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Abstract 

   The Gram-positive Staphylococcus aureus is considered one of 

the most prominent pathogens worldwide, presenting a global 

health concern. Particularly, the multi-drug resistant methicillin-

resistant S. aureus (MRSA) is well known for causing nosocomial 

infections, as well as across the community. S. aureus capacity to 

survive antibiotic treatment, which makes MRSA infections very 

difficult to treat, prompts the need for further studies of its biology, 

so that new approaches for treatment can be devised.  

   S. aureus cells are coccoid bacteria with roughly 1 µm diameter, 

a feature that has impaired a precise characterization, not only of 

its cell cycle, but also of the morphological changes that occur 

during this process. In this work, we explored these two fascinating 

aspects of S. aureus – the strategies this pathogen employs to 

respond to antibiotics, especially those that target the cell wall 

(CW), and its cell cycle. 

   We started by investigating the cell cycle of this pathogen, using 

super-resolution microscopy, a technique that allowed us to 

observe that S. aureus increased in volume and elongated 

throughout its cell cycle. After cell division, turgor pressure and 

autolytic enzymes were required to reshape the flat septum into a 

curved surface, a process that generated less than one 

hemisphere of each daughter cell. This proportion was kept during 

the whole cycle, which allowed us to conclude that cell growth 

required peptidoglycan (PG) synthesis and remodelling in the entire 

CW surface. 

   Given that the CW is an essential bacterial structure and thus the 

target of several antibiotics, we proceeded to study the response of 
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S. aureus to CW targeting antibiotics, especially the response 

mediated by the VraTSR regulatory system, a sentinel system that 

is activated whenever CW damage is inflicted. We observed that 

VraTSR activation was variable within an isogenic population and 

that cells which presented higher vraTSR expression levels 

seemed to be more susceptible to the presence of the CW 

targeting antibiotic oxacillin. Interestingly, we found that VraTSR 

responded, albeit to low levels, to conditions where no CW 

targeting antibiotic was present, such as when S. aureus cells were 

subjected to an osmotic shock.  

   This intriguing result led us to revisit the conundrum of what is the 

signal perceived by VraTSR. We found that VraT, a protein 

suggested to be responsible for signal detection, was localised at 

the membrane and that its C-terminal domain was extracellular. We 

found that the molecule that triggered VraTSR was not an 

intermediate in the CW synthesis pathway, contrarily to what was 

previously thought. We observed that penicillin-binding protein 

(PBP) 2, an enzyme with both transglycosylase (TGase) and 

transpeptidase (TPase) activities, had a critical role in maintaining 

VraTSR in the off state, since its depletion led to a strong activation 

of this regulatory system. Although both activities of this enzyme 

seemed to be required for keeping the system off, we favour the 

hypothesis that TGase activity has a prominent role, as mutants in 

other TPases, which have severe defects in peptidoglycan 

crosslinking, did not trigger the VraTSR system. 

   This thesis contributed to a better understanding of how S. 

aureus grows, divides and responds to antibiotics that target the 

CW, generating knowledge that in the future may contribute to the 

design of new antimicrobial therapies. 
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Resumo 

   A bactéria Gram-positiva Staphylococcus aureus é considerada 

um dos mais relevantes microorganismos patogénicos, a nível 

mundial, representando um problema de saúde global. Em 

particular, as estirpes multi-resistentes de Staphylococcus aureus 

resistentes à meticilina são conhecidas por causarem infeções a 

nível hospitalar e na comunidade. A capacidade de sobrevivência 

de S. aureus a tratamentos com antibióticos, facto que torna 

infeções por MRSA difíceis de tratar, torna crucial o estudo da 

biologia deste microorganismo, com o objectivo a longo prazo de 

desenvolver novas estratégias de tratamento. 

   S. aureus é uma bactéria aproximadamente esférica com cerca 

de 1 µm de diâmetro, facto que impossibilitou uma caracterização 

detalhada do seu ciclo celular, bem como a análise das alterações 

morfológicas que ocorrem durante este processo. Neste trabalho, 

explorámos estas duas fascinantes características de S. aureus: 

as estratégias usadas para responder aos antibióticos, 

especialmente os que têm como alvo a parede celular, e o seu 

ciclo celular. 

   Começámos por investigar o ciclo celular deste microorganismo 

patogénico, usando microscopia de super-resolução. Esta técnica 

permitiu-nos observar que S. aureus não só aumenta o seu 

volume, como alonga durante o ciclo celular. Após a divisão da 

célula-mãe em duas células-filhas, é necessária não só a atividade 

de enzimas autolíticas que cortam o peptidoglicano, mas também 

a pressão de turgescência, para remodelar a superfície septal de 

modo a que esta se converta numa superfície curva, um processo 

que gera menos do que um hemisfério de cada célula-filha. Esta 
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proporção é mantida ao longo de todo o ciclo celular, o que nos 

permitiu concluir que o crescimento das células requer, em 

simultâneo, síntese e remodelação do peptidoglicano ao longo de 

toda a superfície da celular. 

   Considerando que a parede celular é uma estrutura essencial 

para a sobrevivência das bactérias e, deste modo, o alvo 

preferencial de muitos antibióticos, decidimos estudar a resposta 

de S. aureus a antibióticos que têm como alvo esta estrutura 

bacteriana. O nosso estudo incidiu sobretudo na resposta mediada 

pelo sistema VraTSR, um sistema que é ativado sempre que a 

parede celular sofre algum dano. Observámos que a sua ativação 

era variável numa população de células geneticamente iguais e 

que as células que apresentavam maiores níveis de expressão de 

vraTSR eram tendencialmente mais suscetíveis à presença de 

oxacilina, um antibiótico que tem como alvo a parede celular. 

Surpreendentemente, constatámos que o sistema VraTSR 

respondia, mesmo que em níveis mais baixos, a condições em que 

não usávamos antibióticos, por exemplo, quando as células 

sofriam um choque osmótico. 

   Este resultado inesperado fez-nos revisitar a questão relativa à 

natureza do sinal detetado pelo sistema VraTSR. Conseguimos 

concluir que VraT, a proteína proposta como sendo o sensor do 

sistema, se localiza na membrana celular e o seu domínio C-

terminal está localizado na região extracelular. Concluímos 

também que a molécula responsável pela ativação do sistema 

VraTSR não era nenhum intermediário da síntese enzimática da 

parede celular, contrariamente ao que se pensava até então. 

Observámos que a proteína de ligação à penicilina 2 (PBP2), uma 

enzima com as atividades de transglicosilase e transpeptidase na 
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síntese do peptidoglicano, tinha um papel crucial na manutenção 

do sistema VraTSR no seu estado não ativo, uma vez que a sua 

depleção levava a uma ativação pronunciada deste sistema. 

Apesar de ambas as atividades desta enzima parecerem ser 

necessárias para manter o sistema inativo, pensamos que a 

atividade de transglicosilase tem um papel predominante, uma vez 

que mutações em outras enzimas com atividade de 

transpeptidase, com defeitos visíveis no grau de “crosslinking” do 

peptidoglicano, não ativavam o sistema VraTSR. 

   Esta tese contribuiu para um maior conhecimento relativo ao 

crescimento e divisão de S. aureus, bem como à forma como esta 

bactéria responde à presença de antibióticos que têm como alvo a 

parede celular. Este conhecimento pode ser usado futuramente no 

desenvolvimento de novas estratégias terapêuticas contra este 

microorganismo.  
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General considerations regarding the bacterial cell cycle 

 

   In the History of Life on Earth, bacteria were amongst the first 

organisms, with the first records dating back to the Devonian Period 

(419.2 million to 358.9 million years ago), but believed to be  present 

since early Precambrian time, about 3.5 billion years ago1. One of the 

main features of this primordial life was the property of making copies 

of itself, known as reproduction2. Generally, bacteria are able to 

reproduce through a mechanism known as binary fission, involving 

the division of a single cell into two independent and similar 

compartments, separated by a septum2. These independent 

compartments detach, giving rise to two new daughter cells3.  This 

process allowed microorganisms to grow and spread across the 

planet, colonizing different ecological niches4. Since cell division is a 

critical step in the bacterial cell cycle, it requires tight coordination 

between cell growth and genome replication, and timing of division3. 

Cell division is carried out by a protein complex called divisome, 

whose elements interact and assemble in a ring at the division site, 

the structure that ultimately performs cytokinesis5. In the case of 

Escherichia coli, the division machinery includes several essential 

proteins6. The first step of divisome assembly involves recruitment of 

three proteins- FtsZ, FtsA and ZipA- that form a ring-like structure that 

is used as scaffold for the sequential recruitment of later division 

proteins to the division site5. One of the most important proteins in 

this process is the tubulin homolog, FtsZ, a cytoplasmic protein that 

attaches to the membrane through its partners FtsA and ZipA7. To 

ensure that the division plane is formed at mid cell and that genomic 

DNA is not bisected by the division septum, bacteria possess 

regulatory mechanisms like the Min system and nucleoid occlusion8. 

Briefly, the Min system negatively regulates the assembly of the FtsZ 
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ring at the poles of the cell, by oscillating between those two 

positions8, while nucleoid occlusion prevents genomic DNA from 

being bisected by preventing FtsZ ring assembly near the nucleoid, a 

structure that contains DNA and DNA-binding proteins9.  

   Bacteria are able to maintain their shape and their volume relatively 

stable across several generations, even after thousands of division 

events10. This implies that cell growth is tightly regulated during the 

cell cycle. If not, cells that divided before doubling their volume would 

progressively become unsustainably small and cells that divided long 

after doubling their volume would constantly increase in size and 

filament11.  

   Typically, the bacterial cell cycle can be divided into three different 

stages: B, C and D10,11. The B period comprises the time between 

one division (when a new cell is formed) and the initiation of 

chromosome replication; C period corresponds to the time that the 

cell takes to replicate the chromosome; D period is the time between 

the end of chromosome replication and the next division (Figure1).  

 

 

 

Figure 1. Stages of cell cycle. Bacterial cell cycle can be divided in three different 

stages: B, C and D. The time spent between cell birth and the beginning of 
chromosomal replication is called B period. C period comprehends the whole process 
of DNA replication, after which there is a D period before the next round of division. 
Adapted from

10
. 
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In both E. coli and Bacillus subtilis the replication of chromosomal 

DNA begins at a single origin of replication, oriC, and proceeds 

bidirectionally, until it reaches the terminus10,11. When chromosome 

replication is completed and the two chromosomes are already 

segregating, the cell prepares for the next round of division through 

the formation of the FtsZ ring at the division site10,11. According to 

Cooper and Helmstetter’s model, in slow-growing bacterial cells, 

there is only a single round of DNA replication per division11. 

However, in fast-growing cells, the generation time tends to be 

shorter than the time to replicate the chromosome and therefore the 

replicating chromosomes re-initiate replication before the previous 

round of this process is complete11,12. As an example, the doubling 

time for E. coli in rich media at 37 °C is close to 20 min, while 60 min 

are needed for DNA to replicate before division12.  

 

Cell size and division regulation during the cell cycle 

  

   The bacterial cell size is regulated during the cell cycle and may link 

cell growth to the initiation of chromosome replication11,13. This model 

was suggested by Donachie in 196813, who proposed that a new 

round of DNA replication only occurs once the cell mass/number of 

chromosome origins ratio reaches a particular value. In other words, 

the cell mass per replication initiation is constant. The hypothesis that 

reaching a specific size triggers initiation of chromosome replication 

provided a model for cell size regulation during the cell cycle, thus 

explaining cell size homeostasis in a specific population11. This model 

implies that smaller cells take longer time to divide, while larger cells 

take less time to initiate the next round of division. This size control 

model has been named “sizer”14,15. This “sizer” model was verified for 
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example in B. subtilis, where cell size is regulated in a nutrient 

dependent manner16. According to Weart and colleagues, B. subtilis 

cells are able to perceive when they reach a certain mass for a 

specific growth rate and modulate the division machinery 

accordingly16. This depends on presence of the metabolic sensor 

UgtP that links FtsZ assembly to cell mass and chromosome 

segregation, in a nutrient dependent fashion. This mechanism allows 

small cells to inhibit FtsZ assembly and/or prolong the temporal 

length of the FtsZ assembly until they reach a certain mass, while 

larger cells are able to initiate division sooner16. However, in the same 

work, the “sizer” model fails to explain why timing of replication 

initiation is unaltered in mutants that are 35% shorter than wild 

type11,16, clearly showing that the mechanisms governing the 

coordination between division and cell size are more complex. 

   An alternative cell division control model is the so-called “timer” 

model, which takes into consideration the age of the cell14,17,18. 

Basically, the timer model posits that cell division is dependent on the 

age of the cell, or the time elapsed since its birth.  This model implies 

a lack of control over the size of the cells, as variance of the size will 

grow constantly, over several generations14. However, according to 

recent data the newborn cell size and the generation time of 

individual cells are negatively correlated, completely ruling out the 

“timer” model19. Nonetheless, the case of morphological and 

functional asymmetry in alphaproteobacteria, namely Caulobacter 

crescentus, between the old and new poles, can be viewed as a 

contribution of the time factor towards the cell fate20,21. 

   Giving that none of the models can, individually, comprehensively 

explain the regulation of cell size and division, there are models 

combining the sizer and timer mechanisms, like the bilinear 

model14,22. According to this hypothesis, cells grow linearly in time, 
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until achieving a threshold length, after which cells keep growing for a 

fixed amount of time14,22. There are reported cases where both size 

and time variables play a role in the regulation of the cell division, like 

in Methylobacterium extorquens23. In M. extorquens cell size 

increases with increasing pole age, while the time between each 

division decreases23. Although, no substantial inconsistencies can be 

found between experimental data and a model where the division rate 

depends simultaneously on the size and age of cells, a new simpler 

model, called the “adder”, explains these and further observations 

(Figure 2)14,19,24 . 

 

Figure 2. Proposed model for cell size control and homeostasis in bacteria. 

Bacterial cells maintain size homeostasis by adding a constant size (Δ) and dividing 
at the middle. According to this model, the newborn cells size, regardless of their 
initial value, will automatically converge to Δ, if these criteria are met. Adapted from

19
. 

 

   The “adder” model, a paradigm first proposed in 1993 as 

“incremental size model”, postulates that cells add a constant size (Δ) 

between birth (sb) and division (sd) for a given growth condition (Δ = 

sd−sb)14,19,25. Also, according to Taheri-Araghi and colleagues, the 

distribution of the size added to each cell, Δ, in each generation, is 
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independent of the cell size at birth19. One of the first outcomes of this 

model is that it ensures cell size homeostasis, since after every 

division, each cell comes closer to the population average19. 

Moreover, the “adder” paradigm agrees with previous models 

describing initiation of cell division based on the accumulation of cell 

cycle initiators up to a certain threshold, which triggers the process26. 

The variable added size Δ, together with the growth rate (λ) are 

enough to explain the distribution of all growth and division 

parameters, such as relative septum position, division size, newborn 

size and generation time of both E. coli and B. subtilis, in all growth 

conditions19. As a result, Taheri-Araghi and colleagues claim that Δ 

and  λ are the two basic parameters that control physiology and size 

homeostasis in bacteria19. Since the “adder” model was proposed, 

several hypotheses were raised to explain its mechanistic basis. The 

“adder” may be controlled by the initiation of replication, as suggested 

in the “adder per origin” model27. It states that a new round of DNA 

replication can only occur once the cell accumulates a critical volume 

per origin of replication, raising the possibility of an accumulation of 

an initiator protein27. Alternatively, the “adder” may be regulated by 

the event of division28. This approach proposes that bacteria achieve 

cell size homeostasis by growing on average the same amount 

between divisions, independently of cell size at birth, suggesting that 

the “adder” is regulated close to or at division28. A third hypothesis 

considers that the surface-to-volume ratio governs cell size29.  

According to recent data, the two model organisms E. coli and B. 

subtilis share a common mechanism of size homeostasis25.  The 

authors show that the “adder” mechanism in these microorganisms 

involves both the accumulation of  division percursors, like FtsZ, up to 

a certain level, per cell, and that their synthesis is proportional to the 
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growth of cell volume25. As a result, the division process regulates 

size homeostasis in both microorganisms. 

The cell cycle of Staphylococcus aureus 

 

   Staphylococcus aureus is a pathogen widely known for causing 

nosocomial antibiotic resistant infections. Its clinical relevance and 

the way it divides make this microorganism an important model for 

cell division. Most bacteria grow and divide, by elongating and 

building a new septum at mid cell, perpendicularly to the long cell 

axis, that divides the mother cell into two independent daughter cells, 

typical of rod-shaped bacteria30. On the contrary, S. aureus is a 

spherical organism that was thought, since the 1970s, to divide in 

three sequential alternating orthogonal planes over three consecutive 

division cycles31,32. According to this model, to maintain information 

about the previous division planes, S. aureus had to rely on spatial 

cues and since this spatial reference varies with each division, it 

could be encoded by DNA32. The source of epigenetic information 

was attributed to peptidoglycan (PG) thick “piecrust” structures, that 

are formed at the cell surface upon each division, on the division 

plane32. These structures are interpreted as remnants of PG 

remodelling during division events, thus retaining the spatial 

information of previous divisions32. However, recent published data 

from our laboratory suggests that S. aureus divides in two alternating 

perpendicular planes, but not necessarily in three33. Like E. coli and 

B. subtilis, S. aureus segregates the replicated chromosomal DNA to 

the daughter cells, before septal closure34. However, unlike the two 

model microorganisms, S. aureus lacks a Min system, relying only on 

a nucleoid occlusion mechanism to ensure that FtsZ polymerization 

only occurs at the middle of the cell35. Another important 
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characteristic of the S. aureus cell cycle is that it was proposed to 

synthesize cell wall mainly at the division septum, dependent on one 

cell wall synthesis machinery34. This is strikingly different from rod-

shaped microorganisms like E. coli and B. subtilis, that harbour two 

different cell wall synthesis machineries, one for incorporation of cell 

wall mainly at the division septum and the other for elongation of the 

lateral wall36. Due to the small size of S. aureus cells, with around 1 

μm diameter37, the morphological changes that may happen during 

the cell cycle are beyond the resolution of conventional microscopy 

techniques. There is, however, evidence that cells experience a 

volume increment, doubling the size, after the split of the mother cell 

into the two independent daughter cells, accounting for an increase in 

the surface area32. This hypothesis suggested that cells must reshape 

the septal PG, from a flat surface into a curved one, if no elongation 

machinery was present. The role of reshaping of the septal region to 

account for volume duplication has been attributed to enzymatic 

hydrolysis of PG and cell internal turgor pressure32,38. 

   Splitting of the mother cell into two daughter cells requires the 

sequential events of septation and cell separation. Cryo Transmission 

Electron Microscopy (cryo-TEM) observations indicate the septum is 

composed of two septal planes (one per daughter cell) separated by 

a middle zone of lower electron density39. According to Matias and 

Beveridge, the two daughter cells start the synthesis of two wall 

layers as soon as the septum starts growing inwards (septal 

ingrowth), with the integrity of the division septum being maintained 

by a high-density zone at its initiation point, at the periphery of the cell 

(Figure 3)39.  
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Figure 3. Proposed model for septum structure in S. aureus. Septum synthesis results in the 
generation of distinct layers within the septum: a cryo-TEM low density middle zone (MZ), 
flanked by high density cell wall (CW) layers. A low-density periplasmic space (PS) can be 
found not only between the plasma membrane (PM) and the peripheral cell wall, but also in 
the septum. Adapted from

39
. 

 

The septum of S. aureus has been described to have five distinct 

zones of different densities between the membranes of the two future 

compartments (Figure 3)39,40. These five regions consist of two high 

electron density zones in between three low electron density zones 

(cryo-TEM), with the high density zones being composed of cell wall 

matrix while the low density zones have no distinguishable structures 

within them39,40. The low density zones adjacent to the membranes 

were proposed to be the periplasmic space of Gram-positive bacteria, 

while the low density zone at the middle of the septum would 

correspond to a soluble zone trapped between the septal cell walls39. 

As the tip of the septum grows inwards, the two cell wall (CW) layers 

corresponding to the high density zones grow as two separate 

planes, though one cannot exclude that these two layers come from a 

single CW layer, that is immediately hydrolysed39. When the septum 



Chapter I 

20 
 

is finally closed the daughter cells are kept together, through a cell 

wall layer at the periphery, at the base of the septum39. Although, the 

thickness of the septum was described to be homogeneous after 

septal closure, further analysis revealed that, during septum 

synthesis, the leading edge is thinner and it gradually becomes 

thicker towards the base of the structure41. This configuration is 

maintained after the closure of the septum, with the centre being 

thinner than the base, but it progressively becomes homogeneous 

through PG insertion, performed by cell division machinery41. The 

regions at the base of the closed septum are then further processed 

by PG hydrolases for complete separation of the daughter cells39. S. 

aureus possesses several PG hydrolases42. The role of PG hydrolysis 

in cell daughter separation has been attributed to two enzymes called 

Atl and Sle143. Atl is a bifunctional enzyme, that undergoes proteolytic 

processing, generating a 59 kDa endo-beta-N-acetylglucosaminidase 

and a 62 kDa N-acetylmuramyl-L-alanine amidase, localising as a 

ring around the zone of division39,44. Sle1 is a 32 kDa N-

acetylmuramyl-l-alanine amidase that is also implicated in cell 

separation of S. aureus43. In the absence of both of these enzymes 

cell separation is heavily impaired, leading to the formation of cellular 

clusters43. 

