaging approaches.  

However, fulcral questions remain unanswered: The role of YhjX, the gene product of YpdA/YpdB 

activation and putative transporter protein, remains elusive. Recent and preliminar work performed in vivo 

pointed towards a role also in intracellular pyruvate transport, however biochemical proof is needed. The 

purified protein and its reconstitution into proteoliposomes should be completed and radioactive-labelled 

pyruvate transport assays should be executed. This knowledge would help elucidate the entire function of 

the network composed of the two systems, and even give some enlightening into the observed nutrient-

dependent heterogeneous behavior that differed for the two target genes transcription activation. 

Moreover, the signal for “limitation”, which conditions the activation of each target gene in LB medium 

and is essencial for the response to extracellular pyruvate for the case of btsT, should be considered. 

The mechanism of heterogeneity should be explored. Plausible options were presented in section 6.1 of 

this thesis. An approach could be a mathematical model based on in vivo and in vitro data to simulate 

oscillations of extra- and intracellular pyruvate, the different levels of transcriptional and post-

transcriptional regulation and the predicted outcome in terms of promoter activation. 

In order to deepen the knowledge about the network regulation, investigation of the localization of the 

four membrane-integrated proteins (BtsS, BtsT, YpdA and YhjX) should be followed. Fluorescently-

tagged full-length proteins for fluorescence resonance energy transfer (FRET) could be a strategy. With 

this information, could be clarified if in fact the two TCSs form one big signalling unit, influencing one 

another by conformational changes.  

Finally, the role of the systems in pathogenicity and/or host-colonization poses itself as an interesting new 

project. In vivo studies using animal models could be an optimal way of addressing the behaviour of the 

systems in a natural environment as the intestinal tract of mammals. The study of other organisms 

harbouring at least one of the systems (e. g. Salmonella) could be very interesting. 
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FIG S1 Growth of reporter strains. E. coli cells expressing gfp under the control of PyhjX or PyjiY and the 

MG1655 strain (WT, without promoter-gfp fusion) were grown in LB medium.  
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FIG S2 Determination of the minimum duration of killing (MDK) after ofloxacin treatment.  E. coli cells 

of either WT (blue line) or mutant ΔbtsSRypdAB (red line) were grown in LB-medium. At the post-

exponential growth phase cells were challenged with ofloxacin (5 μg/ml). Samples were taken and 

analyzed for colony forming units (CFUs). The MDK99 value was taken as the time needed to kill 99% of 

the initial population. Experiments were performed three independent times and error bars indicate the 

standard deviations of the means. 
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TABLE S1 The BtsSR/YpdAB network promotes overproduction of proteins. E. coli cells of either WT 

or the btsSRypdAB mutant harboring an overproduction vector with IPTG inducible promoter for the 

overproduction of GFP; an arabinose inducible promoter for the overproduction of DppA-GFP and an 

arabinose inducible promoter for the overproduction of LysP-mCherry were grown in LB medium. 

Samples were taken before (- inducer) and after (+ inducer) the addition of the inducer. Flow cytometry 

was used to count fluorescent cells (maximum of 2000 events), and the percentages of OFF (non-

fluorescent cells) and ON cells (fluorescent cells) were calculated from the raw data. Experiments were 

performed three independent times and standard deviations were below 10%. 

          - INDUCER + INDUCER 

STRAINS 
Cells (%) 

        OFF             ON          

 

Cells (%) 

         OFF            ON                    

 

WT GFP (IPTG) 92.7 7.3 3.1 96.9 

btsSRypdAB GFP (IPTG) 97.8 2.2 51.0 49.0 

WT GFP-DppA (Arabinose) 94.9 5.1 24.4 75.6 

btsSRypdAB  

GFP-DppA (Arabinose) 
98.1 1.9 99.4 0.6 

WT LysP-mCherry (Arabinose) 97.7 2.3 33.4 66.6 

btsSRypdAB LysP-mCherry (Arabinose) 98.2 1.8 98.5 1.5 
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Figure S1. Comparison of the BtsT consensus sequences of E. coli and S. enterica. A consensus-based 

approach sequence comparison was used. 148 sequences of BtsT of E. coli and 122 sequences of BtsT of 

S. enterica were aligned and consensus sequences for each bacterium were generated by using the CLC 

Main Workbench software. Subsequently, both consensus sequences were aligned. The amino acids were 

colored based on their polarity (red - acidic and polar; blue - basic and polar; green - neutral and polar; 

black - neutral and nonpolar). Red background color was used to highlight deviating amino acids.  
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Figure S2. Schematic models of the secondary structure of (A) E. coli BstT and (B) E. coli CstA. Both 

models are based on the analysis of the secondary structure using the Uniprot program (1) and visualized 

with the Protter tool (2). Transmembrane domains (TMs) are numbered with numerals. The conserved 

motif CG-x(2)-SG with a high degree of sequence conservation within CstA homologues is marked in 

yellow (3). PP periplasm, CM cytoplasmic membrane, CP cytoplasm.  
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Figure S3. Localization of maltose-binding protein (MBP) hybrids. malE without or with leader 

sequence was fused to the 5’ end of btsT encoding hybrid proteins with either a putative cytoplasmically 

located MPB (MBPC-BtsT) (A) or a periplasmically located MBP (MBPP-BtsT) (B), respectively. Cells 

with overproduced hybrids were fractionated to separate cytoplasm (CP) and membrane vesicles (MVs). 