 

 

 

 

 

 

 

 

 



General Introduction 

21 
 

The cell cycle as a source of variability 

 

   Much of the phenotypic variability observed at the bacterial 

population level can be explained by genetic differences, as well as 

by the effects of the surrounding environment45. However, even 

genetically identical cells, with identical history of exposure to the 

same environmental conditions may display striking phenotypic 

variability45. The cell cycle has been described as one source of 

phenotypic variability45. One example is the replication-associated 

gene dosage effect but also, along the bacterial cell cycle, several 

proteins and enzymatic complexes are recruited to perform specific 

tasks, like chromosome replication or septum synthesis46,47,48. This 

implies that different proteins are active only at particular time 

window. As a consequence, while in a synchronized population of 

cells, the progression of the cell cycle produces predictable changes 

in protein activity, in an asynchronized population, the cell cycle 

generates variability45. One extreme case of cell cycle-driven 

variability is the generation of functionally different cells. Caulobacter 

crescentus is an interesting model regarding the generation of cellular 

asymmetry, since it produces, after every division, two 

morphologically and functionally different cells: a non-replicating 

swarmer cell and a replicating stalked cell49. This phenotypic 

dimorphism is intrinsic to the cell cycle50. One mechanism used by C. 

crescentus to enable this phenotypic variability is DNA methylation, a 

process required for cell cycle regulation in this microorganism51,52. 

Chromosome replication occurs in the stalked cell, after binding of the 

replication initiation protein DnaA to the methylated origin of 

replication50. During early steps of chromosome replication, the DNA 

is fully methylated but as replication progresses, the replicated 

chromosome becomes hemi-methylated, since the CcrM methylase 
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activity is restricted to the end of DNA replication, prior to cell 

division50. In turn, transcription of dnaA is inhibited when its promoter 

is in the hemi-methylated state, soon after chromosome replication53. 

This way, DNA replication acts as a timer for coordination of C. 

crescentus cell cycle52. DnaA activates the transcription of gcrA, 

whose product leads to the transcription of ctrA54. CtrA is a cell cycle 

transcription regulator and a chromosome replication inhibitor, which 

is selectively degraded in the stalked cell compartment, but not in the 

swarmer cell compartment, after the division event has occurred55,56. 

Hence, chromosome replication is restricted to the stalked cell, 

generating functionally different cells, while sharing the same genetic 

information.  

   It is also documented that C. crescentus cells may experience 

metabolic fluctuations, during the cell cycle57. Additionally the 

intracellular redox potential oscillates with the bacterial cell cycle, 

which may be caused by proteins linking cell cycle stages to 

metabolism58. Examples include the NADH-dependent cell division 

regulator KidO, a known inhibitor of FtsZ59 or the glutamate 

dehydrogenase GdhZ that interferes with FtsZ polymerization by 

promoting its GTPase activity60. Multifunctional enzymes that perform 

different autonomous and often unrelated functions without 

partitioning these functions into different domains are called 

moonlighting enzymes, which is the case of enzymes regulating 

metabolism and the cell cycle, in C. crescentus61. Moonlighting 

enzymes coordinating the cell cycle and metabolism were also 

identified in E. coli, such as the UDP-glucose activated inhibitor of 

FtsZ ring, OpgH and in B. subtilis, such as, the sugar transferase 

UgtP, also an FtsZ inhibitor62. 

   Controlling cell cycle progression is crucial for bacteria to maintain 

the correct order of events and preserve the integrity of the cell63. 
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Therefore, understanding this process is a key aspect of antibiotic 

development. 

Noise in gene expression 

 

   The random nature of the chemical reactions that govern biological 

processes inside a cell influences the way it operates45,64. One of 

such biological processes is gene expression, whose control involves 

a series of  reactions that ultimately regulate most cellular 

behaviors45. To describe variation in gene expression amongst 

isogenic cells, subjected to the same environmental conditions, the 

terms noise or stochasticity in gene expression are often used45. 

There are four main sources of noise: (i) the random nature of 

chemical reactions inside a cell; (ii) differences in the internal states 

of a population, like the cell cycle phases; (iii) subtle environmental 

variations; (iv) ongoing genetic mutations45.  

   Effects of noise can be minor when large amounts of molecules are 

present, but may become notable when only a few molecules exist in 

a cell, which is the case for DNA, RNA and other important regulatory 

molecules45,65. Stochasticity in gene expression, rendering different 

amounts of protein produced by a specific gene in two isogenic cells, 

can account for an important fraction of the observed cell-to-cell 

variation65,66. The total noise in a cell (defined as the standard 

deviation divided by the mean in a given distribution, such as gene 

expression) can be further decomposed into two different 

components: extrinsic and intrinsic noise. The extrinsic noise 

accounts for oscillations in the output of a particular gene, considering 

that its expression is dependent on fluctuations in the amount, activity 

and location of regulatory proteins, polymerases or any other factor 

that interferes with gene expression45,65. This concept can be easily 
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explained if we monitor two reporters for the same regulatory 

sequence of a given gene, an experimental setting followed by 

Elowitz and colleagues65. Extrinsic noise affects the two reporters 

equally at the single cell level, but generates differences between 

different cells (Figure 4A)45,65. Some authors consider that the 

extrinsic noise can be further divided into two categories: (i) global 

noise, accounting for oscillations of rates of the reactions that affect 

expression of all genes (Figure 4B); (ii) gene or pathway-specific 

extrinsic noise, caused by concentration fluctuations of transcription 

factors or stochasticity inherent to a specific pathway (Figure 4C)67,68. 

On the other hand, if we consider a population of isogenic cells with 

the same concentration and chemical states of their cellular 

components, the rate of expression of a given gene would still be 

different between two cells, due to the random nature of chemical 

reactions that govern genetic expression65. This causes intrinsic 

noise, which creates differences between two reporters of the same 

regulatory sequence of a particular gene, in the same intracellular 

environment (Figure 4D)45,65. 

 

 

Figure 4. Characteristics of noise in genetic expression. Expression levels of two 

reporters of the same gene (GENE1), on the same prokaryotic chromosome, are 
presented in green and red respectively, while GENE2 reporter expression levels are 
presented in a dashed line (A) Extrinsic noise affects two reporters of the same gene 

in the same extent but generates differences between cells or in the same cell over 
time. (B) Global noise, a component of extrinsic noise, affects the expression of all 
genes equally, in a single cell, but differs from cell to cell. (C) Gene or pathway-

specific extrinsic noise is the inherent stochasticity of a specific genetic circuit, thus 
varying between different genes in the same cell. (D) Intrinsic noise causes 

differences between two reporters of the same gene, in a single cell. Adapted from
45

. 
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   Fluctuations in gene expression longer than the cell cycle can have 

substantial effects on cellular processes, while rapid fluctuations may 

not have a significant impact69. This is due to the fact that fast 

fluctuations average out quickly while slow oscillations can introduce 

errors in the genetic circuits, compromising their accuracy69. The fact 

that the time scale of oscillations attributed to intrinsic noise is shorter 

than that of extrinsic noise, may indicate that cellular phenotypes are 

more dependent on the extrinsic component of noise than the intrinsic 

one, even if the latest is known to be the main source of noise45,69,70. 

Given that genetic noise causes inaccuracy on biological systems, 

this phenomenon is expected to be under selective pressure to be 

tightly controled45. Consequently, various cellular mechanisms have 

been suggested to mitigate noise effects, such as lowering the 

intrinsic noise in protein levels by implementing inefficient translation 

succeeding frequent transcription, which comes at the energetic cost 

of producing few proteins from several mRNAs45. Inefficient 

translation has been suggested to occur in some regulatory genes in 

E. coli , like malT, a gene coding the regulator of maltose regulon71. 

    Noise is not always harmful for the biological systems, as systems 

can take advantage from stochasticity72. In bacterial clonal 

populations the expression of a gene follows an unimodal variation, 

due to noise effects yet, in some conditions, noise can give rise to a 

second type of variation that is not unimodal73. In this non-unimodal 

variation, an isogenic population bifurcates into different coexisting 

subpopulations, a process named bistability73. Bistability was 

proposed to occurs stochastically, since it can be triggered in isogenic 

populations grown in the same environmental conditions73. Two 

noticeable examples are sporulation and natural competence. The 

mechanisms underlying bistability involve the effect of noise on a 

master regulatory gene, allowing the cell to pass a threshold in gene 
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expression, triggering a qualitative change that ultimately bifurcates 

the population73. One condition in which bistability, and consequently 

noise, prove to be beneficial for bacterial populations is in the 

presence of antimicrobial agents, like antibiotics73. This strategy 

involves the generation of a subpopulation, called persisters, that can 

withstand antibiotic treatment and then resume growth, once the 

antibiotic is removed73,74. Persisters can be distinguished from other 

cells by their reduced growth rate, a state that they enter 

stochastically, prior to antibiotic treatment74. The existence of a 

subpopulation of persisters explains why bacterial cell death linked to 

antibiotic treatment shows a biphasic killing curve75. In the presence 

of antibiotics, persisters and antibiotic susceptible cells coexist. 

However, while the susceptible population is eliminated swiftly, 

corresponding to the fast-killing phase, the small persisters 

subpopulation survives, corresponding to the slow or non-killing 

phase75. The cost of generating slow or non-growing cells is 

compensated by the capacity of survival of the whole population with 

the same genetic information. Hence, persisters formation and 

bistability in general, pose a significant advantage to cells that deal 

with frequent environmental fluctuations73. 

 

The Bacterial Cell Envelope 

 

   To cope with an often hostile environment, bacteria developed a 

complex structure, called cell envelope, that surrounds the cytoplasm 

and allows selective passage of nutrients from the outside and waste 

products from the inside76. In 1884, the Danish bacteriologist Hans 

Christian Gram developed a staining method that allowed him to 

classify almost all bacteria into two different groups77. This procedure 

is based on the differential staining with a crystal violet-iodine 
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complex and a safranin counterstain, with Gram-positive bacteria 

retaining this complex, while Gram-negative bacteria lose the 

coloration77. The fundamental principle of the Gram stain lies on the 

structural differences of the cell envelope of these two groups of 

microorganisms76.  

 

Gram-negative envelope 

 

   In Gram-negative bacteria, the cell envelope is composed of three 

major layers: the outer membrane (OM), the cell wall (CW), 

comprised of peptidoglycan (PG) layers, and the cytoplasmic or inner 

membrane (IM) (Figure 5)76.  

   The OM, a specific attribute of Gram-negative bacteria, is the 

outermost layer of the envelope structure, separating the external 

environment from the periplasm76,78. The OM is composed of 

phospholipids, proteins and lipopolysaccharides (LPS). Its lipid 

distribution is asymmetric, with the periplasmic leaflet containing 

phospholipids and the surface-exposed outer leaflet being mainly 

composed of LPS76,78,79. LPS confers a highly charged property to the 

OM, enabling several interactions with cations in the outside 

environment80.  
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Figure 5. Typical structure of the Gram-negative envelope. In Gram-negative 

bacteria, the envelope is composed of an outer membrane enclosing the CW (see 
text), composed of a thin layer of PG (see text) (~4 nm), and the periplasmic space, 
that separates these structures from the inner membrane. The outer membrane can 
be coated with LPS (see text) and is connected to the CW via lipoproteins. Adapted 
from

81
 

    

   Underlying the OM, there is a thin layer of PG, typically ranging 

from around 2.5 nm in Pseudomonas aeruginosa to 6.5 nm in E. 

coli82. This PG layer is linked to the OM through a lipoprotein called, 

Lpp or Braun’s lipoprotein83. The PG layer is immersed in an aqueous 

compartment, called periplasm, which is more viscous than the 

cytoplasm and with a high content of proteins84. Proteins located in 

this compartment display different functions, such as sugar and 

amino acid transport, chemotaxis or envelope biosynthesis85. 
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Gram-positive envelope 

 

   The Gram-positive envelope has a different layout, when compared 

to the Gram-negative one. One key aspect is the absence of OM82 

(Figure 6). Cryo-TEM allowed to differentiate two layers within the 

Gram-positive envelope, besides the membrane: a low-electron 

density inner wall zone (IWZ) and a high-electron density outer wall 

zone (OWZ) 39,40,82. The IWZ has been proposed to be the equivalent 

of the Gram-negative periplasm, with similar composition and 

function86. The OWZ is a layer containing PG with glycopolymers 

known as teichoic acids (TA) either covalently anchored to the PG, 

the Wall Teichoic Acids (WTA), or anchored to the head groups of 

membrane lipids, the Lipoteichoic Acids (LTA), and cell surface 

proteins82,87.  

   The PG structure in Gram-positive bacteria is considerably thicker 

than the Gram-negative counterpart, ranging from 20 to 80 nm, with 

40-80 individual layers of this polymer88,89,90. As for the periplasmic 

space, in Gram-positive bacteria it is much narrower than in the 

Gram-negative cells90. Some authors argue that the periplasmic 

space is dynamic, depending on the external conditions that alter the 

internal cellular volume, since the CW appears to be stiff91. Removal 

of WTA was demonstrated to reduce the thickness of the OWZ in B. 

subtilis, but not in S. aureus39,40. These polymers can represent over 

60% of the mass of the Gram-positive CW, constituting a major 

structural component76. Besides their structural importance, WTA and 

LTA contribute to the negative surface charge, a similar function to 

the LPS in Gram-negative bacteria90,92. WTA were proposed to bind 

extracellular metal cations as well as protons, creating local changes 

in the pH, thus regulating the functions of some extracellular 

enzymes93,94. 
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Figure 6. Typical structure of the Gram-positive envelope. In Gram-positive 

bacteria, the CW represents the major component of the envelope, with a very thick 
layer of PG. A small periplasm is present between the PG and the cytoplasmic 
membrane. WTA are covalently attached to PG while LTA are anchored to the 
membrane. Both polymers can decorate the Gram-positive envelope, spanning 
through the CW. Adapted from

81
 

 

 

Peptidoglycan structure and architecture 

 

   The CW of bacteria is mainly composed of peptidoglycan (PG), also 

known as murein. The PG coating can withstand the internal osmotic 

pressure, preserves cell shape and integrity and serves as a scaffold 

for anchoring proteins and other cell envelope components95,96,97. PG 

is present in almost all bacteria, with some exceptions, like 

Mycoplasma spp95.  

   As its name suggests, PG is a macromolecule comprised of linear 

glycan chains, cross-linked to each other through short peptides98. 
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The glycan chains are composed of alternating N-acetylglucosamine 

(GlcNAc) and N-acetylmuramic acid (MurNAc) residues, linked by β-

1,4 bonds95. In each MurNAc residue, the D-lactoyl group is 

substituted by a small peptide stem, composed of different amino 

acids that connect to other stem peptides of adjacent glycan strands, 

performing a cross-link between those strands95,99. The general 

amino acid sequence of stem peptides is L-Alanine (L-Ala), γ-D-

Glutamic Acid (γ-D-Glu), meso-diaminopimelic acid (mDAP) or L-

Lysine (L-Lys), D-Alanine (D-Ala), D-Alanine95,96. The cross-linking 

reaction occurs between the carboxyl group of D-Ala in the fourth 

position of one stem peptide and the amino group of the diamino acid 

at the third position of another stem peptide, directly or through a 

peptide bridge, generating a three-dimensional multi-layered mesh 

structure (Figure 7)95,96. 

 

 

 

Figure 7. Peptide cross-linking in Gram-negative and Gram-positive bacteria. The cross-
linking reaction occurs between the carboxyl group of D-Ala in the fourth position and the 
amino group of the diamino acid at the third position. In most Gram-negative bacteria, like E. 
coli the reaction happens directly between the aforementioned groups, while in some Gram-
positive bacteria, like S. aureus, this can occur through a peptide bridge. Adapted from

100
. 
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   This architecture is conserved in most bacteria, although there is a 

certain level of variation regarding the chemistry of the residues of the 

stem peptides, the glycan chains and the position or composition of 

the interpeptide bridge95. This variability in PG structure and 

composition confers different properties and allows structural 

diversity, regarding the CW95,96,101. 

   PG glycan chains can suffer secondary alterations such, as N-

deacetylation of either MurNAc or GlcNAc, performed by PG 

deacetylases, most likely on already polymerized PG102. O-

 acetylation, a more common modification than deacetylation, has 

also been documented in MurNAc residues, most probably on already 

polymerized PG103. MurNAc residues can also be N-glycolylated, a 

process most commonly found in bacteria with mycolic acids, like 

Mycobacterium spp102,104. Contrary to N-deacetylation and O-

 acetylation, N-glycolylation is performed on PG percursors102. 

Acetylation, deacetylation and O-acetylation alter the properties of 

PG, allowing the macromolecule to become resistant to the hydrolytic 

activity of certain enzymes102,105,106. Other examples of glycan 

variability include the termination of the glycan chains with a 1,6-

 anhydroMurNAc residue that occurs in Gram-negative and some 

Gram-positive bacteria, like B. subtilis, albeit in a low proportion 

(0.4% of the residues), while most of Gram-positive microorganisms 

display a reducing end containing either MurNAc or GlcNAc95,107. 

   The glycan chain length is variable between bacterial species and 

its average value does not seem to correlate with the thickness of the 

PG layer95. E. coli and most other Gram-negative bacteria have an 

average glycan length between 19 and 38 dissacharide units (1 DS 

equals 1.03 nm), but the length of the glycan chains can depend on 

growth conditions, being longer in newly synthesized strands and 



General Introduction 

33 
 

shorter in PG of cells in stationary phase82,108,109. In Gram-positive 

bacteria, like B. subtilis, the glycan chains are extremely long, 

containing more than 500 DS82,110. A model named “coiled cable”, 

based on Atomic Force Microscopy (AFM) images of fragmented PG 

sacculi was proposed to explain how these long glycan chains were 

arranged around the cell, stating that bundles of glycan chains wrap 

around each other, generating 50 nm wide “cables” (Figure 8A) that 

go around the cell, perpendicularly to the long axis91. However, an 

alternative model was later proposed based on electron cryo-

tomography, which provides full 3-D information, in contrast with 2-D 

images of AFM, stating that glycan strands run circumferentially 

around the cell, cross-linked by stem peptides parallel to the long 

cellular axis, an observation previously reported for Gram-negative 

bacteria (Figure 8B)91,111. 

 

 

Figure 8. Peptidoglycan macrostructure models. A) The cable model proposes 

that PG chains wrap into coiled cables that go around the cell, perpendicular to the 
long axis of the cell. B) Glycan strands (in blue) go circumferentially around the cell, 

cross-linked by stem peptides (in green) parallel to its long axis. Adapted from
82,91

. 

 

   Nevertheless, this organized orientation of glycan strands around 

the cell has been recently challenged by Pasquina-Lemonche and 

colleagues, who claim that the external surfaces of B. subtilis and 

S. aureus are disordered and have glycan strands of variable 

thickness112. Yet, in S. aureus, the glycan strands are notably shorter 
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than in B. subtilis, with an average length of only 6 dissacharide units, 

but with a higher degree of peptide cross-linking113,114.  

   Cross-linking also presents high variability between 

microorganisms, with most variations being attributed to the mode of 

cross-linkage and the length and chemical composition of the 

interpeptide bridge95. Cross-linking (3-4) occurs between the amino 

acid in the third position of one stem peptide (acyl acceptor) and the 

D-Ala at fourth position of the other stem peptide (acyl donor), the 

most common type99. This reaction can occur directly between the 

two referred amino acids or through the presence of an interpeptide 

bridge95,99. A less common mode of cross-linkage requires the 

reaction between the D-Glu amino acid at second position of one 

stem peptide and D-Ala at position four of another (2-4)95. In specific 

cases, like Mycobacteria, the carboxyl group of the third amino acid 

can be used as acyl donor, instead of the D-Ala at position four, 

resulting in (3-3) cross-linking115. 

   The structure and architecture of the PG sacculus confers elastic 

properties, enabling PG to expand and shrink without compromising 

its integrity95,116. One evident example of PG elasticity is that this 

macromolecule can withstand the internal turgor pressure of the cell, 

that presses the cytoplasmic membrane against the PG, stretching 

the later117. In fact, when the cytoplasmic membrane of E. coli cells is 

disrupted by a detergent, causing loss of the internal turgor pressure, 

the cell surface area suffers a decrease of around 45%, due to 

relaxation of PG mesh95,117. Deformations of PG shape are more 

pronounced along the long axis of the cell, an observation that 

corroborates the predicted PG structure with the more flexible stem 

peptides aligned with the long axis and the more rigid glycan stands 

perpendicular to it, as already discussed95,111,118. 
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   In addition to the elastic properties, another structural feature of PG 

is the presence of pores in the mesh, with similar sizes (around 2 nm 

radius) in Gram-positive and Gram-negative bacteria119. According to 

estimates, these pores should allow the passage of proteins up to 

50 kDa, in normal growth conditions119. This porosity has been 

recently confirmed by AFM in B. subtilis and S. aureus with the 

external PG surface presenting large (up to 30 nm radius) and deep 

(up to 23 nm) pores, while the internal surface is smoother and with 

smaller pores, to prevent membrane plasmolysis, due to internal 

turgor pressure112. 

 

Peptidoglycan biosynthesis 

 

   The biosynthesis of PG is an enzymatic pathway, conserved in both 

Gram-negative and Gram-positive bacteria, involving several steps, 

spatially distributed in three different stages (Figure 9)36. The pathway 

starts in the cytoplasm leading to the formation of the nucleotide 

sugar-linked precursors UDP-N-acetylmuramyl-pentapeptide (UDP-

MurNAc-pentapeptide) and UDP-N-acetylglucosamine (UDP-

GlcNAc)36,120. The second stage takes place in the inner leaflet of the 

cytoplasmic membrane and leads to the synthesis of lipid-linked PG 

precursors that are then flipped to the outer leaflet36,120. The last stage 

takes place in the outer layer of the cytoplasmic membrane and 

involves the incorporation of the PG precursor into the nascent PG 

and into the mesh structure that take place in the cytoplasm36. 
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Figure 9. Peptidoglycan biosynthesis in S. aureus. The biosynthesis of PG occurs 

in three different stages (i) synthesis of PG precursor into the cytoplasm, (ii) 
synthesis of lipid-linked precursors at the inner leaflet of membrane followed by 
flipping to the outer leaflet and (iii) polymerization of PG in the CW. The cytoplasmic 
PG precursor is formed by UDP-MurNAc linked to the stem peptide and subsequently 
attached to bactoprenol, forming lipid I. GlcNAc is then added to lipid I, yielding lipid 
II, which is modified by the addition of a glycine pentapeptide bridge and translocated 
across the membrane. Finally, the PG precursor is incorporated into the CW by 
transglycosylation and transpeptidation reactions. 

 

 

Cytoplasmic reactions of peptidoglycan biosynthesis 

 

 

   The first step of PG synthesis leads to the formation of uridine 5’-

pyrophosphate-N-acetylglucosamine (UDP-GlcNAc) from fructose-6-

phosphate, catalysed by the GlmSMU enzymes120,121. Uridine 5’-

pyrophosphate-N-acetylmuramic acid (UDP-MurNAc) is then formed 

from UDP-GlcNAc through a two-step process, in which MurA 

catalyses the transfer of enolpyruvate from phosphoenolpyruvate to 

the GlcNAc residue, generating UDP-GlcNAc-enolpyruvate120. The 

second step involves the reductase MurB, catalysing the reduction of 
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the enolpyruvyl moiety to D-lactoyl, yielding UDP-MurNAc120. The 

next reactions involve addition of a stem peptide to the lactoyl group 

of UDP-MurNAc, in a stepwise fashion, generally, L-Ala, D-Glu and a 

diamino acid either L-Lys or meso-diaminopimelic acid (mDAP), by 

MurCDE enzymes120,122. Subsequently, the D-Ala-D-Ala dipeptide is 

added to the UDP-MurNAc-tripeptide by MurF, yielding UDP-MurNAc-

pentapeptide, also known as Park’s nucleotide120,122,123. 

 

Lipid-linked reactions of peptidoglycan biosynthesis 

 

   The membrane steps of PG biosynthesis start with the transfer of 

UDP-MurNAc-pentapeptide to the membrane acceptor undecaprenyl 

phosphate (C55P) or bactoprenol, by MraY enzyme, resulting in 

MurNAc-pentapeptide-pyrophosphoryl undecaprenol, known as lipid 

I120,123. MurG transferase then adds N-acetylglucosamine to lipid I, 

yielding GlcNAc-MurNAc-pentapeptide-pyrophosphoryl-undecaprenol 

or lipid II120,124. 

   In S. aureus, a pentaglycine interpeptide bridge is formed by the 

activity of FemXAB non-ribosomal peptidyltransferases125. The first 

reaction is performed by FemX, which adds the first glycine to the 

amine group of L-Lysine of the lipid II stem peptide, generating lipid II-

Gly1
126. Then, using lipid II-Gly1 as substrate, FemA adds the second 

and third glycines, forming lipid II-Gly3 and finally FemB adds the 

fourth and fifth glycines to lipid II-Gly3, generating lipidII-Gly5
125,127,128. 

   Lipid II-Gly5 is then flipped to the outer leaflet of the cytoplasmic 

membrane by an enzyme whose identity was controversial for 

years129. While FtsW is the only enzyme shown to transport lipid II in 

vitro, using E. coli membrane vesicles, MurJ was presented as a lipid 

II translocase in vivo130,131. Blocking MurJ lipid II flipping activity 

revealed not only to block lipid II translocation, but also to be 
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incompatible with cell viability, while depleting FtsW had no major 

impact on flipped lipid II, in vivo, in E. coli131. On the other hand, FtsW 

was recently shown to be a PG synthase, capable of synthesizing 

glycan strands131,132. 

 

Incorporation of peptidoglycan precursors into the cell wall 

 

   PG precursors are incorporated into the CW mesh structure through 

two reactions: transglycosylation (TG) and transpeptidation (TP). TG 

activity allows the elongation of glycan strands, by making a β-1,4 

linkage between GlcNAc of lipid II-Gly5 and MurNAc of the nascent 

PG133. Once lipid II-Gly5 is added to the growing PG strand, the lipid 

carrier bactoprenol is recycled back to the inner side of the 

membrane to pick another cytoplasmic PG precursor134. TP, the other 

biosynthetic activity present on the outer leaflet of the membrane, is 

responsible for the formation of peptide crosslinks between stem 

peptides of adjacent glycan strands, concomitant with the release of 

the terminal D-Ala residue135,136. 

   In S. aureus TG activity is performed by monofunctional 

transglycosylases (TGases), namely Mgt and SgtA, and by the 

bifunctional enzyme PBP2 (possessing both transglycosylase and 

transpeptidase activities)137,138,139. More recently, the SEDS proteins 

FtsW and RodA were also reported as having TGase activity140. The 

TP activity is performed by the transpeptidase (TPase) domains of 

pencillin binding proteins (PBPs)141.  

   PBPs can be divided in two main groups, high molecular mass 

(HMM) PBPs and low molecular mass (LMM) PBPs141. HMM PBPs 

can be further divided into class A and class B, based on the 

structure and function of the N-terminal domains. Both classes have a 

C-terminal TPase domain, but while class A PBPs have an N-terminal 
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TGase domain, class B PBPs have an N-terminal domain that can 

have other roles, such as in cell morphogenesis through interaction 

with other proteins141,142. LMM PBPs can perform different reactions, 

including D-Ala-D-Ala carboxypeptidation, D-Ala-D-Ala 

transpeptidation and endopeptidation141. Endopeptidation and 

transpeptidation are reverse activities, while carboxypeptidation 

cleaves the terminal D-Ala, without performing cross-linkage, as a 

water molecule is used as an acceptor, instead of a stem 

peptide141,143. 

 

Antibiotic resistance in Staphylococcus aureus  

 

   The transpeptidase activity of PBPs is the target of β-lactam 

antibiotics, that act as substrate analogs of the D-Ala-D-Ala dipeptide 

of the PG and bind to the active site of these enzymes, forming a very 

stable complex. This blocks the access of PBPs to their natural 

substrate, causing disruption of PG biogenesis144,145. According to 

Cho and colleagues, β-lactams do more than just blocking PG 

synthesis, they trigger a futile cycle of PG synthesis and degradation 

that ultimately exhausts cellular resources, leading to cell death146. 

   Penicillin, discovered in 1929 by Alexender Fleming, is a β-lactam. 

The first mechanism used by S. aureus to tackle penicillin treatment 

was through the acquisition of a gene that codes for a β-lactamase, 

an enzyme that deactivates these antibiotics by cleaving their 

characteristic β-lactam rings147. With the introduction of β-lactamase 

insensitive antibiotics, like methicillin and oxacillin, the resistance 

mechanism in S. aureus evolved through the acquisition of an extra 

PBP with low affinity to β-lactams, called PBP2A148,149. S. aureus has 

four native PBPs (PBP1-4) and the fifth PBP, PBP2A, is only present 

in Methicillin Resistant Staphylococcus aureus (MRSA) strains, 
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encoded by the gene mecA, which was acquired from a non -S. 

aureus origin148. In the presence of β-lactams, PBP2A continues its 

TPase activity, while the other TPases are deactivated148. In these 

conditions, the TP domain of PBP2A can cooperate with the β-lactam 

insensitive TG domain of PBP2, which remains functional, to perform 

CW synthesis, allowing the cells to grow150. 

   S. aureus is a versatile pathogen with the ability to cause several 

diseases ranging from skin infections to pneumonia or life-threatening 

endocarditis151. Although MRSA started as a major concern in 

nosocomial environments, it is no longer limited to hospitalized 

patients, since several outbreaks have been reported worldwide in 

the community152,153,154. Nowadays, MRSA continues to represent a 

burden to healthcare systems worldwide, being included in the World 

Health Organization list of high priority pathogens to tackle155,156. 

 

Bacterial two-component systems 

  

   Besides specific resistance mechanisms to antibiotics, bacteria 

employ other wider responses, dependent on Two-component 

systems (TCS) to cope with the presence of antibiotics. TCS have a 

widespread distribution amongst bacteria and archaea and their main 

biological role is to perceive and transduce environmental cues and 

initiate the appropriate cellular response, involving biological 

processes like cell division, metabolism, pathogenicity, antibiotic 

resistance or chemotaxis157,158. TCS are able to respond to several 

chemical and physical stimuli, from small molecules, ions, pH, 

temperature, osmotic pressure, redox state, amongst others158. 

Sensing of the environmental stimulus can take place in the 
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extracellular space, the periplasm, within the membrane or even in 

the cytoplasm159. 

   As the name suggests, a TCS is typically formed by two proteins, a 

sensor histidine kinase (HK) and a cognate response regulator 

(RR)157,158. It is through the coordination of these two protein partners 

that the stimulus is perceived and processed into a cellular response. 

Communication between the two proteins is based on three 

phosphotransfer reactions: (i) autophosphorylation of a conserved 

histidine residue in the sensor HK, (ii) phosphotransfer to a conserved 

aspartate residue in the RR and (iii) dephosphorylation of the RR to 

reset the system to the pre-stimulus state157,158,159,160. 

 

 

The sensor histidine kinase 

 

   The typical structure of a sensor HK consists of a homodimeric 

integral membrane protein with each protomer possessing two 

transmembrane (TM) domains with the N-terminal part in the 

cytoplasm and the sensor domain lying between the two TM domains, 

in the extracellular environment (Figure 10)161. After the second TM 

domain (TM2), there is a HAMP domain (domain present in histidine 

kinases, adenylyl cyclases, methyl-accepting proteins and 

phosphatases) linking the TM2 to the dimerization and histidine 

phosphorylation domain (DHp)161,162. This way, conformational 

changes in the TM domains arrive to the HAMP domain and are 

transmitted towards the C-terminus, through a mechanism that is not 

fully elucidated. Nevertheless, all models agree that HAMP exists in 

two alternative conformational states and that the transition between 

those states is critical for kinase activation157,163,164. At the C-terminus, 

there is a catalytic and adenosine triphosphate (ATP) binding domain 

(CA) which, together with the DHp, form the HK catalytic core157. The 
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HAMP, DHp and CA domains are usually conserved among bacteria, 

specially the histidine residue in the DHp that is phosphorylated by 

the γ-phosphoryl group of ATP and transferred to the RR157,161. This 

autophosphorylation mechanism, in which ATP and the histidine 

residue are within phosphotransfer distance, can be performed both 

in cis and in trans, which means that each monomer in the HK dimer 

is capable of phosphorylating itself or the other, but that varies with 

each HK165,166. 

 

 

Figure 10. Schematic representation of the modular structure of a typical 
sensor histidine kinase. The sensor domain is located between the two 

transmembrane regions (TM1 and TM2).The HAMP domain (see text) is located in 
the cytoplasm, after TM2 with its second helix (Hα2) connected to the helix Dα1 of 
the DHp domain, where the phosphorylation site Histidine (H) is present. At the C-
terminal region, the catalytic and ATP-binding domain (CA) form, with DHp, the HK 
catalytic core. The dark shadow represents the other protomer of the homodimer. 
Adapted from

161
. 

 

   The N-terminal sensor domains of HK display a great diversity in 

genetic sequences, membrane topology, composition, and 

architecture, likely reflecting the different stimuli that HK are able to 

perceive157,159. Taking into consideration this variability, sensor 
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domains can be grouped according to their architecture, a 

classification that functionally relates to the sensing mechanism, but 

does not consider phylogenetic data159. Accordingly, HKs can be 

classified in: (i) extracytosolic/periplasmic sensing HK, (ii) HK with 

TM-linked sensing mechanisms and (iii) cytoplasmic-sensing HK 

(Figure 11)157,159,161.  

 

 

Figure 11. Schematic representation of the three different mechanisms used by 
HKs to perceive environmental stimuli. (A) Extracytosolic/periplasmic stimulus 
perception, with the sensor placed outside the cell, between the two TM domains. (B) 
HKs with stimulus perception linked to two or more TM domains. (C) Cytoplasmic 

sensing HKs, either located in the cytoplasm or membrane-anchored. Stimuli are 
depicted as red thunder or red star. Sensor domains are highlighted in color. Adapted 
from

159
. 

 

   Extracytosolic/periplasmic HK represent the largest group of HK 

with a typical extracellular sensory domain, flanked by two TM 

domains and with the kinase catalytic core spatially separated from 

the sensory domain by the cytoplasmic membrane, requiring TM 

signal transduction159. This topological group is typical for HK that 

sense nutrients or solutes159. 
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   HK from the group containing TM-linked sensory domains have one 

key feature in common, which is the presence of 2-20 TM regions 

connected by short intra or extracellular linkers, lacking an evident 

extracellular sensory domain159. For these HK, stimuli are perceived 

inside the membrane or are membrane associated, which include 

mechanical properties of the cell envelope, such as turgor pressure, 

or stimuli originated from membrane integral components159. This 

functional group can be further divided into several subgroups, taking 

into consideration the number of TM domains, including the 

intramembrane-sensing HK (IMHK) subgroup, characterized by a 

small sensor domain, comprised of two TM domains, linked by a short 

extracytoplasmic linker159,167. These IMHK are then subdivided into 

two families: (i) BceS-like IMHK, functionally linked to ABC 

transporters and (ii) LiaS-like IMHK, which are part of a three-

component system, only found in Firmicutes167. 

   The last group corresponds to cytoplasmic-sensing HK, soluble or 

membrane-anchored, in which the sensory domain lies inside the 

cytoplasm and typically detects cytoplasmic solutes or metabolism 

related activities159. 

 

The response regulator 

 

   The RR is the element of the TCS responsible for the execution of 

the cellular response to the HK detected stimulus157,168. The typical 

structure of the RR comprises two domains, the conserved N-terminal 

receiver domain (REC), also called regulatory domain, and a variable 

C-terminal effector domain157,168. In the REC domain, there is a well 

conserved aspartate residue that accepts the phosphoryl group from 

the cognate HK, which triggers conformational changes in REC 
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domain that are required for the effector domain to perform the 

desired output157,161,168.  

   The structure of REC domain consists of a five-stranded parallel β-

sheet surrounded by five amphipathic α-helices168. The aspartate 

residue, required for phosphorylation, is located at the end of the third 

β-strand and two additional acidic residues are placed at the loop that 

links the β1 and α1 strands, which are necessary for the binding of a 

divalent cation Mg2+ or Mn2+, essential or the phosphorylation reaction 

157,161,168 (Figure 12). 

 

Figure 12. Histidine Kinase Receiver domain (REC) secondary structure. 

Receiver domain of PhoP depicts the typical structure of a REC, showing the α and β 
folds in blue. The conserved site of phosphorylation (D51) is shown in yellow. 
Adapted from

157
. 

 

 The activation of the RR by phosphorylation promotes structural 

modifications in the α4-β5-α5 face (Figure 12), not at the secondary 

structure level, but rather mild displacements and small perturbations 

at the molecular level157,161,168. Phosphorylation of the REC domain 

promotes, in many cases, RR dimerization or multimerization, 
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typically required for the output response157. The dimerization process 

usually occurs through the α4-β5-α5 face of the REC157,161,168. 

   Contrary to REC domains, effector domains are quite variable, due 

to the diversity of outputs required for cells to cope with different 

environmental stimuli161. Response regulators are classified 

according to the response of their effector domains in: (i) DNA-

binding, (ii) RNA-binding, (iii) enzymatically active, (iv) protein-binding 

and (v) single-domain RR. The majority of RR (between 60% and 

70%) fall into the DNA-binding category, serving as transcription 

factors157,168. 

   In DNA-binding RRs, phosphorylation of REC domain usually 

results in dimerization, increasing the affinity in the RR towards 

specific DNA sequences, commonly direct or inverted repeats157. 

RNA-binding RRs are quite rare (~1% of all RRs) and usually 

regulate transcription by inhibition of termination by Rho-independent 

terminators169. Response regulators with enzymatic activity represent 

around 8% of RRs and are characterized for combining a REC 

domain with different enzymatic domains involved in signal 

transduction157. Lastly, protein-binding RR and single-domain RR 

exert their function through protein-protein interactions157. 

   To terminate the response and allow for adaptation to an 

environmental context, RRs are subjected to dephosphorylation of the 

REC domain, that results from a nucleophilic attack of a water 

molecule to the phosphoryl group in the active centre of the RR157. 

Dephosphorylation rates vary with each RR and can be enhanced by 

dedicated phosphatases157,170 

 

 

 



General Introduction 

47 
 

Histidine kinase - response regulator interaction 

 

   Communication between the HK and its cognate RR relies on the 

phosphorylation reaction, during which the RR binds to the DHp 

domain of the HK, allowing aspartyl phosphorylation, using the 

phospho-histidine as substrate157,161.  

   In general, HK have a kinetic selectivity towards their cognate RR. 

However the existence of cross-talk between different TCS, meaning 

a HK phosphorylating a non-cognate RR, has been widely 

documented, in vitro171,172,173. Such cross-talk between different signal 

transduction pathways has to be minimized, to ensure an adequate 

response to a specific stimulus172. Yet, in some conditions, cross-talk 

can be used as a way to integrate multiple input signals or a way to 

diversify the response towards a specific stimulus. This is usually 

referred as cross-regulation, to distinguish it from the biologically 

detrimental cross-talk174. Cross-talk is also documented at the level of 

RR, since they can be phosphorylated by phospho-donor acetyl-

phosphate, a molecule whose levels fluctuate with the cellular 

metabolic state175. 

   One mechanism used by bacteria to exert a tight control over the 

possible cross-talk is through bifunctional HKs, that can also perform 

phosphatase activity157,158,172. In these bifunctional HKs, the kinase 

and phosphatase states are mutually exclusive and present different 

dynamics158. A comparative analysis between bifunctional and 

monofunctional HKs revealed that the bifunctional enzymes are more 

effective in supressing cross-talk than their monofunctional 

counterparts172,176,177. Under these assumptions, it is suggested that 

monofunctional HKs are likely present in TCS which have a single RR 

integrating information from multiple HKs172,176. 
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Two-component systems in Staphylococcus aureus 

 

   The S. aureus genome encodes 16 TCS, only one of which is 

essential WalKR, a TCS common to other low GC Gram-positive 

bacteria178,179. Some of these TCS, including WalKR, VraTSR, 

GraXSR or BraSR, have roles in maintenance of CW 

homeostasis179,180,181,182. 

VraTSR regulatory system 

 

   VraTSR is a Three Component System in S. aureus responsible for 

triggering a cellular response to the presence of CW damage, by 

modulating the expression of certain genes involved in CW synthesis, 

but also genes involved in carbohydrate transport, lipid metabolism, 

DNA repair, amongst others180,183,184,185,. Genes involved in the 

coordinated response of cells to CW active antibiotics, constitute the 

so-called CW stress stimulon (CWSS)183. The transcriptional profile of 

cells treated with different CW targeting antibiotics differs but includes 

a common set of genes under the control of  VraTSR system183,184. 

This response aims to mitigate the damage inflicted to the CW, by 

producing more CW synthetic enzymes, such as PBP2, Mgt 

(monofunctional TGase) and MurZ (redundant MurA isozyme)183,186. 

At the same time, genes encoding stress-response proteins, like 

osmoprotectant transporters proP and opuD are also upregulated, a 

response thought to prevent cell lysis, due to the high osmolarity of 

the cytoplasm, in the presence of CW damage184. However, the role 

of some of the VraTSR-regulated genes remains poorly 

characterized, such as the case of copA encoding a copper-

transporting ATPase or unknown predicted ORFs184. The vraSR  

genes were first described in 2000, in the Vancomycin-Resistant S. 

aureus (VRSA) strain Mu50 and heterogeneously vancomycin 
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resistant S. aureus strain Mu3, as vancomycin-resistant associated 

genes, whose transcription was up-regulated compared with a 

vancomycin-susceptible strain187. While it was named as a 

vancomycin resistance associated system, it responds to several CW 

targeting antibiotics, from glycopeptides, like vancomycin, to β-

lactams, such as oxacillin, but also antibiotics blocking the early steps 

of CW synthesis, like fosfomycin185. Accordingly, resistance to most 

CW active antibiotics is affected when vraSR genes are deleted184. 

   These genes are encoded in an operon comprised of four co-

transcribed open reading frames (ORFs), orf1, yvqF, vraS and vraR, 

under the control of one promoter with one major transcription start 

point (tsp) 132 bp upstream of orf1 and one minor tsp 48 bp upstream 

of orf1180. vraS encodes the HK VraS and vraR the cognate RR 

VraR180.  

   VraS is a typical HK with a N-terminal region composed of two TM 

domains connected by a periplasmic linker and a C-terminal kinase 

core formed by the dimerization and histidine phosphorylation domain 

DHp and the ATP binding CA domain188. With no clear extracellular 

sensing domain, VraS likely belongs to the IMHK subgroup188,189. 

Studies performed in vitro suggest that 50% of VraS 

autophosphorylation can occur within 10 min of incubation with [γ-32P] 

ATP and that 70% of VraR molecules are phosphorylated by 

radiolabelled VraS in 30 s,   which implies that bacteria can trigger a 

response to CW stress in less than a complete cell cycle (around 20 

min), increasing their chances of survival188,190. These fast 

phosphotransfer kinetics between VraS and VraR suggest that these 

two proteins constitute, in fact, a cognate HK-RR pair188. VraS is also 

described as having phosphatase activity, a typical feature of 

bifunctional HKs, controlling the levels of phosphorylated VraR188. 
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   VraR is a typical RR with the receiver or regulatory domain (REC) in 

the N-terminal region and an effector domain at the C-terminal part188. 

The N-terminal region comprises residues 1-117, with the 

phosphorylation site corresponding to aspartate (Asp-55) and the C-

terminal effector domain comprises residues 141-209, displaying 

DNA-binding affinity, through a helix-turn-helix motif188.  

Phosphorylation of VraR triggers its dimerization, a process that is 

required for DNA-binding activity188. VraR consensus binding 

sequence is described as 5’-ACT(X)nAGT-3’ and 5’-TGA(X)nTCA-3’, 

where X represents any nucleotide and n varies from 1 to 3191,192,193. 