Both fractions were adjusted to the same volume and separated by 12.5% (w/v) SDS-polyacrylamide gel 

electrophoresis and immunoblotted using a penta-His antibody for detection. The arrow indicates MBPC-

BtsT (about 120 kDa). 
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Figure S4. Complementation of E. coli MM39 with different MBP-BtsT hybrid proteins. malE 

deficient E. coli MM39 cells were transformed with plasmids pMAL-p2x (solid line), pMALP-btsT (dotted 

line) and pMALC-btsT (dashed line), and their growth was monitored over time on maltose as the sole 

carbon source. 
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Figure S5. Growth of E. coli MG1655 and the bstT mutant in different media. E. coli MG1655 (green 

line) and E. coli MG1655 ΔbtsT (dotted black line) were cultivated in LB medium (A) or in M9 minimal 

medium supplemented with pyruvate as carbon source (20 mM) (B). Samples were taken and analyzed 

every 5 min (A) or 2 hours (B). 
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Figure S6. Rates of 14C-pyruvate uptake by BtsT-producing strain E. coli MG1655 ΔbtsT pBAD24-

btsT at various external pH values. 14C pyruvate was added at a final concentration of 10 µM. 
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Figure S7. Time course of pyruvate uptake by E. coli YYC202. 14C-Pyruvate uptake was determined at 

a final pyruvate concentration of 10 µM at 15°C. Rates of uptake accumulation: BtsT producing strain E. 

coli YYC202 pBAD24-btsT (green), control strain E. coli YYC202 pBAD24 (grey). Standard deviations 

are estimated from three biological replicates.  
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Figure S8.  Pyruvate diffusion in intact E. coli cells. Uptake of 14C-pyruvate by E. coli MG1655 ΔbtsT 

transformed with pBAD24 was determined in the presence of increasing pyruvate concentrations. The 

best-fit line was determined by linear regression. Error bars represent standard error of the mean.  
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Figure S9. Purification of His-tagged BtsT. Membrane vesicles were prepared from E. coli cells after 

overproduction of BtsT-6His. Membrane proteins were then solubilized with 1.5% (w/v) n-dodecyl β-D-

maltoside. The His-tagged BtsT was purified as described in Materials and Methods. El, BtsT eluted from 

the column with 300 mM imidazole (8.75 μg of protein). Lip, BtsT reconstituted into E. coli liposomes 

(10 μg of protein). Proteins were separated using 12.5% (w/v) SDS-polyacrylamide gel electrophoresis 

and stained with silver (A) or immunodetected by using a penta-His antibody (B). The arrows indicate 

BtsT-6His. In both images, non-relevant lanes were omitted for clarity. 
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Figure S10. Pyruvate diffusion in E. coli liposomes. 14C-pyruvate (40 μM) diffusion was analyzed in 

liposomes (in the absence of protein). Time course of pyruvate uptake in the presence of artificially 

imposed Δ𝜇̃H+ (green), ΔΨ (orange), ΔpH (red), Δ𝜇̃Na+ (brown) or in the absence of any gradient (grey).  
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FIG S1. Initial fluorescence signal of 6 persister cells.  E. coli cells expressing GFP under the control of 

PbtsT were grown in rich media LB until post-exponential growth phase and then analysed on a 

microfluidic chip. The corresponding distribution of the fluorescence intensity of PbtsT-gfp was plotted in 

the form of a histogram. A total of 200 cells were analysed. Red arrows indicate the initial fluorescence 

intensity of 6 tracked cells that persister antibiotic treatment and were able to recover upon change of 

medium to LB. a.u- arbitraty units. 
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FIG S1. Proteomic analysis of E. coli MG1655 WT cells. E. coli MG1655 WT cells were 

grown in LB until OD600 reached 1.2, washed with PBS and resuspended  in LB to a final OD600 

of 1 and incubated at 4°C for 120 days. A proteomic analysis of the viable cell fraction of E. 

coli MG1655 WT VBNC culture was performed and results plotted in a bar graph. Changes in 

protein levels (expressed relative to exponential E. coli MG1655) were calculated and the 

significantly differentially expressed proteins plotted. BtsR and BtsT are highlighted in green 

for a matter of comparison.  
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MOVIE S1. Resuscitation in microfluidic device of E. coli MG1655 WT – Control experiment. 

VBNC cells of E. coli MG1655 were loaded on microfluidic chip and continuous perfusion (200 nL/min) 

of dLB medium was maintained during the course of experiment.  

MOVIE S2. Resuscitation in microfluidic device of btsSRypdAB mutant – Control experiment. 

VBNC cells of btsSRypdAB mutant were loaded on microfluidic chip and continuous perfusion (200 

nL/min) of dLB medium was maintained during the course of experiment.  

MOVIE S3. Resuscitation in microfluidic device of E. coli MG1655 WT. VBNC cells of E. coli 

MG1655 were loaded on microfluidic chip and continuous perfusion (200 nL/min) of dLB medium 

supplemented with pyruvate was maintained during the course of experiment.  

MOVIE S4. . Resuscitation in microfluidic device of btsSRypdAB mutant. VBNC cells of btsSRypdAB 

mutant were loaded on microfluidic chip and continuous perfusion (200 nL/min) of dLB medium 

supplemented with pyruvate was maintained during the course of experiment.  

MOVIE S5. Resuscitation in microfluidic device of the complemented btsSRypdAB mutant – Control 

experiment. VBNC cells of btsSRypdAB mutant complemented with pCOLA-btsSR-ypdAB plasmid were 

loaded on microfluidic chip and continuous perfusion (200 nL/min) of dLB medium was maintained 

during the course of experiment.  

MOVIE S6. Resuscitation in microfluidic device of the complemented btsSRypdAB mutant. VBNC 

cells of btsSRypdAB mutant complemented with pCOLA-btsSR-ypdAB plasmid were loaded on 

microfluidic chip and continuous perfusion (200 nL/min) of dLB medium supplemented with pyruvate 

was maintained during the course of experiment.  
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