VraR binding sequences were shown to be present in the promoters 

of several genes coding enzymes associated with CW synthesis, like 

pbpB, mgt, murZ, fmtA and even vraSR own promoter191,192,193. Inside 

vraTSR promoter there are two regions with VraR binding sites, 

called R1 and R2191,192. Binding of VraR to these regions is 

hierarchical, as VraR first binds to R1, in a phosphorylation-

independent fashion, in normal growth conditions, providing basal 

expression levels191,192. This phosphorylation independence of R1 site 

is due to the proximity between two VraR binding sequences, which 

mediates VraR dimerization191,192. In the presence of CW stress, the 

phosphorylated and dimerized VraR can bind to the less conserved 

R2 site and enhance vraSR expression levels191,192. The distance of 

VraR binding sequences in R2 site ensures that VraR can only bind 

to this region in a phosphorylation-dependent manner, i.e. under CW 

stress, with the assistance of VraR molecules already bound to 

R1191,192. 

   Amongst the four genes present in the orf1-yvqf-vraS-vraR operon, 

later renamed vraU-vraT-vraS-vraR, only vraU presents no apparent 

role in CWSS induction, as well as no observable affect in resistance 

profiles for CW targeting antibiotics189,194. On the other hand, deletion 
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of vraT increases susceptibility towards CW targeting antibiotics, like 

oxacillin, and results in attenuation of CWSS induction in the 

presence of CW damage, similar to what is observed for vraS or vraR 

deletion mutants189,194. Since VraT and VraS can interact in vivo, a 

new role was suggested for VraT as a third player in the TCS, similar 

to what is observed in other S. aureus TCS like GraXSR, or LiaFSR 

in B. subtilis189,195,196. VraT is a putative membrane protein, with a 

possible role of cooperating with VraS in sensing a still unknown 

stimulus, during CW stress conditions, particularly because VraS 

belongs to the IMHK family of HKs and lacks an extracellular sensor 

domain167,189. A new model was proposed by Boyle-Vavra and 

colleagues in which CW damage triggers a structural modification in 

VraT, influencing the autophosphorylation of VraS, which then 

phosphorylates VraR, ultimately modulating expression of the CWSS 

(Figure 13)189. The role of VraT, however, remains elusive189,197. 
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Figure 13. Proposed model for VraTSR regulatory system. The current model for 

the mechanism of VraTSR activation proposes that damage inflicted on the CW 
triggers conformational changes in VraT. These conformational changes influence 
VraS HK autophosphorylation, which then transfers the phosphate group to the RR 
VraR. VraR will then activate or repress the expression of several genes, known as 
CWSS, including its own promoter, in a coordinated fashion. The signal detected by 
VraT (depicted with a lightning bolt) remains elusive. Brown arrows in vra operon 
correspond to genes required for methicillin resistance; white arrow indicates vraU 

which is not required for methicillin resistance; black double-headed arrows in 
membrane and cytoplasm indicate a possible interaction between VraT and the HK 
VraS; dotted red and pink arrows, represent hypothetical interactions between the 
antimicrobial compound and VraS and VraT and between VraT and VraR; blue wavy 
line represents polycistronic mRNA expression. Adapted from
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Concluding remarks 

 

   In this thesis, we explore the cell cycle of S. aureus, using Super-

Resolution microscopy to unveil morphological changes and to study 

proteins with a relevant role, during this process. Considering that 

S. aureus is an important pathogen worldwide, this information is 

crucial to tackle this microorganism. On this subject, we also explored 

a relevant signal transduction mechanism used by S. aureus to 

protect itself against antibiotics, trying to understand its sensing 

mechanism and activation pattern. 

   Taken together, the results presented in this thesis provide relevant 

information regarding the biology of this pathogen. 
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Abstract 

 

Staphylococcus aureus is an aggressive pathogen and a model 

organism to study cell division in sequential orthogonal planes in 

spherical bacteria. However, the small size of staphylococcal cells 

has impaired analysis of changes in morphology during the cell cycle. 

Here we use super-resolution microscopy and determine that 

S. aureus cells are not spherical throughout the cell cycle, but 

elongate during specific time windows, through peptidoglycan 

synthesis and remodelling. Both peptidoglycan hydrolysis and turgor 

pressure are required during division for reshaping the flat division 

septum into a curved surface. In this process, the septum generates 

less than one hemisphere of each daughter cell, a trait we show is 

common to other cocci. Therefore, cell surface scars of previous 

divisions do not divide the cells in quadrants, generating asymmetry 

in the daughter cells. Our results introduce a need to reassess the 

models for division plane selection in cocci. 
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Introduction 

 

   Staphylococci are spherical organisms that divide sequentially in 

three orthogonal planes over three consecutive division cycles1,2. This 

mode of division is less common in bacterial cells than equatorial 

division, observed in many genera. Division in three planes implies 

that cells retain information about the positioning of the two preceding 

divisions in order to divide with precision. Given that this spatial 

information varies with each division, it cannot be encoded by DNA3. 

Peptidoglycan, the major component of the bacterial cell wall, has 

been proposed to encode epigenetic information in the form of 

protuberant, ring-like structures that mark previous division planes 

and are used by Staphylococcus aureus to divide accurately in 

sequential perpendicular planes3. 

   Orientation of division planes is merely one of the distinctive 

features of the staphylococcal cell cycle. S. aureus has been 

proposed to have only one cell wall synthesis machine, which 

incorporates peptidoglycan mostly at the division septum4,5 , while 

rod-shaped bacteria such as Escherichia coli or Bacillus subtilis have 

two major cell wall synthesis machines, one for incorporation of new 

peptidoglycan at the division septum and another for elongation of the 

lateral wall4. Accordingly, S. aureus has only four native Penicillin-

Binding Proteins (PBPs 1-4), described to localize at the septum, 

while E. coli and B. subtilis have 12 and 16 PBPs, respectively, which 

localize at the septum or at the lateral wall4. PBPs are enzymes 

involved in the last steps of peptidoglycan biosynthesis, which 

catalyse the polymerization of the glycan strands, as well as their 

crosslinking via peptide stems. Given that an elongation-specific 

machinery seems to be absent in S. aureus, increase of the cell 
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surface area required for growth has been attributed to a process of 

reshaping the flat septum into curved hemispheres of the two 

daughter cells, which occurs immediately after splitting of the mother 

cell during division2. Reshaping of the flat septum, resulting in 

doubling of the external surface area of peptidoglycan, could 

theoretically occur in the absence of synthesis, if accompanied by 

changes in the angle of the glycan chains with respect to the peptide 

chains6. Alternatively, increase of the surface area could be driven by 

hydrolysis of peptidoglycan bonds catalysed by specific autolysins. At 

least 13 genes of the S. aureus genome encode known or putative 

peptidoglycan hydrolases, although the products of only three of 

these genes (atl, sle1 and lytM) have been characterized. Of these 

genes, atl encodes the major autolysin in S. aureus, which is involved 

in the separation of the daughter cells after division7,8. Interestingly, 

orthogonal rings of Atl can be observed by immunoelectron 

microscopy at the surface of S. aureus cells, similar to scars of 

previous divisions9, confirming that information regarding the 

localisation of previous, orthogonal, division planes can be present at 

the cell surface.  

   S. aureus is an aggressive pathogen and one of the most important 

nosocomial bacteria causing antibiotic-resistant infections. Despite its 

clinical relevance, the small size of staphylococcal cells (with a ~1 µm 

diameter, only four times larger than the diffraction limit of resolution 

of conventional light microscopy) has impaired a detailed analysis of 

its cell cycle and of the morphological changes that occur as S. 

aureus grows and divides. This lack of knowledge extends to the cell 

cycle of other cocci as well. Therefore, detailed characterization of the 

mode of growth and division of S. aureus has implications for the 

global understanding of the cell cycle of cocci. Here, we have used 
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super-resolution microscopy to analyse the dynamics of cell shape 

and size during the cell cycle of S. aureus. We found that, contrary to 

current thinking, S. aureus cells elongate before dividing. 

Furthermore, we show that the division septum generates less than 

one hemisphere of each daughter cell and therefore scars of previous 

divisions do not mark quadrants of the cell. Our results suggest that 

the models for division plane selection in cocci should be re-

examined. 

Experimental Procedures 

 

Bacterial growth conditions 

 

   Strains and plasmids used in this study are listed in Table 1. 

S. aureus strains were grown in tryptic soy broth (TSB, Difco) with 

aeration at 37 °C or on tryptic soy agar (TSA, Difco) at 30 °C or 37 

°C. For microscopy experiments, overnight cultures of S. aureus 

strains were diluted 1:200 in fresh TSB medium and allowed to grow 

at 37 °C until an OD600nm of approximately 0.5. Cells were then 

harvested and resuspended in the same medium. Escherichia coli 

and Sporosarcina ureae strains were grown in Luria-Bertani broth 

(LB, Difco) with aeration, or LB agar (LA, Difco) at 37 °C or 30 °C, 

respectively. Antibiotics ampicillin (Amp) and erythromycin (Ery) were 

added to the media at a final concentration of 100 μg ml-1 and 10 μg 

ml-1, respectively, when necessary. 5-Bromo-4-chloro-3-indolyl β-D-

galactopyranoside (X-gal) was used at 100 μg ml-1. Expression of 

PBP4 from plasmid pBCBPM115 was induced with cadmium chloride 

(1 μM). Expression of Sle1 from plasmid pSle1 was induced with 

IPTG (1 mM) in the presence of 10 μg ml-1 of chloramphenicol. 
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Table 1. Bacterial strains and plasmids used in this study 

Strains Description Source or 

reference 

Escherichia coli   

DC10B Δdcm in the DH10B background; 
Dam methylation only 

10 

Staphylococcus aureus   

COL HA-MRSA 
11

 

NCTC8325-4 MSSA strain R. Novick 

RN4220 Restriction-deficient derivative of 
NCTC8325-4 

R. Novick 

COLΔpbpD pbp4 in-frame deletion mutant of 
parental strain COL 

12
 

COLpPBP4-YFP COL encoding a C-terminal YFP 
fusion to PBP4 at the native locus 

13
 

COLΔatl Δatl in-frame deletion mutant of 
parental strain COL 

This study 

COLΔsle1 Δsle1 in-frame deletion mutant of 
parental strain COL 

This study 

COLΔsle1pBCBover COLΔsle1 with pBCBover This study 

COLΔsle1pSle1 COLΔsle1 complemented with pSle1 This study 

COLwalKRi COL strain with WalKR operon under 
the control of the IPTG inducible Pspac 

promoter; Ery
r
 

This study 

NCTCΔlytM ΔlytM in-frame deletion mutant of 
parental 

strain NCTC8325-4 

This study 

NCTCΔsle1 Δsle1 in-frame deletion mutant of 
parental strain 
NCTC8325-4 

This study 

NCTCΔpbpD::pbpDPAmCherry NCTC strain with the pbpD gene 
substituted by 

the pbpD-PAmCherry photoactivable 
derivative 

This study 

BCBPM120 COLΔpbpD with pCNX This study 
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BCBPM138 COLΔpbpD with pBCBPM115, 
encoding PBP4 

under the control of PCad 

This study 

Sporosarcina ureae SL6708 Derivative of S. ureae ATCC 1388 
14

 

 

 

Table 1. Bacterial strains and plasmids used in this study (cont.) 

Plasmids Description Source or 
reference 

pMAD E. coli-S. aureus shuttle vector with a 
thermosensitive origin of replication 

for Gram-positive bacteria; 
Amp

r
Ery

r
 lacZ 

15
 

pMUTIN4 Integrative vector for S. aureus 
encoding IPTG inducible Pspac 

promoter; Amp
r
, Ery

r
 

16
 

   

pCN34 Vector containing the aphA-3 
kanamycin resistance 

cassette 

17
 

pCN51 Shuttle vector containing a cadmium 
inducible Pcad 

promoter; Amp
R
 Ery

R
 

17
 

pCNX Shuttle vector containing a cadmium 
inducible Pcad 

promoter; Amp
R 

Kan
R
 

This study 

pGC2 E. coli/S. aureus shuttle vector, Amp
r
 

Cm
r
 

18
 

pDH88 B. subtilis with Pspac promoter and 

lacI 

19
 

pBAD/HisBPAmCherry1 Plasmid encoding the sequence of 
the photoactivable 

PAmCherry1 protein 

20
 

pΔatl pMAD derivative with the up- and 
downstream regions of atl 

21
 

pΔlytM pMAD derivative with the up- and 
downstream regions of lytM 

This study 
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pΔsle1 pMAD derivative with the up- and 
downstream regions of sle1 

This study 

pBCBover pGC2 derivative containg Pspac 

promoter and lacI 
This study 

pSle1 pBCBover encoding Sle1 under the 
control of Pspac 

promoter 

This study 

pwalKR pMUTIN4 derivative containing the 
ribosome binding site and 5’ end of 

walKR 

This study 

pBCBRP007 pCNX derivative containing Pcad-
RBS-pbpD-7aaLinker-PAmCherry; 

Amp
R
 Kan

R
 

This study 

pBCBRP008 pMAD derivative containing 
truncated pbpD-7aa- 

PAmCherry-Downstream region; 
Amp

R 
Ery

R
 

This study 

pBCBPM115 pCNX encoding PBP4 under the 
control of Pcad 

This study 

 

Construction of S. aureus mutants 

 

The full sequences of each primer used to construct mutants are in 
Table 2. 
 

Table 2. Oligonucleotides used in this study 

Primer name Sequence (5’-3’) 

P1_Sle1 CATGCCATGGGCAGTAGATGCACAACAAACTG 

P2_Sle1 CATTATATATTTATATACGTAAGACTTTATTTAAAAT
CCTCCTC 

TTGCTTAAC 

P3_Sle1 GTTAAGCAAGAGGAGGATTTTAAATAAAGTCTTAC
GTATATA 

AATATATAATG 

P4_Sle1 TGGAGATCTCAGCGCGTGTACTTGTGATTC 

P1_lytM CATGCCATGGGCAATGAAGCAGGTACATTTG 

P2_lytM GCAACTTGGGATTTTCTGTATTAGTATAAAACATCC
TCCATTA 

AAG 

P3_lytM CTTTAATGGAGGATGTTTTATACTAATACAGAAAAT
CCCAAGT 
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TGC 

P4_lytM TGGAGATCT GGAGCGTAACTGATGATAG 

yycF fw EcoRI GCGCGCGAATTCTATTAATGATTTAAGAAAAGAGG 

yycF stop rv BamHI CGCGCGCGGATCCCTAGCCACGTTTTTTAATAGAA

TATGCG 

P1pbp4pCNX GGATCCAGGAGGTACCTTATGAAAAATTTAATATC 

P2pbp4pCNX CACCATGCTAGCGGCGCGCCGGGTACCTTTTCTTT
TTCTAAAT 

AAACGATTGATTA 

P3pbp4pCNX AGGTACCCGGCGCGCCGCTAGCATGGTGAGCAAG
GGCGAGG 

A 

P4pbp4pCNX GCCTAAGAATTCTTACTTGTACAGCTCGTCCATGC 

P1pMADpbp4PAmCherry GATATCGGATCCACAGTCACAATGACGAACAAAG 

P2pMADpbp4PAmCherry GTCCGTTTTTAGTATGTTTTACTTGTACAGCTCGTC

CATGCCG 

P3pMADpbp4PAmCherry TGGACGAGCTGTACAAGTAAAACATACTAAAAACG
GACAAG 

TTGC 

P4pMADpbp4PAmCherry ATGGTACCCGGGACAAGTAACGATGAAGATTTTAA

TAG 

Pspac_pDH88_P9_XhoI_

SalI 

GCTGCGCTGTCGACGTTCACCTCGAGTTCTACACA
GCCCAGTC 

CAGAC 

Pspac_pDH88_SpeI_P10 GTTAACAAAGACTAGTATGCTCTAGAAACCCGGGA
AAAGC 

Pspac_pDH88_SpeI_P11 CTAGAGCATACTAGTCTTTGTTAACTTAGATCTTTA
TCG 

Pspac_pDH88_P12_XhoI_

EcoRI 

GCTGAATTCGATGCCCTCGAGCTGATCCTAACTCA
CATTAATT 

GCG 
Sle1_FW_XmaI TACTCCCCGGGGCAAGAGGAGGATTTTAAAGTGC 

Sle1_RV_XbaI GCTGCTCTAGATTAGTGAATATATCTATAATTATTTA
C 

PBP4pCadP1BamFW CGCAGGATCCAGGAGGTACCTTATGAAAAATTTAA
TATCTATT 

ATC 
pCADPBP4wt_EcoREV GCGTGAATTCTTAGGTACCTTATTTTCTTTTTCTAAA

TAAAC 

Underlined sequences correspond to restriction sites 
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   The COLΔatl, COLΔsle1 and NCTCΔlytM null mutants were 

constructed using the pMAD vector15 containing the upstream and 

downstream regions of each gene of interest, to allow recombination 

and integration of the plasmids into the chromosome, followed by 

their excision with the genes to be deleted. Briefly, upstream and 

downstream regions of sle1 and lytM were amplified by PCR, using 

primers P1_Sle1/P2_Sle1 and P3_Sle1/P4_Sle1, P1_lytM/P2_lytM 

and P3_lytM/P4_lytM, respectively. The PCR fragments encoding the 

upstream and downstream regions of each gene were joined by 

overlap PCR using the pairs of primers P1_Sle1/P4_Sle1 and 

P1_lytM and P4_lytM. The resulting fragments were digested with 

NcoI and BglII (Fermentas) and cloned into the pMAD vector, giving 

plasmids pΔsle1 and pΔlytM, which were propagated in E. coli 

DC10B and the inserts were sequenced. The plasmids, as well as 

pΔatl21, were then electroporated into S. aureus RN4220 strain at 

30 °C, using Ery and Xgal selection, and transduced into COL or 

NCTC8325-4 using phage 80α. The integration of the plasmids into 

the chromosome and their excision was done as previously 

described22. Gene deletions were confirmed by PCR and sequencing 

of the amplified fragment. 

   For complementation of COLΔsle1, plasmid pBCBover was 

constructed by introducing a DNA fragment containing the Pspac 

promoter, a multiple cloning site and the lacI gene into the S. aureus 

replicative vector pGC218. For that, two DNA fragments, one 

containing the Pspac coding sequence and HindIII, SmaI, and XbaI 

restriction sites and a second one encompassing a BglII restriction 

site upstream of the lacI gene, were amplified from pDH88 plasmid19 

by using respectively the pair of primers 

Pspac_pDH88_P9_XhoI_SalI / Pspac_pDH88_SpeI_P10 and 
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Pspac_pDH88_SpeI_P11 / PspacpDH88-P12-XhoI-EcoRI. These two 

PCR products were then joined in a second PCR, using primers 

Pspac-pDH88_P9_XhoI_SalI and PspacpDH88-P12-XhoI-EcoRI, to 

originate a 1743 bp fragment in which a SpeI restriction site was 

introduced between XbaI and BglII restriction sites. The resulting 

fragment was restricted with SalI and EcoRI, cloned into the pGC2 

vector and sequenced. The pSle1 plasmid was constructed by 

cloning the entire sle1 coding sequence downstream of Pspac 

promoter in pBCBover. For that, a 1024 bp DNA fragment containing 

sle1 gene and its upstream RBS site was amplified from NCTC8325-

4 genome using primers Sle1_FW_XmaI and Sle1_RV_XbaI, 

digested with SmaI and XbaI and cloned into pBCBover. The insert 

was then sequenced. Both pBCBover and pSle1 plasmids were 

electroporated into RN4220 (selection with 10 μg ml-1 

chloramphenicol) and subsequently transduced, using phage 80α, to 

strain COLΔsle1, generating strains COLΔsle1pBCBover and 

COLΔsle1pSle1 respectively. 

 

   Construction of an S. aureus COL mutant with yycFG (also known 

as walKR) under the control of the IPTG-inducible Pspac promoter was 

done using the pMUTIN4 plasmid16. A 518 bp fragment containing the 

ribosome binding site and 5’ end of yycF (walR) was amplified using 

primers yycF_fw_EcoRI and yycF_stop_rv_BamHI. The DNA 

fragment was then digested with EcoRI and BamHI, cloned into 

pMUTIN4 giving plasmid pwalKR, which was propagated in E. coli 

DC10B and the insert was sequenced. Plasmid pwalKR was then 

electroporated into S. aureus RN4220 at 37°C, using erythromycin 

selection, and transduced into COL using phage 80α. Integration of 

the plasmid occurred through a single crossover event, placing the 

walKR operon under the control of the Pspac promoter. 
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   To study PBP4 localisation in S. aureus NCTC8325-4 by PALM, we 

replaced the pbpD gene, encoding PBP4, for a gene encoding a 

photoactivatable derivative (pbpD-PAmCherry). For that purpose, 

pbpD was cloned fused to PAmCherry120 in the backbone of pCNX. 

The pCNX plasmid was constructed by substituting the erm 

erythromycin resistance cassette of the pCN51 plasmid17 by the 

aphA-3 kanamycin cassette from pCN3417, using ApaI and XhoI 

restriction sites. To clone pbpD-PAmCherry into pCNX, a fragment 

encompassing a ribosomal binding site, the pbpD gene lacking the 

stop codon and seven codons encoding an amino acid linker was 

amplified using NCTC8325-4 genomic DNA as template and primers 

P1pbp4pCNX and P2pbp4pCNX. A fragment encompassing 

PAmCherry1 was amplified from the pBAD/HisB-PAmCherry1 

plasmid20 using P3pbp4pCNX and P4pbp4pCNX primers. The two 

fragments were joined by overlap PCR, digested with BamHI and 

EcoRI, ligated into the pCNX plasmid generating plasmid 

pBCBRP007, and the insert was sequenced. We then replaced the 

pbpD gene from its native locus in the S. aureus genome by the 

pbpD-PAmCherry fusion. For this purpose two DNA fragments were 

amplified, one encompassing a truncated pbpD (last 999 bp), a 

sequence encoding a 7 amino acid linker and PAmCherry1 amplified 

from the pBCBRP007 plasmid using primers 

P1pMADpbp4PAmCherry and P2pMADpbp4PAmCherry and a 

second DNA fragment of 1,000 bp corresponding to the region 

downstream of pbpD amplified from the NCTC8325-4 genome, using 

primers P3pMADpbp4PAmCherry and P4pMADpbp4PAmCherry. The 

two fragments were joined by overlap PCR using primers 

P1pMADpbp4PAmCherry and P4pMADpbp4PAmCherry, digested 

with BamHI and XmaI restriction enzymes and cloned into pMAD, 

generating pBCBRP008. Correct sequence of the insert was 
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confirmed and the pBCBRP008 plasmid was electroporated into 

RN4220 and subsequently transduced to NCTC8325-4 strain using 

phage 80α. Integration and excision of pBCBRP008 from the genome 

was performed as previously described22; colonies in which pbpD had 

been replaced by the pbpD-PAmCherry were identified by PCR and 

the strain was named NCTCΔpbpD::pbpD-PAmCherry. 

   To complement COLΔpbpD with a plasmid encoding PBP4, the 1.3 

kb pbp4 gene was PCR amplified from NCTC8325-4 genomic DNA 

using primers PBP4pCadP1BamFW and pCADPBP4wt_EcoREV and 

cloned into the pCNX replicative plasmid, under the control of a 

cadmium inducible promoter, using BamHI and EcoRI sites, 

generating plasmid pBCBPM115. Plasmids pCNX and pBCBPM115 

were electroporated into RN4220 and then transduced into 

COLΔpbpD, giving rise to strains BCBPM120 (COLΔpbpDpCNX) and 

BCBPM138 (COLΔpbpDpPBP4). 

Scanning electron microscopy 

 

   Exponentially growing S. aureus COL cells11 were harvested by 

centrifugation, resuspended in fixative solution (2.5% glutaraldehyde 

in 0.2 M sodium cacodylate buffer, pH 7.4), deposited on glass discs 

(Marienfeld) and kept for 1 week at 4 °C. The fixative solution was 

subsequently removed and the cells were washed three times with 

sodium cacodylate. The sample was progressively dehydrated by 

immersion in a graded series of ethanol (50% - 100%) and then 

mounted on aluminum stubs with carbon adhesive discs 

(Agarscientific). The sample was critical-point dried under CO2 and 

sputter coated with gold-palladium (Polaron SC7640) for 200 s at 10 

mA. SEM observations were performed using secondary electron 

images (2 kV) with a Hitachi S4500 instrument at the Microscopy and 
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Imaging Platform (Micalis, B2HM, Massy, France) of the INRA 

research center of Jouy-en-Josas (France). 

 

Super-resolution Structured Illumination Microscopy (SIM) 

 

   SIM imaging was performed using a Plan-Apochromat 63x/1.4 oil 

DIC M27 objective, in an Elyra PS.1 microscope (Zeiss). Images were 

acquired using either 3 or 5 grid rotations, with 34 μm grating period 

for the 561 nm laser (100 mW), 28 μm period for 488 nm laser (100 

mW) and 23 μm period for 405 nm laser (50 mW). Images were 

acquired using a Pco.edge 5.5 camera and reconstructed using ZEN 

software (black edition, 2012, version 8.1.0.484) based on a 

structured illumination algorithm23, using synthetic, channel specific 

Optical Transfer Functions (OTFs) and noise filter settings ranging 

from -6 to -8. 

 

Fast time-lapse imaging of S. aureus 

 

   A 2 μl aliquot of an exponentially growing culture of S. aureus was 

placed on an agarose pad in TSB. Cells were imaged at 2 ms 

intervals for a total time of 10 s, using a Pco.edge 5.5 camera and a 

Plan-Apochromat 100x /1.46 NA Oil DIC ELYRA objective in an Elyra 

PS.1 microscope (Zeiss). 
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Labelling and imaging of S. aureus 

 

   For time-lapse experiments S. aureus cells were incubated with the 

membrane dye Nile Red (Invitrogen) at a final concentration of 10 μg 

ml-1, for 5 min at 37 °C, with agitation (550 rpm). Subsequently, the 

cells were placed on an agarose pad containing 50% TSB in 

Phosphate Buffer Saline (PBS) and imaged during growth by SIM. 

Image sets were acquired every 3 min, for a total period of 1 h, using 

2% of 561 nm laser power and 50 ms exposure times. Measurements 

were performed on reconstructed super-resolution images using ZEN 

software. 

   To determine the fraction of old/new cell wall in S. aureus, cells 

were stained with either a wheat germ agglutinin Alexa Fluor 488 

conjugate (WGA-488, Invitrogen) or fluorescent D-amino acid 

HADA24,25 at a final concentration of 2 μg ml-1 and 250 μM, 

respectively. The cells were incubated at 37°C with agitation for 5 min 

or 30 min for WGA-488 or HADA, respectively. Unbound dye was 

removed from the media by washing cells with TSB and cells were 

then incubated with Nile Red (10 μg ml-1) for 5 min at room 

temperature and placed on an agarose pad containing 50% TSB in 

PBS. Cells showing uniform WGA-488 or HADA staining were 

imaged by SIM at 0, 3, 6, 30 and 60 min, using 2% 561 nm laser with 

50 ms exposure for Nile Red, 3% 488 nm laser with 50 ms exposure 

for WGA-488 and 20% 405 nm laser with 100 ms exposure for HADA.  

   To evaluate localisation of peptidoglycan synthesis activity, 

S. aureus cells grown to an OD600nm of approximately 0.5 were 

labelled with fluorescent D-amino acid NADA (250 μM) for 20 min at 

37°C, 550 rpm. Cells were then washed with PBS, placed on an 

agarose pad and visualized by SIM, using 10% 488 nm laser, 100 ms 
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exposure. For pulse labeling experiments, S. aureus cells were 

incubated with either HADA or its L-enantiomer HALA24 for 5 min at 

37°C, 550 rpm and then imaged as described above. 

   S. aureus cell wall labelling with vancomycin was performed by 

incubating the cells for 2 min at room temperature with a mixture 

containing equal amounts of vancomycin (Sigma) and a BODIPY FL 

conjugate of vancomycin (Van-FL, Molecular Probes) to a final 

concentration of 0.8 μg ml-1. Cells were visualized by SIM, using 2% 

488 nm laser, 100 ms exposure. 

 

Labelling and imaging of Sporosarcina ureae 

 

   To determine the fraction of old/new cell wall in S. ureae by time 

lapse microscopy, cells from cultures at OD600nm~0.5 were stained 

with WGA-488 at a final concentration of 6 μg ml-1. The cells were 

incubated at 30°C with agitation for 10 min. Unbound dye was 

removed from the medium by washing cells with LB. Cells were then 

incubated with Nile Red (10 μg ml-1) for 5 min at room temperature 

and placed on an agarose pad containing 50% LB in PBS. Cells 

showing uniform WGA-488 labeling were imaged by SIM at 0, 15, 30, 

45 and 60 min, using 2% 561 nm laser with 50 ms exposure for Nile 

Red, 3% 488 nm laser with 50 ms exposure for WGA-488. 
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Photoactivated Localisation Microscopy (PALM) 

 

   To observe PBP4-PAmCherry single molecules by PALM, an 

overnight culture of NCTCΔpbpD::pbpD-mCherryPA was diluted 

1/200 in TSB and incubated at 37 °C. At mid-exponential phase 

(OD600nm 0.6), 1 ml of culture was harvested by centrifugation and 

washed with 1 ml of PBS. Cells were re-suspended in 20 μl of PBS 

and 1 μl was placed on a thin layer of 1.2% agarose in PBS mounted 

on a gene frame. Image sequences for PALM analysis were obtained 

using a Zeiss Elyra PS.1 microscope with a 100x 1.46NA objective, 

additional magnification of 1.6X, equipped with an EMCCD camera 

(Andor - iXon DU897) using Zeiss ZEN software. For an initial bleach 

of auto-fluorescent molecules and unwanted pre-activated 

fluorophores, the sample was first imaged with a 561 nm laser at 

~0.76 kW cm-2 and 33 ms exposure for 2,000 frames. After bleaching, 

the continuous activation and imaging of PAmCherry molecules was 

performed for 8,000 frames by simultaneously irradiating the sample 

with a 405 nm laser at ~1.9 W cm-2 and a 561 nm laser at ~ 0.76 kW 

cm-2, using 33 ms of exposure time. To maintain a stable density of 

fluorophores photo activating in each frame and compensate the 

depletion of PAmCherry molecules during the course of the 

experiment, the intensity of the 405 nm laser was increased until ~ 

38W cm-2. Post-processing of the last 8,000 frames was performed 

using the ZEN software where an xy 2D-Gaussian fit was applied to 

the individually resolvable sub-diffraction molecules present in each 

frame (mask of 9 pixels with a minimum signal to noise ratio of 6). 
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Hyperosmotic shock 

 

   Cells were grown in TSB until an OD600nm of approximately 0.5 and 

then incubated for 30 min at 37 °C with agitation (700 rpm) in the 

presence of NADA (250 μM). The cells were harvested, washed once 

with 50 mM Tris-HCl buffer pH=7.5 containing a saturating 

concentration of NaCl (4.96 M) and incubated for 15 min at 37 °C. 

Cells were pelleted and placed on an agarose pad containing the 

same medium used to perform the hyperosmotic shock and imaged 

by SIM. 

 

Calculation of cell dimensions 

 

   To calculate the volume of each cell, an ellipse was fitted to the 

border limits of the cellular membrane of Nile Red labelled cells, 

overlaying the membrane dye signal. Subsequently, the shorter and 

longer axes were measured, coinciding with the septum and the axis 

perpendicular to it, respectively. The volume of the cell was obtained 

by an approximation to the volume of a prolate spheroid (equation 1) 

where 𝑎 and 𝑏 correspond to the longer and shorter semi-axes, 

respectively. 

(1)𝑉 =
4

3
 𝜋 𝑎𝑏2 

   Cell surface area was calculated using the Knud Thomsen 

approximation26 (equation 2) to calculate the surface area of 

ellipsoids, where 𝑎 corresponds to the longer semi-axis and b and c 

correspond to shorter semi-axes, which are identical in the case of 

S. aureus cells. 
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(2)𝑆 ≈ 4𝜋[
1

3
 (𝑎𝑏1.6𝑎𝑐1.6𝑏𝑐1.6)]1/1.6 

   To evaluate cellular symmetry and identify “D” shaped cells, cells in 

Phase 1 of the cell cycle were selected and an ellipse was fit to the 

cell borders corresponding to the old cell wall. The ellipse centre was 

defined as the middle point of the longer axis and the distances from 

this point (along a perpendicular axis) to new peripheral cell wall and 

old peripheral cell wall were calculated (see Fig. 8d). Symmetry was 

assessed by the ratio between the distance from the centre to the old 

cell wall and the distance from the centre to the new cell wall. A cell 

was considered as asymmetric when this ratio was more than 1.33, 

i.e. when the distance from the cell centre to the new cell wall was 

less than 75% of the distance to the old cell wall. 

 

Calculation of fluorescence ratio in NADA labelled cells 

 

   NADA labelled S. aureus cells were observed using a Zeiss Axio 

Observer microscope equipped with a Photometrics CoolSNAP HQ2 

camera (Roper Scientific) and Metamorph 7.5 software (Molecular 

Devices). To quantitatively assess D-amino acid incorporation, the 

fluorescence signal at the septum and at the peripheral cell wall was 

determined for 50 cells with fully formed septa. A fluorescence ratio 

(FR) for septal versus peripheral cell wall signals was determined as 

previously described27. 

Statistical analysis 

 

   Statistical analyses were done using GraphPad Prism 6 (GraphPad 

Software). Unpaired student’s t-tests were used to evaluate the 

differences in cellular volume and shape between cell cycle stages 
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and between the initial and final stages of each phase, as well as to 

compare fluorescence ratios between peripheral and septal wall 

signal intensity. One-way ANOVA was used to compare old/new cell 

wall fraction at different time points. P-values ≤ 0.05 were considered 

as significant for all analysis performed and were indicated with 

asterisks: *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001. 

 

Results 

 

S. aureus cells elongate during the cell cycle 

 

   To follow morphology dynamics during the cell cycle of S. aureus, 

cells of wild-type strain COL were labelled with the membrane dye 

Nile Red, placed on an agarose pad containing growth medium and 

imaged during growth at room temperature by Super-Resolution 

Structured Illumination Microscopy (SIM) (Fig. 1a). During the initial 

phase of the cell cycle (here referred to as Phase 1), prior to initiation 

of division septum formation, cells were approximately spherical in 

shape, as determined by calculating the ratio between the longer axis 

of the cell (perpendicular to the division septum) and the shorter axis 

(coincident with the septum) and then became slightly elongated (Fig. 

1c, Fig. 2 and Table 3). In a second stage (Phase 2), cells initiated 

and completed the synthesis of the division septum and did not 

significantly elongate. Finally, during the last stage of the cell cycle 

(Phase 3), cells with a complete septum elongated further, before 

splitting into two daughter cells. Splitting was accompanied by fast 

reshaping of the flat septum to become approximately one 

hemisphere of each daughter cell. 
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Figure 1. Morphological changes during the cell cycle of Staphylococcus 

aureus (a) S. aureus COL cells were stained with membrane dye Nile Red and 

imaged by SIM for 60 min, at 3 min intervals. Phase 1 (P1) cells have recently 

divided and have not initiated synthesis of the septum. Phase 2 (P2) cells are 

undergoing septum synthesis. Phase 3 (P3) cells have a complete septum and are 

going to split into two daughter cells. Coloured arrows indicate periods of cell 

elongation. The time interval between panels was 6 min. Scale bar, 1 μm. (b) 

Duration of each phase of the cell cycle (represented as a fraction of the duplication 

time) was measured in individual cells imaged by SIM while growing at room 

temperature on agarose slides containing growth medium (inner circumference); or 

after growing in liquid culture, at 37 °C, and placed on the microscopy slide just 

before imaging (outer circumference). (c) Elongation of S. aureus cells during the cell 

cycle was evaluated by calculating the ratio of the longer to the shorter axis of each 

cell. n=40 cells for each phase. (d) Cell volume was measured at the beginning and 

at the end of each phase of the cell cycle. Cells increased their volume continuously 

throughout the cell cycle. n=40 for each phase. Data in (c,d) were collected from two 

independent experiments and are represented as box-and-whisker plots where 

boxes correspond to the first to third quartiles, lines inside the boxes indicate the 

median and ends of whiskers represent the minimum and maximum of all data. 

Statistical analysis was performed using the unpaired t test (***P<0.001; ns, not 

significant). 
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Figure 2. Size measurements of S. aureus cells imaged by SIM during the cell 

cycle. (a) The shape of S. aureus cells was approximated to a prolate spheroid and 

superimposition of an elipse was used to measure the longer and shorter cellular 

axes during the different phases of growth. Scale bar = 1 μm (b) Scatter plot of the 

measurements of the longer (a) and shorter (b) axes of S. aureus cells when starting 

(Initial) and finishing (Final) each of the three growth phases defined in Fig. 1. 

Table 3: Average ratio of longer/shorter axes of S. aureus cells upon initiation 
and completion of the three phases of the cell cycle. 

 

*p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 mutants vs. parental strain COL (n=40 cells for 

each strain) 

 

 P1 P2 P3 

Strain Initial Final Initial Final Initial Final 

COL 1.11±0.04 1.17±0.06 1.19±0.05 1.21±0.04 1.22±0.06 1.27±0.05 

COLΔpbpD 1.13±0.09 1.17±0.07 1.20±0.06 1.23±0.05 1.22±0.04 1.28±0.06 

COLΔatl 1.13±0.07 1.14±0.05 

(**) 

1.15±0.06 

(**) 

1.17±0.06 

(***) 

1.17±0.06 

(**) 

1.23±0.05 

(*) 

COLΔsle1 1.19±0.08 

(***) 

1.20±0.08 1.19±0.06 1.19±0.06 1.20±0.07 1.23±0.10 
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   Although we were able to observe cells undergoing complete cell 

cycles by SIM imaging, we noticed a delay in growth, when compared 

to cells on the same slide that were not exposed to laser light. 

Photodamage is cumulative and therefore could cause an increasing 

bias towards longer duration of growth phases over the course of the 

experiment. In order to overcome this limitation, all quantitative 

analyses were only performed on the first complete growth phase of 

each cell (i.e., in cells observed finishing the previous phase and 

starting the next phase), and not on the entire cell cycle. Using this 

approach we measured the duration of each growth phase of the S. 

aureus cell cycle (Fig. 1b). Cells spent approximately half of the cell 

cycle in Phase 1 (47±9%), with the other half being spent in septum 

synthesis (Phase 2, 24±7%) and the final elongation step (Phase 3, 

29±6%), with a cell cycle duration of 66 ± 9 min. Because the cells 

analysed by this method were growing at room temperature on 

growth medium containing agarose pads, on the microscope stage, 

we independently confirmed the length of each phase by growing 

S. aureus cells in liquid culture with aeration at 37°C, labelling cell 

membranes and immediately observing them by SIM. The percentage 

of cells observed in each phase should be proportional to the fraction 

of the cell cycle spent in that stage. Fig. 1b shows that similar results 

for the duration of Phases 1-3 were obtained by both methods. 

Interestingly, at the timescale of this experiment, we never observed 

intermediate stages in the process of cell splitting and reshaping of 

the flat septum into a curved surface, implying that these events are 

likely to be extremely fast. In order to verify this assumption, we 

imaged cells growing on an agarose pad, at 2 ms intervals (Fig. 3a). 

S. aureus cells divided into two daughter cells in the interval between 

two acquisitions, indicating that splitting takes less than 2 ms (n=10). 
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The spatial and temporal resolution of these images does not allow 

us to determine if (i) splitting and septum reshaping occur 

simultaneously, as one could expect if remodelling of the flat septum 

did not require any enzymatic activity and resulted solely from the 

increased turgor pressure imposed upon the septum as it splits and 

becomes exposed to the external milieu, or (ii) splitting and septum 

reshaping are two consecutive processes. We reasoned that if the 

latter hypothesis was correct, we should be able to capture 

intermediates in the division process in which the septum had already 

split but remained flat. For this purpose, we fixed cells during 

exponential growth and imaged them using Scanning Electron 

Microscopy (SEM) (Fig. 3b). In agreement with previous data9, we 

observed recently divided cells in which the previous septum was 

seen as a smooth flat surface, indicating that septum splitting and 

reshaping are likely to be sequential events.

 

Figure 3. Splitting of S. aureus cells occurs on the millisecond timescale. (a) 

Dividing S. aureus cells were imaged on an agarose pad, acquiring frames every 2 

ms, showing that splitting of the mother cell occurs in <2 ms (between the 2 ms and 

the 4 ms frame). Time is indicated in milliseconds. Scale bar, 1 μm. (b) To capture 

intermediate stages in the splitting process, S. aureus cells were fixed with 

glutaraldehyde during growth and imaged by SEM. The cell on the left has just 

divided in two daughter cells. The previous division septum is seen as a smooth flat 
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surface indicating that septum splitting and reshaping into a curved hemisphere are 

likely to be sequential events. Note that cells with flat septa were not as rare as could 

be expected given the speed of the splitting process. It is therefore possible that the 

cell treatment required for SEM stabilizes this stage. Scale bar, 750 nm. 

 

The septum gives less than one hemisphere of each daughter 

cell 

 

   Previous descriptions of the S. aureus cell cycle suggested that cell 

wall synthesis occurred mainly, if not only, at the division septum5. 

Furthermore, it was assumed that the “new” cell wall material from the 

septum of the mother cell formed one complete hemisphere of each 

of the daughter cells, while the other hemisphere was made of “old” 

cell wall material originating from the peripheral wall of the mother 

cell. However, we observed that just prior to splitting, at the end of 

Phase 3, the mother cell has an ellipsoid shape, with a semi-major 

axis of 0.70±0.04 µm (perpendicular to the septum) and two semi-

minor axes of 0.55±0.03 µm (equivalent to the radius of the septum), 

resulting in a septal surface area of 0.95 µm2. After splitting, at the 

beginning of Phase 1, each daughter cell has semimajor and semi-

minor axes of 0.52±0.03 µm and 0.46±0.03 µm, respectively. 

Therefore, the total surface area of each daughter cell is ~2.89 µm2 

(see Experimental Procedures for Knud Thomsen approximation 

used for calculations), of which 0.95 µm2, or ~33%, should be 

composed of new cell wall material, originating from the septum of the 

mother cell. The remaining ~67% of the cell surface should be 

composed of “old” cell wall material, originating from one hemisphere 

of the mother cell, i.e., the distribution of old and new cell wall 

material should not be 50% of each, as previously assumed3,5,6 (Fig. 

4a). To determine whether the mode of S. aureus growth was 
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consistent with these assumptions, cells were labelled with a green 

fluorescent derivative of wheat germ agglutinin (WGA-488), a lectin 

which labels N-acetylglucosamine residues present in peptidoglycan 

and in wall teichoic acids. Importantly, WGA labels the cell wall 

present at the cell surface (peripheral wall) but does not diffuse into 

(and therefore does not label) the division septum. Cells were next 

washed to remove unbound WGA-488, and stained with the 

membrane dye Nile Red, which diffuses through the septum and 

therefore labels the entire membrane of the cell. Finally, cells were 

placed on an agarose pad containing growth medium and imaged by 

SIM during growth (Fig. 4b). Cells whose surface was completely 

labelled by WGA-488 were selected for analysis and both the 

perimeter of each cell, as well as the fraction of the cell surface made 

of old cell wall (WGA-488 labelled), were measured. In agreement 

with our model, we found that after splitting of the mother cell, each 

daughter cell had 61.3±3.3% (n=30) of its surface labelled by WGA-  

488, i.e., made of old cell wall, clearly showing that the flat septum, 

even after reshaping, does not contribute to half of the cell surface 

(Fig. 4c). 

   These results were confirmed in a second experiment, similar to the 

one described above, in which cells were labelled with HADA instead 

of WGA-488. HADA is a blue fluorescent derivative of 3- amino-D-

alanine that can be incorporated in the pentapeptide chain of 

peptidoglycan24. Selected cells whose entire surface was labelled 

with HADA at time zero were followed during growth for 60 min (Fig. 

4d). Similar to the results obtained with WGA-488 labelling, upon 

splitting of the mother cell, 62.5±3.4% of the surface of each daughter 

cell was labelled with HADA.  

 



Cell shape dynamics during the staphylococcal cell cycle 
 

99 
 

 

Figure 4. Asymmetrical inheritance of cell wall material during S. aureus cell 

division. (a) Schematic representation of the possible modes of division and growth 

of S. aureus. Peripheral cell wall of the mother cell is represented in green and cell 

membrane is represented in red. Upon division of the mother cell, the new cell wall 

material, derived from the previous septum, may constitute 50% of the surface of 

each daughter cell, if the surface area of the flat septum increases as it becomes 

curved (I), or 33%, if there is no increase in the surface area of septum material (II). 

In the latter case, the cell can then grow by peptidoglycan synthesis and/or autolysis 
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either at the site of the new cell wall material only (III) or throughout the entire cell 

surface (IV). (b) S. aureus COL cells were labelled for 5 min with peripheral cell wall 

dye WGA-488 (green), washed and stained with membrane dye Nile Red. Cells were 

placed on an agarose pad and resumed growth at room temperature. Upon division, 

the old cell wall preserved the green WGA-488 signal. Cells were imaged by SIM at 

3, 30 and 60 min after splitting. The cell indicated by the arrow underwent a second 

round of division. (c) The fraction of WGA-488-labelled cell wall (green) relative to 

cell perimeter (red) remained above 0.60 during the cell cycle, n=30. No statistically 

significant variation was found (P>0.05). (d) An experiment equivalent to that 

described in panel (b) was done using cell wall dye HADA instead of WGA-488. (e) 

The fraction of cell wall labelled with HADA (blue) relative to the cell perimeter (red), 

decreased slightly during the first 30 min but remained above 0.60 during the cell 

cycle, n=30. (P=0.03). (f) The cell wall of Sporosarcina ureae was labelled with WGA-

488, washed, labelled with Nile Red and imaged by SIM. Panels show the same cell 

before and after division, indicating that old cell wall material (green) constitutes more 

than half of the daughter cells surface. Contrast of individual channels was adjusted 

on merged images. Scale bars, 0.5 μm. Data in (c,e) are represented as box-and 

whisker plots where boxes correspond to the first to third quartiles, lines inside the 

boxes indicate the median and ends of whiskers represent the minimum and 

maximum of all data. Statistical analysis was performed using one-way analysis of 

variance. 

 

Careful inspection of SEM images of S. aureus cells confirms that the 

“old” cell wall constitutes more than 50% of the surface of each 

daughter cell (Fig. 5). Cell wall material which is at least one 

generation old has been described as having an irregular, rough 

appearance, while newly synthesized cell wall, resulting directly from 

the septum of the mother cell, has a smoother appearance with 

concentric rings3,28, with a clear border separating the two types of 

cell surface29. These borders, seen in Fig. 5 and denoted in blue in 

the schematic representation of the cells, are clearly not placed at 

mid cell, reinforcing the idea that more than half of the surface of S. 

aureus cells is at least one generation old.
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Figure 5. Scars of previous divisions do not mark cell quadrants. SEM images 

of S. aureus COL cells showing an asymmetric scar (blue line in scheme) 

corresponding to the previous division site and a fissure located in the middle of the 

cell (red line), presumably corresponding to the next division site. The new cell wall 

(light brown), resulting from septal material from the mother cell, which has a smooth 

surface immediately after division (first panel), occupies less than half of the total 

surface. Scale bars, 600 nm. 

 

   We then asked if this mode of division of spherical cells, in which 

the division septum of the mother cell generates less than one 

hemisphere of each daughter cells was restricted to S. aureus or 

common to other cocci. Labelling of peripheral cell walls in 

Sporosarcina ureae with WGA-488 showed that division of spherical 

cells from this organism also results in daughter cells with a fraction 

of approximately 60% of the surface made of “old” cell wall (Fig. 4f). 
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S. aureus grows by remodelling the entire cell surface 

 

   The fact that cell wall synthesis in staphylococci occurred mainly, if 

not exclusively, at the division septum5, led to the suggestion that 

S. aureus does not enlarge during the cell cycle and that the 

conversion of the flat division septum into one hemisphere of each 

daughter cell accounted for the doubling in volume required for cell 

division to take place3,5,6. Importantly, the diffraction limit of resolution 

of conventional light microscopy (~250 nm)30,31 impaired until now, 

detection of size variations in the range of those required for the 

doubling of S. aureus cell volume (see discussion). These variations 

can, however, be observed by SIM, which improves the lateral xy 

resolution to approximately 110 nm32. Using this technique, we 

observed that staphylococcal cells increased in volume during the 

entire cell cycle, from a volume of 0.47±0.07 μm3 at the beginning of 

Phase 1 to a volume of 0.91±0.12 μm3 at the end of Phase 3 (Fig. 1d 

and Table 4). If enlargement of S. aureus cells was due mainly to the 

remodelling of the flat septum into a hemisphere, the volume increase 

should be essentially restricted to the process of splitting and 

reshaping of the septum. On the contrary, we have observed that 

there is no significant increase in volume when staphylococcal cells 

divide, i.e., that each of the two daughter cells has approximately half 

of the volume of the Phase 3 mother cell (Fig. 1d). Furthermore, the 

largest and fastest increase in volume occurs during Phase 3 

(Δvolume = 0.16±0.07 μm3 at a rate of 0.009±0.003 μm3 min-1, Table 

4), during which there is no reshaping of the flat septum, clearly 

indicating that other mechanisms must be involved with the 

enlargement of S. aureus cells. 
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Table 4. Average volume (μm
3
) of S. aureus cells upon initiation and 

completion of the three phases of the cell cycle. 

 

* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001 mutants vs. parental strain COL (n=40 cells for 

each strain) 

 

   Next we wondered if enlargement of cells occurred via remodelling 

only of the material derived from the previous septum or via 

remodelling of the entire cell surface (Fig. 4a). In the former case, the 

percentage of “new” cell wall should increase during the course of the 

cell cycle, eventually reaching half of the total cell surface, while in 

the latter case the ratio of new to old cell wall observed immediately 

after splitting of the mother cell (~39% to ~61%, respectively, Fig. 4b) 

should be maintained over the cell cycle. Therefore, following the 

growth of cells in which the “old” cell wall was labelled with WGA-488 

should allow us to determine how S. aureus cells enlarge. The 

 P1 P2 P3 

Strain Initial Final Initial Final Initial Final 

COL 0.47±0.07 0.62±0.08 0.63±0.10 0.72±0.10 0.73±0.10 0.91±0.12 

COLΔpbpD 0.40±0.08 

(***) 

0.59±0.10 0.61±0.08 0.69±0.09 0.70±0.07 0.86±0.11 

COLΔatl 0.46±0.07 0.66±0.10 0.68±0.10(*) 0.79±0.10(**) 0.82±0.13 

(***) 

0.97±0.16 

COLΔsle1 0.48±0.07 0.55±0.06 

(***) 

0.55±0.07 

(***) 

0.64±0.09 

(***) 

0.63±0.09 

(***) 

0.98±0.17 

(*) 
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perimeter of WGA-488 labelled cells increased from 3.08±0.17 µm to 

3.40±0.21 µm after 60 min on the slide, confirming that cells were 

growing. Under these conditions, the fraction of cell wall labelled by 

WGA-488 remained at 60.6±3.2%, even in cells that were already 

initiating the next round of division (Fig. 4b and c). Similar results 

were obtained with HADA labelled cells, in which the fraction of 

labelled cell wall remained at 60.5±3.8% after 60 min (Fig. 4d and e), 

indicating that cell enlargement was due to remodelling of the entire 

cell surface and not exclusively of the septal material. 

 

S. aureus enlarges via peptidoglycan synthesis and autolysis 

 

   Enlargement of bacterial cells can occur via synthesis of new 

peptidoglycan, autolysis of old peptidoglycan, or a combination of 

both processes. We have previously observed that peptidoglycan 

synthesis occurred mostly at the division septum5. Given that we have 

now shown that growth of staphylococcal cells occurs via remodelling 

of the entire cell surface, we considered the possibility that 

enlargement was mainly due to autolytic activity. However, autolysis 

without synthesis would lead to a thinning and/or increase in the 

porosity of the old peptidoglycan mesh over consecutive generations. 

Since approximately 60% of old cell wall is transmitted to daughter 

cells in each cell division, staphylococcal cells would have regions of 

the surface a few generations old, which were necessarily submitted 

to the enlargement process multiple times. Thinning of these regions 

due to peptidoglycan autolysis without synthesis could therefore 

endanger the integrity of the bacterial cell. Making use of newly 

available tools to study peptidoglycan synthesis and to image protein 

localisation, we revisited the question regarding the localisation of 
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peptidoglycan synthesis in S. aureus. S. aureus cells were labelled 

with HADA, which can be incorporated by PBPs in the pentapeptide 

chain of peptidoglycan24. Cells in growth phases 2 and 3, i.e., cells 

with partial or complete septa, showed labelling mostly at the septum, 

in agreement with previous reports showing that the majority of PBP 

activity takes place at the septum4,5,33. However, peripheral signal 

was also observable (Fig. 6a). Labelling around the entire cell surface 

was even more noticeable in Phase 1 cells, lacking a division septum 

(Fig. 6a, arrows). 

 

Figure 6. Fluorescent D-amino acid HADA is incorporated at the peripheral wall 

of S. aureus cells. S. aureus COL cells were labelled for 5 min with HADA, a 

fluorescent derivative of 3-amino-D-alanine that can be incorporated in the 

pentapeptide chain of peptidoglycan (a) or its Lenantiomer HALA that should not be 

incorporated into the peptidoglycan (b), used as a control for non-specific binding. 
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Cells were then imaged by SIM, showing that the peripheral walls of cells in Phase 1 

(examples indicated by white arrows) were labelled by HADA but not by HALA. Scale 

bars = 10 µm 

 

We then asked which of the four native S. aureus PBPs had 

peripheral activity. Given that PBP1 and PBP2 are essential proteins 

in MSSA strains and therefore cannot be depleted34,35, S. aureus 

mutants lacking PBP3 and PBP4 were initially tested. For this 

purpose, we used a green fluorescent variant of HADA, NADA. 

COLΔpbpD cells, lacking PBP4, were virtually devoid of NADA 

labelling away from the septum (Fig. 7b), when compared to COL 

(Fig. 7a), showing that this protein is the main enzyme responsible for 

the peripheral signal. Complementation of COLΔpbpD with a plasmid-

encoded PBP4 resulted in recovery of the peripheral signal (Fig. 7c 

and d). A comparison of the ratio of the septal versus peripheral 

fluorescence signal in the COL parental strain (7.91±0.42) and 

COLΔpbpD (18.7±0.76) confirmed that incorporation of D-alanine 

labelled analogues was essentially absent from the peripheral wall of 

the mutant lacking PBP4 (Fig. 7e). In agreement, localisation of a 

fluorescent derivative of PBP4 showed that although this protein is 

mainly localized at the septum, as we have previously reported36, 

peripheral fluorescent signal could also be observed (Fig. 7f). 

Quantification by PhotoActivated Localisation Microscopy (PALM) 

showed that 26±11% of the total PBP4 molecules (fused to 

photoactivatable mCherry) in Phase 3 cells are present at the 

peripheral membrane (Fig. 7g). 
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Figure 7. PBP4 is active at the division septum and at the peripheral wall. (a) S. 

aureus COL cells were incubated for 20 min with NADA and imaged by wide-field 

fluorescence microscopy. Cells with partial (Phase 2) or complete (Phase 3) septa 

(arrows) showed labelling mostly at the septum, although some fluorescent signal 

could also be observed at the peripheral cell surface. Cells without septa (Phase 1, 

asterisks) showed NADA incorporation at the peripheral cell wall. Scale bar = 5 μm. 

(b) COLΔpbpD cells, lacking PBP4 were imaged as described above. NADA 

incorporation at the peripheral cell surface was virtually absent both in cells 

undergoing septation (arrows) and in newly split cells (asterisk), indicating that PBP4 

is responsible for the majority of peripheral NADA incorporation. Scale bar = 5 μm. 

(c,d) Strain COLΔpbpD was complemented with empty pCNX vector (c) and pCNX 

encoding PBP4 under the control of Pcad (d), in the presence of cadmium chloride (1 

μM), and imaged as above. NADA incorporation at the peripheral cell surface was 

only observed in the strain complemented with PBP4. Scale bar = 5 μm. (e) The 

intensity of the NADA fluorescence signal was measured at the septum and 

peripheral wall, in cells (n=50) with complete division septa, and the ratio between 

septal and peripheral signal was calculated for each cell. This ratio was significantly 
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higher for COLΔpbpD than for COL cells (18.7±5.4 vs 7.9±3.0, P<0.001) showing 

that the mutant lacking PBP4 is deficient in peripheral NADA incorporation. This ratio 

was also higher in COLΔpbpD containing the empty vector pCNX than in the same 

strain complemented with plasmid-encoded PBP4 (18.2±5.7 vs 10.2±5.4, 

P<0.001).(f) Localisation of a YFP-tagged derivative of PBP4 in COL cells by wide-

field fluorescence microscopy showing that a small fraction of PBP4 localizes at the 

cell periphery. Scale bar = 5 μm. (g) PALM image showing PBP4-PAmCherry 

localisation in S. aureus NCTC8325-4 background. Cells (n=50) showing PBP4-

PAmCherry in complete septa (white arrow) were used to quantify the number of 

PBP4 molecules (n=27533) present either at the peripheral membrane (26±11%) or 

at the septa (74±11%). Images are false coloured showing red to white increasing 

intensity range. Scale bar, 1 μm. 

Furthermore, the duration of Phase 1 is longer in COLΔpbpD than in 

the parental strain COL (Fig. 8a) and the cell volume is smaller (Table 

4), reinforcing the hypothesis that PBP4 is one of the proteins that 

have a role in peripheral peptidoglycan synthesis during this growth 

phase. In contrast, cell elongation is unaffected in COLΔpbpD cells 

(Table 3), suggesting that additional proteins play a role in cell 

growth. We therefore evaluated the role of two major autolysins, Atl7 

and Sle137 in cell enlargement and elongation, as well as in septum 

remodelling, by deleting chromosomal atl or sle1 genes of strain COL. 

The lack of Atl amidase and glucosaminidase activities led to larger 

cells which are less elongated when compared to the parental strain 

COL (Tables 3 and 4), indicating that Atl autolytic activity is involved 

not only in cell separation, as previously shown8,9, but also in cell size 

homeostasis and shape maintenance. COLΔsle1 cells remain 

elongated throughout the entire cell cycle, which could result from 

increased stiffness of peptidoglycan in the absence of Sle1 amidase 

activity, possibly impairing correct reshaping of the cell following 

division. Furthermore, these cells have a longer Phase 3 than the 
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parental strain COL (Fig. 8a), suggesting that cell splitting is impaired 

in this mutant. 

   Interestingly, we have observed the appearance, albeit at low 

frequency, of cells with the shape of the letter “D” in cultures of 

COLΔsle1 (Fig. 8b, arrows). These cells seem to be impaired in the 

process of reshaping of the flat septum, generated immediately after 

the splitting of the mother cell, into a curved hemisphere. D-shaped 

cells were never observed in the parental strain COL by SIM. This 

phenotype seems to be a consequence of defects in specific autolytic 

enzymes whose activity is required for the reshaping of the flat 

septum, since asymmetric cells were also identified at higher 

frequencies than in the parental strains in (i) an sle1 deletion mutant 

in the background of a different S. aureus strain, namely NCTC8325-

4 (Fig. 9b); (ii) an NCTC8325-4 mutant lacking LytM, an autolysin with 

glycylglycine endopeptidase activity38 (Fig. 9c); (iii) a COL mutant 

depleted for the two-component system WalK/WalR (also known as 

YycG/YycF), which positively controls autolytic activity39 (Fig. 9e). 

Interestingly, although WalKR is essential in RN422039, strain COL 

grows in its absence. 
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Figure 8. Effect of impaired peptidoglycan synthesis or autolysis on the cell 

cycle and morphology of S. aureus. (a) Duration of phases of the cell cycle of S. 

aureus mutants lacking peptidoglycan synthesis enzyme PBP4 (COLΔpbpD, total 

duration of cell cycle 73±10 min) or autolysins Atl (COLΔatl, 82±8 min) and Sle1 

(COLΔsle1, 86±15 min), compared with the parental strain COL (66±9 min). Cells 

(n=40 for each phase) were growing in solid medium and only cells that completed at 

least one growth phase during the time of the experiment were included in the 

analysis. Approximately 50% of COLΔpbpD cells that initiated Phase 1 did not 

complete it (versus 20% of COL cells) and were not included in the analysis. (b) The 
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cell wall of COL and COLΔsle1 was stained with Van-FL and imaged by SIM. 

Asymmetric cells with a shape close to a ‘D’ (white arrows) were observed, indicating 

that reshaping of the flat septum into a curved hemisphere following division was 

impaired in this mutant. (c) Exponentially growing COL and COLΔsle1 cells were 

stained with NADA, incubated for 15 min in saturating concentration of NaCl, placed 

on an agarose pad containing the same salt concentration and imaged by SIM. Cells 

with a shape close to a ‘D’ (examples indicated by white arrows) were observed at 

higher frequency in the mutant lacking Sle1 (right) than in the parental strain COL 

(left). Scale bars, 2 μm. (d) Symmetry of cells depicted in panels b and c was 

assessed by fitting an ellipse to the cells (n=50 for each class) and defining its centre 

(X) as the middle point of the shorter axis (A). The distances from X to new peripheral 

cell wall (B) and old peripheral cell wall (C) were calculated. Cells were considered as 

asymmetric (black bars) if the ratio C/B was more than 1.33 and symmetric (grey 

bars) when this ratio was ≤1.33. wt, wild type. 

 

Figure 9. Effect of impaired peptidoglycan autolysis on the morphology of S. 

aureus. Cells of MSSA strain NCTC8325-4 (a), its mutant lacking autolysin Sle1 

(NCTCΔsle1, (b)), or lacking autolysin LytM (NCTCΔlytM, (c)) were labelled with cell 

wall dye Van-FL and imaged by SIM, confirming the presence of D-shaped cells in 

the mutants. (d) Symmetry of cells depicted in panels “a” to “c” was assessed as 

described in Fig. 8d, showing an increase in the frequency of asymmetric cells in the 
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two autolysin mutants. (e) Cells of MRSA strain COL with the two-component system 

walKR (positive regulator of autolysins) placed under the control of the IPTG-

inducible promoter Pspac (COLwalKRi), were grown in the presence or in the absence 

of inducer, labelled with Van-FL and imaged by SIM, showing the presence of D-

shaped cells. (f) Symmetry of cells depicted in panel “e” was assessed as described 

in Fig. 8d, showing an increase in the frequency of asymmetriccells upon depletion of 

the WalKR two-component system. Scale bars = 2 µm 

 

   In order to determine if turgor pressure also had a role in driving the 

reshaping of the flat septum, we incubated COL and COLΔsle1 in 

buffer containing saturating NaCl concentration. The decreased 

turgor pressure led to higher frequency of “D” shaped or asymmetric 

cells both in COLΔsle1 and in parental strain COL, albeit to lower 

levels in the parental strain (Fig. 8d). Strain COLΔsle1 complemented 

with a plasmid-encoded Sle1 behaved as the parental strain COL 

(Fig. 10). These results suggest that the division septum requires the 

action of both autolytic enzymes and turgor pressure to change from 

a flat to a curved surface, although we cannot exclude the possibility 

that the effect of NaCl is due to an impact on the activity of autolysins. 
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Figure 10. Complementation of COLΔsle1 with plasmid-encoded sle1. (a) Cells 

of COLΔsle1 strain were transformed with empty vector pBCBover (left) or the same 

vector encoding sle1 under the control of IPTG inducible Pspac promoter (right) were 

labelled with NADA, incubated for 15 min in saturating concentration of NaCl, placed 

on an agarose pad containing the same salt concentration and imaged by SIM. 

Asymmetric cells with a shape close to a “D” (white arrows) were observed in higher 

frequency in the strain containing the empty vector. Scale bars = 2 µm. (b) Symmetry 

of cells depicted in panel “a” was assessed as described in Fig 8d, showing that the 

phenotype of strain COLΔsle1 is complemented by the expression of Sle1 from a 

plasmid. 
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Discussion 

 

   Despite its importance as a clinical pathogen, the small size of S. 

aureus cells has impaired a detailed analysis of the morphological 

changes occurring during its cell cycle, given that size variations 

required to double the cell volume are close to the limit of resolution 

of conventional optical microscopy: S. aureus cells are approximately 

1 µm in diameter (or 0.52 µm3 in volume). Approximating the cell 

shape to a sphere, an increase of the diameter to 1.26 µm is sufficient 

to double cell volume. However, this 260 nm increase is close to the 

diffraction limit of resolution of conventional optical microscopy, which 

is ~250 nm for most biocompatible fluorophores30,31. 

   The current model for S. aureus cell division postulates that cells do 

not significantly enlarge during the cell cycle and that the major 

variation in cell volume occurs upon splitting of the mother cell, when 

the flat septum is reshaped into a curved surface to generate one 

hemisphere of each daughter cell. This model was based on the fact 

that both incorporation of new peptidoglycan material and localisation 

of the major peptidoglycan synthesis enzymes, the PBPs, occurred 

mostly at the septum5,22,33,34,36, two observations that still hold true. 

However, here, by fast imaging of dividing S. aureus cells, we show 

that reshaping of the division septum is an extremely rapid process, 

on the timescale of less than two milliseconds, and therefore not 

compatible with a duplication of cellular volume and the consequent 

abrupt changes in concentrations of cellular contents. It is therefore 

more likely that, similar to other bacteria, the volume of S. aureus 

cells gradually increases over the cell cycle, but these size variations 

are too small to be observable by conventional light microscopy. 
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   Recent advances in fluorescence microscopy, specifically the 

introduction of super-resolution techniques, now allow an 

unprecedented level of detail in the analysis of bacterial cell 

morphology. Making use of SIM, with a lateral resolution of 

approximately 110 nm32, we measured variations of the volume of 

S. aureus cells and concluded that (i) cell volume increases gradually 

over the entire cell cycle and (ii) there is no substantial increase in 

cell volume due to reshaping of the flat septum, given that upon 

splitting of a mother cell, each newly generated daughter cell has 

approximately half of the mother cell´s volume. Furthermore, and 

contrary to previous assumptions, the cell wall material resulting from 

the division septum of the mother cell (new cell wall) does not 

constitute half of the cell surface of each daughter cell, but 

approximately 33% (Fig. 11). Taken together, these observations 

suggest that other mechanisms besides septum reshaping are 

responsible for cell growth in S. aureus. 
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Figure 11. Comparison of two models for S. aureus growth and division. (a) 

Previous model which assumed that S. aureus cells remained approximately 

spherical over the cell cycle and that, on division, the cell wall material from the 

septum of the mother cell increased in cell surface area to constitute half (one 

hemisphere made of new cell wall) of the cell surface of each daughter cell. As a 

consequence, scars of previous divisions divided the cell in quadrants and formed T-

junctions at the cell poles, which could be used as topological cues to direct cellular 

processes such as chromosome segregation. These scars were proposed to encode 

epigenetic information that could be used by S. aureus to determine orthogonal 

placement of division septum. (b) In the model proposed based on this work, S. 

aureus cells are approximately spherical at the beginning of the cell cycle and 

elongate as the cell cycle progresses. On division, there is no increase in the surface 

area of the previous septum, which becomes ∼33% of the surface area of each 

daughter cell. This asymmetry in the regions composed of new and old cell wall 

results in scars of previous divisions that do not divide cells in quadrants. 

Consequently, T-junctions of scars of two previous divisions are not located at the 

cell poles. Two consecutive divisions in orthogonal planes are depicted in panels 

(a,b). 
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Upon division of the mother cell, S. aureus cells could grow by (i) 

remodelling and enlarging only the new cell wall material or (ii) 

remodelling the entire cell surface. In the first case, the surface area 

corresponding to new cell wall material would be expected to expand 

from 33% and eventually constitute half of the cell surface, while in 

the second case the 33/67 ratio of new/old cell wall would be 

maintained during the entire cell cycle. We have labelled peripheral 

cell wall with a lectin (WGA-488) as well as a fluorescent derivative of 

D-alanine (HADA) and confirmed that the latter hypothesis is correct. 

   Cell enlargement can occur by synthesis of new peptidoglycan 

material, autolysis of old peptidoglycan or a combination of both 

processes. The fact that the entire cell surface is enlarged during 

growth, but different sections of the surface vary in age, seems 

incompatible with the notion that peptidoglycan synthesis or autolysis 

alone are responsible for the increase in cell surface. If that were the 

case, then regions with different ages of the cell wall would have 

different thickness and/or porosity. By transmission electron 

microscopy, S. aureus peripheral cell wall seems homogeneous in 

thickness40. The porosity of new and old cell wall may be different, as 

the former shows a series of concentric rings while the latter appears 

as a network of fibers with a large number of empty spaces between 

them, perhaps resulting from autolytic activity28,41. However, if this 

autolytic activity would occur across the entire cell surface multiple 

times, i.e., over several generations, in the absence of peptidoglycan 

synthesis, holes in older regions of the cell surface would presumably 

become larger, possibly endangering the integrity of the cell. 

   It therefore seems likely that peptidoglycan synthesis has to occur 

across the cell surface, concomitantly with autolysis. In fact, we were 

able to detect peripheral PBP activity through the incorporation of 
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fluorescent derivatives of 3-amino-D-alanine24, mediated mostly by 

PBP4, in agreement with recent data by Gautam et al.42. It is possible 

that other PBPs also have a role in peripheral peptidoglycan 

synthesis, which is not detected in our assay given that PBP4 is the 

main responsible for incorporation of exogenous peptidoglycan 

synthesis probes42,43. It is important to note that these probes may be 

incorporated by PBPs in an exchange reaction that occurs outside the 

cell, and therefore do not necessarily reflect the sites of incorporation 

of lipid-linked peptidoglycan precursors. It is possible that PBP4 

activity is required, not (only) to incorporate new peptidoglycan 

precursor molecules, therefore increasing the amount of 

peptidoglycan material in the cell wall, but also to make new bonds in 

pre-existing material that was subjected to autolytic activity during cell 

expansion leading to an increased mechanical strength. In fact PBP4 

was shown to be responsible for the very high levels of peptidoglycan 

crosslinking characteristic of S. aureus12,44 and required to increase 

the stiffness of the cell envelope13. 

   Finally, we have also pondered over the question of the extremely 

fast process of septum reshaping into a curved hemisphere, namely if 

it was a purely mechanical process or if it required enzymatic activity. 

Previous reports using atomic force microscopy (AFM) imaging have 

shown the presence of perforation holes around the bacterial 

circumference coincident with the outer edge of the division septum. 

These holes become larger, merge and form longer nicks in the 

peripheral wall as splitting of the septum proceeds41. These holes are 

most likely the result of activity of autolysins such as Atl, a protein 

required for cell separation, which localizes in rings at the division 

site8,9. Interestingly, Atl localizes exclusively at the external edge of 

the septum, not across the entire septal surface9, suggesting that its 
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activity is only required at the initial steps of splitting. This would be in 

agreement with the suggestion by Matias and Beveridge that the 

septum of S. aureus has a middle zone that separates two adjacent 

septal cross walls45. Once the outer edge of the septum is cleaved by 

autolysins, cell separation could proceed through a merely 

mechanical process driven by turgor pressure on the two separate 

halves of the cross-wall, as no additional cleavage of peptidoglycan 

bonds would be required across the septum. The time required for 

splitting, which we have now shown to occur in less than two 

milliseconds, does indeed suggest a mechanical process, probably 

driven by turgor pressure, in agreement with our data showing that 

septum reshaping is impaired in high osmolarity conditions and with 

recent data published while this manuscript was under revision46. 

However, we have also shown that autolysins such as Sle1 and LytM 

have a role in reshaping of the flat septum, given that mutants lacking 

one of these proteins, particularly when exposed to medium with high 

osmolarity, generate daughter cells in which the previous septum 

remains flatter. Nevertheless, we cannot determine if Sle1 and LytM 

activities occur before or during splitting. Interestingly, Bailey and 

colleagues have recently shown that the new cell wall material in the 

flat septum is stiffer than the rest of the cell wall and becomes softer 

when fully expanded into a hemisphere47. Therefore, these authors 

suggest that reshaping of the flat septum cannot occur only through 

stretching (as this would require the flat septum to be thicker but 

softer than the rest of the cell wall), but instead requires partial 

degradation of the peptidoglycan by autolytic enzymes47. 

   The increase in resolution resulting from advances in 

superresolution microscopy has allowed us to completely redefine the 

cell cycle of S. aureus, one of the most relevant bacterial pathogens, 
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with important implications for current models of cell division in cocci. 

S. aureus cells divide in three orthogonal planes over three 

consecutive division cycles1,2, raising the question of how do the cells 

retain “memory” of the two previous planes of division, in order to 

define a third, perpendicular, division plane. Scars of previous 

divisions have been proposed to contain epigenetic information 

regarding the previous planes of division3. Junctions of these scars at 

the cell poles could be used as topological cues to drive chromosome 

segregation in an axis perpendicular to the next division plane48. The 

process of nucleoid occlusion, which prevents assembly of the 

divisome over the chromosome, would then restrict the localisation of 

the next division plane to a plane orthogonal to the two previous 

ones48. However, these models assume that scars of previous 

division planes are placed precisely at the center of the cell (similar to 

the equator or meridians of earth, Fig. 11a), and therefore cross each 

other at poles of the cells. Our observation that lines dividing the 

S. aureus cell surface containing old/new cell wall material do not 

divide the cell in two equal parts (Fig. 11b), reopens the question of 

how staphylococci divide in orthogonal planes. Our findings may also 

be extended to other cocci which divide in orthogonal planes, such as 

Sporosarcina, and thus our observations described for S. aureus 

should have implications for the global understanding of cell division 

in other coccal bacteria. 
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Abstract 

 

   Staphylococcus aureus is a Gram-positive pathogen known for its 

antibiotic resistance, especially to antibiotics that target the cell 

wall. One strategy used by this pathogen to respond to this group 

of antibiotics is mediated by VraTSR. This three-component 

regulatory system is activated whenever damage is inflicted onto 

the cell wall and transduces the signal to the inside of the cell, 

regulating the expression of several genes, including of the vraTSR 

operon itself. Here we show that, after antibiotic challenge, 

expression of vraTSR is variable within an isogenic population and 

cells expressing higher vraTSR levels appear to be more 

susceptible to antibiotic treatment. 
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Introduction 

 

   Antibiotic resistance has become a challenge worldwide, with the 

emergence of several multi-drug resistant bacteria1,2. As a result, 

we may enter a post-antibiotic era, where bacterial infections might 

no longer be treated successfully3. One remarkable example of 

antibiotic resistant bacteria is the Gram-positive pathogen 

Staphylococcus aureus. This microorganism became one of the 

most important pathogens responsible for infections in nosocomial 

environments, having subsequently spread to the community, 

worldwide4. The mechanism underlying antibiotic resistance in 

S. aureus involves the expression of an exogenous transpeptidase 

called PBP2A, an enzyme that can catalyse cell wall crosslinking in 

the presence of β-lactam antibiotics5, which inhibit native 

transpeptidases. However, the ability to overcome antibiotic 

treatment is not restricted to acquired genetic determinants6. 

Antibiotic treatment failure can be due to antibiotic resistance, 

antibiotic tolerance or antibiotic persistence. Antibiotic resistance 

can be defined as the ability to grow in the presence of an 

antimicrobial compound, and can be measured by the minimum 

inhibitory concentration (MIC), that corresponds to the lowest 

concentration of the antibiotic required to prevent visible bacterial 

growth7. Resistance determinants are typically acquired via 

horizontal gene transfer of resistance-encoding genes, like mecA 

gene encoding PBP2A in S. aureus, or through mutations. 

Antibiotic tolerance and persistence are both mechanisms where 

bacteria can transiently survive in the presence of an antibiotic 

without an increase in the MIC. However, while tolerance refers to 

the capacity of the overall population to temporarily withstand the 
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effects of antibiotic treatment, persistence affects only a 

subpopulation of cells7. Tolerance factors, which can be 

environmental or genetic, increase the minimum time it takes to kill 

a bacterial population7,8. Persistence has the same effect, but only 

for a subset of the population. In this sense, persistence can be 

regarded as a particular case of tolerance, where most of the 

bacterial population is rapidly killed by the antibiotic while a smaller 

subpopulation is able to survive for a longer time7,8. Thus 

persistence is characterized by a biphasic killing curve7. Persistent 

cells represent a subset of the population that enters a dormant, 

non-dividing state9. When a population is treated with an antibiotic, 

normally dividing cells die, while persisters are able to survive9. 

These dormant variants are able to grow once the antibiotic is 

removed, being responsible for recalcitrance in chronic infections9. 

The concept of persistence is based on the heterogeneity of the 

response to antibiotics in a population. This heterogeneous 

behaviour in an isogenic bacterial population is referred to as 

phenotypic variability10 and may provide fitness advantages in 

fluctuating environments, such as during an antibiotic treatment, 

when compared to an homogenous population11. The source of 

such behaviour has been attributed to several factors, including cell 

cycle stage, cell ageing, stochasticity in genetic expression and the 

metabolic state of the cells12,13,14,15. In Escherichia coli, a positive 

correlation was observed between the frequency of persisters in a 

population and the likelihood to evolve resistance against different 

antibiotic classes16,17. 

   Antibiotics have a large spectrum of targets including blocking 

DNA replication and repair, protein synthesis, membrane integrity 

or cell wall (CW) biosynthesis18,19. To overcome antibiotic action, 
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bacterial cells trigger specific responses, often coordinated by 

protein complexes known as Two-component (TCS) or Three-

component systems. In S. aureus, when CW biosynthesis is 

impaired, cells trigger a response that results in the coordinated 

modulation of expression of the so-called CW stress stimulon 

(CWSS), a group of more than one hundred genes from different 

functional categories20,21,22. Several genes from the CWSS are 

directly activated by a TCS (currently described as three-

component system), VraTSR23. VraTSR is encoded in an operon 

comprised of four non-essential genes vraU, vraT, vraS and vraR23. 

Despite being non-essential for cell viability, these genes were 

shown to be important for resistance against CW targeting 

antibiotics23,24,25. The function of vraU remains unknown, while vraT 

encodes the membrane protein VraT, the hypothetical sensor of 

VraTSR, that upon detecting a still elusive CW damage signal, is 

proposed to undergo a conformational change which would 

promote the autophosphorylation of the histidine kinase VraS23. 

VraS then transfers the phosphoryl group to its cognate response 

regulator VraR23, which subsequently activates the expression of 

several genes, including genes encoding proteins involved in CW 

synthesis, like pbpB or mgt, as well as its own promoter21,23. 

   In this chapter, we describe that the expression of vraTSR varies 

from cell to cell, within an isogenic population and that, surprisingly, 

cells that highly express vraTSR, seem to be more susceptible to 

antibiotic treatment than the cells that maintain lower expression 

levels. 
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Experimental Procedures 

 

Bacterial growth conditions 

 

   Strains and plasmids used in this study are listed in Table 1. 

S. aureus strains were grown in tryptic soy broth (TSB, Difco) with 

aeration at 37 °C or on tryptic soy agar (TSA, Difco) at 37 °C. For 

microscopy experiments, overnight cultures of S. aureus strains 

were diluted 1:200 in fresh TSB medium and allowed to grow at 

37 °C until an OD600 nm of approximately 0.5. Cells were then 

harvested and resuspended in the same medium. E. coli strains 

were grown in Luria-Bertani broth (LB, Difco) with aeration, or LB 

agar (LA, Difco) at 30 °C. Culture medium was supplemented with 

appropriate antibiotics (100 μg mL-1 ampicillin, 10 μg mL-1 

erythromycin). 

 

Construction of COL Pvra-sGFP strain 

 

   To construct the vraTSR promoter fusion, an 814 bp DNA 

fragment containing the vraTSR promoter region was amplified 

from COL genomic DNA using the primers PvraSR_P1_KpnI 

(gctgcggtacccggtgctatttctgcgcc) and PvraSR_P2_New_XhoI 

(cgcgctcgagttataataagttttaaaataccaaatgcgc), digested with KpnI 

and XhoI, and cloned into KpnI/XhoI digested pFAST3, upstream of 

sfgfp-p7, resulting in plasmid pPvra-pFAST3, confirmed by DNA 

sequencing. pPvrap-FAST3 was electroporated into the S. aureus 

RN4220 strain and integrated into the chromosome at the vraTSR 

promoter site by homologous recombination, as confirmed by PCR 

and sequencing; the resulting strain was named RN Pvra-sGFP. 

Strain COL Pvra-sGFP was constructed by transducing the 
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integrated plasmid pPvra-pFAST3 from RN Pvra-sGFP into COL 

using phage 80α, as previously described26. 

Table 1. Plasmids and strains used in this study  

 

Fluorescence microscopy 

 

Overnight cultures of COL Pvra-sGFP were re-inoculated 1:200 in 

TSB and grown until OD600 nm ~0.4. The vraTSR promoter was 

induced by incubating the cells with sub-MIC concentrations of 

oxacillin (200 µg mL-1) for 120 min or with sub-MIC concentrations 

of the MurJ inhibitor 2-(2-Chlorophenyl)-3-[1-(2,3-

dimethylbenzyl)piperidin-4-yl]-5-fluoro-1H-indole CDFI (0.5 µg mL-

 1)30. For the timelapse experiments, cells were then placed on a 

1.2% agarose pad containing phosphate-buffered saline (NaCl 137 

mM, KCl 2.7 mM, Na2HPO4 10 mM, KH2PO4 1.8 mM) and SSM9PR 

minimal media31 containing 1 x M9 salts (Na2HPO4 12.8 g L-1, 

KH2PO4 3 g L-1, NaCl 5 g L-1, NH4Cl 1 g L-1), MgSO4 2 mM, CaCl2 

0.1 mM, glucose 1%, casaminoacids 1%, Thiamine-HCl 1 mM and 

nicotinamide 0.05 mM. The agarose pads were supplemented with 

Plasmids and 

Strains 

Description Source or 

reference 

Plasmids   

pFAST3-Pvra S. aureus integrative vector with vraTSR 
promoter upstream of sfgfp-p7 

This work 

   

Strains   

DC10B Δdcm in DH10B background; Dam 
methylation only; for cloning 

27
 

RN4220  Restriction-negative derivative of 
NCTC8325-4 

28
 

COL HA-MRSA strain 
29

 

COL Pvra-sGFP COL with pFAST3-Pvra; Ery
R 

 This work 
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2 mg mL-1 (4x MIC of oxacillin) and propidium iodide (2 µg mL- 1). 

To measure cytoplasm fluorescence in two different strains on the 

same microscopy slide, one strain was labelled with DNA dye 

Hoechst 33342, both cultures were washed with TSB, and then the 

two cultures were mixed prior to visualization by epifluorescence 

microscopy. Fluorescence imaging was performed with a Zeiss 

Axio Observer Z1 microscope, HXP 120 V Illuminator (Zeiss) and 

Photometrics CoolSNAP HQ camera (Roper Scientific, Inc.), using 

a Plan-Apochromat 100x/1.40 oil immersion M27 objective, 

Numerical aperture 0.55 and ZEN 2 (blue edition) software was 

employed. Phase-contrast images were acquired with 100 ms 

exposure time; GFP was imaged using the eGFP filter 

(excitation/emission wavelengths 488/509 nm) with 1500 ms 

exposure time; PI was imaged using the Texas Red filter 

(excitation/emission wavelengths 592/614 nm) with 100 ms 

exposure time. Images were acquired every 15 min, for a total of 

255 min. 

Mechanical compression of S. aureus 

 

Overnight TSB cultures of S. aureus strains to be tested were 

diluted 1:200 with fresh TSB and grown at 37 °C to exponential 

growth phase (OD600 nm of 0.5-0.7). 200 µL of cell culture were 

transferred to a 3D printed well, whose bottom was opened to the 

glass microscopy slide. The PDMS compression device was placed 

on top of the well and mechanical compression was achieved by 

pressing the top part of the PDMS device with a hexagonal metal 

nut placed between the device and the microscope condenser. 
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Time-Lapse Microfluidic Microscopy 

 

Microfluidic experiments were performed using the CellASIC® 

ONIX Microfluidic Platform and B04A microfluidic plates for 

bacterial cells (Merck-Millipore). Prior to each experiment, wells, 

channels, and chambers of microfluidic plates were washed with 

TSB, using 8 psi for 10 min. Exponential growing cultures (OD600 nm 

~0.4) were loaded into the microfluidic chamber according to 

manufacturer’s instructions. Microscope objective was kept at 

37 ºC during the timelapse. Epifluorescence microscopy images 

were acquired every 20 min for 180 min. Phase-contrast images 

were acquired with 100 ms exposure time; GFP was imaged using 

the eGFP filter (excitation/emission wavelengths 488/509 nm) with 

1500 ms exposure time. 

 

Statistical Analysis 

 

Survival analyses were done using the R (version 4.1.2) package 

survival (version 3.2.13). A Cox Proportional Hazards model was 

used to analyse survival of individual bacterial cells, allowing for the 

use of a continuous explanatory variable, here median 

fluorescence, and can account for slide-specific effects using the 

cluster argument of the coxph() R function. The assumption of 

proportional hazards was tested with the cox.zph() function, and 

met. 
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Results and Discussion 

 

vraTSR expression is heterogeneous  

 

   To monitor the expression of vraTSR, we used a strain where gfp 

was placed under the control of vraTSR promoter (COL Pvra-

sGFP). In the presence of CW targeting antibiotics, vraTSR 

expression is upregulated22. Interestingly, when we incubated COL 

Pvra-sGFP cells with sub-MIC concentrations (0.5 µg mL-1) of the 

MurJ inhibitor CDFI30, vraTSR expression levels displayed 

variability at the single cell level, in an isogenic population (Fig. 1), 

although we never observed two different subpopulations 

corresponding to a bistable phenotype. Phenotypic heterogeneity 

has been previously described10 and may be advantageous for 

population fitness in fluctuating environments32. It is therefore 

possible that cells expressing higher levels of vraTSR could be 

better adapted for an antibiotic challenge, since these genes 

revealed to be crucial for CWSS activation and antibiotic 

resistance23,25.  
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Figure 1. vraTSR expression is variable in S. aureus. COL Pvra-sGFP cells 

were incubated with or without 0.5x MIC of CW targeting antibiotic CDFI. (a) Cells 

incubated without antibiotic were then stained with DNA dye Hoechst 33342, to 

differentiate the two populations, which were mixed prior to imaging on the same 

slide. In the presence of CDFI, the range of fluorescence levels increases, 

compared with the control. Scale bar = 1 µm.  Different timepoints were acquired 

(b) = t0h, (c) = t1h, (d) = t2h, (e) = t3h. N > 223 cells for each condition. 

 

VraTSR is triggered in cells growing in microfluidic plates 

 

   To study the potential relationship between vraTSR expression 

levels and bacterial survival under antibiotic inhibitory conditions, at 

the single cell level, we used the CellASIC® ONIX Microfluidic 

Platform (Figure 2). This device allows cell immobilization, while 

controlling media flow and growth temperature, as well as enabling 

rapid switching of the growth medium (e.g. addition of antibiotics).  
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Figure 2. Schematic diagram of the CellASIC® ONIX Microfluidic Platform. 

The chamber is connected to the inlet channels, where media are injected and to 

the outlet channel where media are discarded. The chamber presents several 

sections with varying ceiling heights, where cells are trapped, according to their 

size. Typically, S. aureus cells are immobilized in the 0.9 µm section (adapted 

from 
33

) 

 

   Surprisingly, when cells were immobilized inside the device 

chamber, VraTSR system was triggered, albeit to low levels when 

compared with antibiotic-driven activation, with only TSB flowing 

through the chamber (Figure 3). 
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Figure 3. VraTSR is triggered in cells grown in the microfluidic platform. COL 

Pvra-sGFP cells were imaged by epifluorescence time-lapse microscopy, after 

being immobilized inside the microfluidic plates. TSB flow was maintained 

applying a constant pressure of 8 psi. Images were captured at 20 min intervals 

during 180 min. Images display the same fluorescence range. The images 

depicted correspond to the condition where no antibiotic was supplemented to the 

media (a) or in the presence of 200 µg mL
-1

 oxacillin (b). Scale bar = 1 µm. (c) 

GFP fluorescence increases during the time-lapse experiment, showing that 

vraTSR levels increase over time, although no CW targeting compound was 

added to the growth media. N > 86 cells for each timepoint. (d) COL Pvra-sGFP 

cells immobilized inside the microfluidic plates and incubated with 200 µg mL
-1

 of 

oxacillin show vraTSR expression levels increase over time with a greater 

magnitude compared with the condition in which no antibiotic was added.  N>196 

cells for each timepoint. 
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   Given that no CW targeting compound was added to the growth 

media, we wondered what was inducing stress to the CW, namely 

if it could be fluid shear stress exerted by the moving fluid. Fluid 

circulation inside microfluidics systems was already described to 

cause shear stress34. The resulting mechanical stress has 

numerous biological responses, like change of bacterial cell 

morphology35. Moreover, above a certain threshold value, shear 

stress can decrease bacterial viability36. To address whether shear 

stress could be playing a role in triggering VraTSR, we imaged 

positions inside the 0.9 µm section, where the cells are usually 

trapped inside microfluidics chamber, in which cells were either 

behind the platform structural columns or directly facing the flow 

(Fig. 4). 



Preliminary studies on variability of vraTSR expression in S. aureus 
cells exposed to cell wall targeting antibiotics 

 
 

145 
 

 

Figure 4. VraTSR activation is position independent. (a) Cells in different 

positions in the microfluidics chamber were imaged by epifluorescence time-lapse 

microscopy. Images were captured at 20 min intervals during 180 min. TSB flow 

was maintained applying a constant pressure of 8 psi. All positions belong to the 

0.9 µm section of the chamber. Positions P1 and P2 face the flow directly, while 

P3 and P4 are regions behind structural columns from the chamber, theoretically 

protected from the media flow. N > 80 cells for each condition. (b) Schematic 

representation of the microfluidic chamber, with the region where the cells were 

imaged depicted by the green section. Some positions were facing the TSB flow 

directly, while others were behind the structural columns, represented by the blue 

squares. 
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   The pattern of VraTSR activation inside the microfluidic chamber 

suggested that media flow did not induce vraTSR. To further 

confirm this, we followed the cells inside the microfluidic chamber 

without media flow i.e. no TSB being injected during the whole 

experiment (Fig. 5). 

 

Figure 5.  VraTSR is activated without media flowing through the chamber. 

Cells in different positions in the microfluidics chamber were imaged by 

epifluorescence time-lapse microscopy. Images were captured at 20 min intervals 

during 180 min. Growth media injection was stopped after the immobilization of 

the cells. All positions belong to the 0.9 µm section of the chamber. Positions P1 

to P4 are arranged along the horizontal axis of the section. VraTSR activation 

could be observed in all the monitored positions. N > 50 cells for each condition. 
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   Considering that vraTSR was activated in the absence of media 

flow, we concluded that shear stress was not involved in the 

mechanism behind VraTSR activation. One alternative hypothesis 

was that polydimethylsiloxane (PDMS), a polymer that is used to 

manufacture the microfluidic device, induced the VraTSR system, 

although it has been described as an non-toxic, biocompatible 

material37. We placed the cells on a PDMS layer and after 120 min 

no detectable increase in GFP fluorescence could be observed 

(Fig. 6) 

 

Figure 6. Polydimethylsiloxane (PDMS) does not activate VraTSR system. 

COL Pvra-sGFP cells were placed on a PDMS slide and followed for 120 min. No 

detectable fluorescence increase could be observed after the cells were in contact 

with PDMS. N > 80 cells for each timepoint. 

 

   A perhaps more interesting hypothesis is that the physical 

pressure exerted on the cells when they get trapped by the 

chamber ceiling, would trigger VraTSR, suggesting a mechano-

sensing mechanism behind VraTSR activation. If this was the case, 

VraTSR regulatory system could respond to fluctuations in the 
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width of the periplasmic space, triggered by the compression force. 

VraT and VraS are predicted to be at the membrane and one could 

conjecture that these proteins may sense variations in the distance 

between the cell membrane and the CW, by interacting with 

peptidoglycan  or other CW components23.  To mimic the condition 

where a physical force is applied on the cells, like what happens 

inside the microfluidic scaffold (Fig. 7A), we used a PDMS column 

device developed by the group of Professor Sean Sun, from Johns 

Hopkins University, that allowed us to exert a constant pressure on 

the cells, during image acquisition (Fig. 7B). When the cells were 

compressed by the PDMS device, we could not observe VraTSR 

activation (Fig.7C). We noted, however, that TSB media was 

squeezed out of the region immediately below the column, due to 

the compression force and the compressed cells were not dividing, 

during the course of the experiment (data not shown). We could not 

determine whether the lack of growth medium was impairing 

VraTSR activation, rendering this result inconclusive. 
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Figure 7. Mechanical compression of S. aureus cells did not lead to VraTSR 

activation. (a) Schematic representation of the trapping mechanism behind cell 

immobilization in the CellASIC® ONIX Microfluidic Platform (adapted from 

Chikada T, et al, 2021)
38

. (b)  Schematic representation of the PDMS column 

device used to compress the cells, during image acquisition by epifluorescence 

microscopy. A constant mechanical force is applied on the top of the device (see 

methods), moving the PDMS column (light blue) downwards, thus squeezing the 

cells between the microscopy slide and the glass on the bottom of the column 

(blue). During this process, TSB media (depicted in brown) was squeezed out of 

the imaging region, leaving the cells deprived of nutrients. (c) COL Pvra-sGFP 

cells were compressed on using the device depicted in Figure 7b and followed for 

120 min. No GFP fluorescence increase was detected, showing that VraTSR 

regulatory system was not activated under these conditions. N > 70 cells for each 

condition. 

 

   Despite the results from the compression device being 

inconclusive, the possibility of VraTSR sensing variations in the 
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periplasmic space length remained under consideration, since the 

exposure of S. aureus cells to hyperosmotic and hypoosmotic 

media rendered VraTSR activation (Fig.8). Hyperosmotic shock 

induces cell plasmolysis, which leads to the cytoplasm losing water 

as the periplasm gains water39. VraTSR system responded to the 

presence of high concentrations of both sucrose and sorbitol, two 

compounds known for inducing hyperosmotic shock stress in 

bacteria40,41. On the other hand, a hypoosmotic shock causes the 

water to flow into the cell thus increasing internal turgor pressure42. 

This flow of water increases the pressure exerted from the 

cytoplasm on the membrane and peptidoglycan wall43. 
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Figure 8. VraTSR responds when S. aureus cells experience an osmotic 

shock. COL Pvra-sGFP cells were incubated with or without osmotic shock 

inducing media for 60 min. The vraTSR expression levels increased after both 

hyperosmotic shock (sucrose and sorbitol) and hypoosmotic shock (MilliQ water), . 

N > 296 cells for each condition. 
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   Our observations that VraTSR regulatory system was responding 

to both hyperosmotic and hypoosmotic shocks are compatible with 

the hypothesis of this system detecting variations in periplasm 

width. Nevertheless, we could not establish if VraTSR activation 

resulted directly from the mechanical compression of the 

immobilized cells inside the microfluidics device. These results led 

us to conclude that CellASIC® ONIX Microfluidic Platform was not 

ideal to study if vraTSR expression levels correlated with tolerance 

to CW targeting antibiotics. We therefore decided to study cells 

growing on an agarose pad, as described previously in the 

methods section. 

 

Higher vraTSR expression levels do not lead to higher 

tolerance to CW targeting antibiotics 

 

   To study the effect of vraTSR expression levels on antibiotic 

tolerance using agarose pads, we first exposed COL Pvra-sGFP 

cells to sub-inhibitory concentrations (0.4x MIC) of the CW 

targeting antibiotic oxacillin to trigger VraTSR, in a liquid culture, 

and then placed cells on an agarose pad containing an inhibitory 

concentration of the same antibiotic (4x MIC) and the indicator dye 

for dead cells, propidium iodide (PI). Cells were then monitored by 

epifluorescence microscopy for 255 min. For each cell, we 

measured the GFP fluorescence at t0 (when cells were placed on 

the agarose pad) and then followed them until the end of the 

experiment to evaluate whether they (i) remained alive; (ii) died or 

(iii) divided. Cells that were dead at t0 were discarded from the 

analysis, as no information regarding GFP intensities could be 
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obtained (left-censored data). Cells that divided during the 

experiment were also discarded as neither of the two sister cells 

could be considered as a continued observation of the mother cell 

(right-censored data). 

   We applied Cox Proportional Hazards model to estimate the 

effect of vraTSR expression levels, measured as GFP fluorescence 

intensity, on bacterial survival. This model allows us to evaluate 

how a specific factor influences the rate at which an event, like cell 

death, happens over time. The factor we examined here was GFP 

intensity, a proxy for vraTSR expression levels, at t0min. We found a 

statistically significant correlation between GFP fluorescence 

intensity and probability of death in the presence of oxacillin (p < 

0.001, Cox Proportional Hazards model and Wald test). In fact, 

when dividing the cells into 10% quantiles according to their GFP 

fluorescence, we observed a pattern where cells with higher GFP 

fluorescence at t0min (and not lower as we initially predicted) tended 

to die more during the timelapse (Fig.9).  Analysis also revealed 

that approximately 80% of the cells were alive at the end of the 

time-lapse, despite the presence of four times the MIC 

concentrations of oxacillin the in the agarose pad. MICs were 

determined in liquid cultures, and may not directly translate to the 

conditions used in these experiments. Previous studies show that 

S. aureus optical density still increases after 2 h incubation at 1x 

MIC of oxacillin22. 
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Figure 9. Cells expressing higher levels of vraTSR seem to be more 

susceptible to oxacillin.  COL Pvra-sGFP cells were exposed cells to sub-

inhibitory concentrations (0.4x MIC) of the CW targeting antibiotic oxacillin to 

trigger VraTSR, in a liquid culture, and then placed on an agarose pad containing 

an inhibitory concentration (4x MIC) of the same antibiotic together with the 

indicator dye for dead cells, propidium iodide (PI). GFP fluorescence was 

evaluated at t0min and cells were monitored for 255 min to evaluate whether they 

died or survived antibiotic exposure. Cells were divided into 10% quantiles, 

according to the GFP fluorescence at t0min. Cells belonging to quantiles of higher 

GFP intensity had a higher death rate than the ones from lower fluorescence 

quantiles. Number at risk represents the number of cells alive at that particular 

timepoint. N = 840 cells. 
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   The fact that cells expressing higher vraTSR levels seem to be 

more susceptible to the antibiotic presence challenges the current 

view, where VraTSR is essential for the cells to survive antibiotic 

treatment44. Disrupting vraT, vraS or vraR renders a reduction in 

the levels of resistance to β-lactam antibiotics, like oxacillin21,25,44. It 

is possible that there are optimal expression levels for vraTSR and 

that above a certain threshold, vraTSR expression is not 

advantageous for the cells. Overexpression of certain genes can 

have deleterious effects on bacterial cells45,46. Above a certain 

threshold vraTSR expression is not advantageous for the cells 

possibly due to deleterious overexpression of specific genes from 

the CWSS loop47,48. Alternatively, cells that express higher vraTSR 

levels may be the ones to which damage inflicted by the antibiotic 

treatment was more severe. This implies that for inhibitory antibiotic 

concentrations, VraTSR system cannot efficiently prevent cell 

death. It should be noticed that we imaged cells after a 120 min 

incubation with sub-inhibitory antibiotic concentrations to trigger 

VraTSR, so we did not assess how early each cell activated the 

system. It is possible that cells that activated this regulatory system 

sooner were more tolerant to the antibiotic presence, but this 

information was missed due to the set-up of these experiments.  
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Final Remarks 

 

   Populations of genetically identical cells can display phenotypic 

differences, even in homogeneous environments49. This is 

especially useful in fluctuating environments50. Typically, 

microorganisms adapt to volatile conditions by sensing 

environmental stimuli and processing them through signal 

transduction mechanisms, like TCS, to regulate the genetic 

expression accordingly. Phenotypic heterogeneity enables bacteria 

to anticipate abrupt changes in their environment50. vraTSR 

expression in S. aureus revealed to have high variance in an 

isogenic population. Its expression levels seemed to influence the 

capability of cells to survive antibiotic treatment yet, higher 

expression levels appeared to have a negative impact on the 

survival ability. Our results also suggest that VraTSR activation 

mechanism needs to be revisited, since this system was 

responding, albeit in lowed levels, in a condition where the cells 

were trapped inside microfluidic chambers, in the absence of CW 

targeting antibiotics.  
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Abstract 
 

Exposure of Staphylococcus aureus to cell wall inhibitors leads to 

the activation of the VraTSR three-component sensory regulatory 

system. This system is composed of VraS, a membrane histidine 

kinase, VraR, its cognate response regulator and VraT, a protein 

required for the full activity of VraTSR. The exact function of VraT 

remains mostly uncharacterized, although it has been proposed to 

detect the unknown stimulus sensed by the VraTSR system. Here 

we elucidate the topology of VraT, showing that its C-terminal 

domain is extracellular. We also demonstrate that the signal 

sensed by VraTSR is not an intermediate in the peptidoglycan 

synthesis pathway, as previously suggested.  Instead, the specific 

inhibition of the penicillin-binding protein (PBP)2 leads to strong 

activation of the system. 
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   Introduction 

 
   Staphylococcus aureus is a Gram-positive bacterial pathogen 

responsible for worldwide nosocomial and community-acquired 

infections. Methicillin-resistant S. aureus (MRSA) strains in 

particular are currently the second most frequent cause of global 

deaths associated with antibiotic resistance1. S. aureus can cause 

a variety of infections in the human body, ranging from mild skin 

infections to life-threatening diseases2. The versatility of this 

pathogen is partially due to its capacity to cope with changing 

environmental conditions, with adaptative responses coordinated 

by its 16 two-component systems (TCS)3.  

   Bacterial TCS sense various environmental cues, including 

different chemical and physical stimuli such as ions, gases, 

antibiotics, osmotic pressure or metabolites4,5. This allows bacterial 

cells to mount the appropriate response via changes in 

metabolism, cell division, antibiotic resistance and pathogenicity, 

amongst other functions6.  

   Among the several TCS present in S. aureus, the vancomycin 

resistance-associated regulatory system, also known as VraTSR, 

coordinates the bacterial response to cell wall (CW) synthesis 

disruption7. VraTSR was initially identified due to its role in 

vancomycin resistance. However, it is also involved in the response 

to several other compounds that target CW synthesis8,9,10. 

Accordingly, disrupting this system increases the susceptibility of 

S. aureus towards several CW targeting compounds8. 

   VraTSR is encoded by the vraUTSR operon7. VraS is a 

membrane histidine kinase belonging to the intramembrane-

sensing histidine kinases (IMHKs) family, since it is predicted to 

lack an extracellular sensing domain, which is characteristic of 
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most histidine kinases7,11,12. Upon detecting a still unknown 

stimulus, that presumably results from S. aureus exposure to CW 

targeting compounds, VraS undergoes autophosphorylation at a 

conserved histidine residue, likely to be Histidine 15611,13. VraR is 

the cognate response regulator that is phosphorylated by VraS11. 

Phosphorylated VraR dimerizes and binds to its own vraUTSR 

promoter, as well as to the promoters of several other genes, 

activating or repressing their transcription11,14. These genes, that 

constitute the VraR regulon, also known as the cell wall stress 

stimulon (CWSS)15, belong to different functional categories, 

including lipid and carbohydrate metabolism, DNA replication and 

repair, and importantly, cell envelope biogenesis. The latter 

encompasses genes involved in peptidoglycan biosynthesis such 

as pbpB, encoding the major S. aureus peptidoglycan synthase 

Penicillin-Binding Protein 2 (PBP2), mgt, encoding a 

monofunctional glycosyltransferase or murZ, that encodes a UDP-

N-acetylglucosamine enolpyruvyl transferase8,9.  

   The role of VraT is less clear. Boyle-Vavra and colleagues have 

proposed that VraT (previously named YvqF) is the protein that 

detects the unknown stimulus sensed by the VraTSR system, 

promoting  autophosphorylation of VraS, through a still elusive 

mechanism7. Accordingly, deletion of vraT affects resistance of 

S. aureus to several CW targeting antibiotics, similarly to what was 

observed for vraS and vraR deletion mutants7,16. Deletion of vraT 

also impairs VraTSR-dependent activation of the CWSS, showing 

its relevant role in this process7,16. VraT is predicted to be a 

membrane protein, described as interacting with VraS, but not 

VraR7,16. Its structure and topology are not known, and therefore 

the cellular localization of the C-terminal region, speculated to be 

the sensor domain, is yet to be determined7,16. 
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   In this work, we aimed at unveiling the identity of the stimulus 

responsible for VraTSR activation and specifically to determine if 

this stimulus was an intermediate in the peptidoglycan synthesis 

pathway that would accumulate, or be depleted, in the presence of 

various CW targeting antibiotics. 

Experimental Procedures 

 

Bacterial growth conditions 

 
   Plasmids and strains used in this study are listed in Table 1 and 

Table 2. S. aureus strains were grown in tryptic soy broth (TSB, 

Difco) with aeration at 37 °C or on tryptic soy agar (TSA, Difco) at 

30 °C or 37 °C. For microscopy experiments, overnight cultures of 

S. aureus strains were diluted 1:200 in TSB medium and allowed to 

grow at 37 °C until an OD600 nm of approximately 0.5. Cells were 

then harvested and resuspended in the same medium. Escherichia 

coli strains were grown in Luria-Bertani broth (LB, Difco) with 

aeration, or LB agar (LA, Difco) at 30 °C. Culture medium was 

supplemented with appropriate antibiotics (100 μg ml-1 ampicillin, 

10 μg ml-1 erythromycin, 10 μg mL-1 chloramphenicol or 50 μg ml-1 

of both kanamycin and neomycin; Sigma-Aldrich), with 100 μg ml-1 

5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal; VWR) or 

with cadmium chloride (0.1 μM, Sigma-Aldrich), when required. Cell 

wall targeting antibiotics were used at their minimum inhibitory 

concentrations: 2 µg mL-1 for vancomycin, 800 µg mL-1 for oxacillin, 

1.5 µg mL-1 for CDFI, 40 µg mL-1 for bacitracin, 125 µg mL-1 for D-

cycloserine, 300 µg mL-1 for fosfomycin and 1 µg mL-1 for 

PC190273. 
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Table 1. Plasmids used in this study  

Plasmids Description Source or 

reference 

pCN51 Shuttle vector containing a cadmium 
inducible Pcad promoter; Amp

R
 Ery

R
 

17
 

pCNX Shuttle vector containing a cadmium 
inducible Pcad promoter; Amp

R 
Kan

R
 

18
 

pMAD E. coli-S. aureus shuttle vector with a 
thermosensitive origin of replication 
for Gram-positive bacteria; Amp

R 

Ery
R
 lacZ 

19
 

pBCB4-ChE S. aureus integrative vector for N- 
and C-terminal mCherry fusions; 
Amp

R
 Ery

R
 

20
 

pFAST3 S. aureus integrative vector that 
allows for C-terminal sGFP fusions; 
Amp

R
 Ery

R
 

21
 

pPvra-pFAST3 S. aureus integrative vector with 
vraTSR promoter upstream of sfgfp-
p7 

This study 

pPBP2 pCNX derivative containing pbpB 
under the control of Pcad promoter; 
Amp

R
 Kan

R
 

This study 

pPBP2TG pCNX derivative containing pbpBTG 
(E114Q) under the control of Pcad 
promoter; Amp

R
 Kan

R
 

This study 

pCNX-pbp2TP pCNX derivative containing pbp2TP 
(S398G) under the control of Pcad 
promoter; Amp

R 
Kan

R
 

This study 

pPBP2TGTP pCNX derivative containing 
pbp2TGTP (E114Q and S398G) 
under the control of Pcad promoter; 
Amp

R
 Kan

R
 

This study 

pVraT-GFP pMAD with sgfp 5´ fusion to vraT, 
Amp

R
, Ery

R
 

This study 

pVraS-mCherry pMAD with mCherry 3’ fusion to 
vraS, Amp

R
, Ery

R
 

This study 

pVraT-PhoB pCN51 derivative containing phoB 3´ 
fusion to vraT under the control of 
Pcad promoter, Amp

R
, Ery

R
 

This study 
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pPhoB_VraT pCN51 derivative containing phoB 5’ 
fusion to vraT under the control of 
Pcad promoter, Amp

R
, Ery

R
 

This study 

 

 

Table 2. Strains used in this study. 

Strains Description Source or 

reference 

Escherichia coli 

DC10B Δdcm in the DH10B background; 

Dam methylation only 

22
 

Staphylococcus aureus 

COL HA-MRSA 
23

 

RN4220 Restriction-deficient derivative of 
NCTC8325-4 

R. Novick 

COL Pvra-sGFP COL with pFAST3-Pvra; Ery
R
 This study 

ColPBP1TP COL tet
S
 pbpA::pbpA

S314A
 

24
 

COLΔpbpB pbpB deletion in COL This study 

COLΔpbp3 pbp3 deletion in COL 
24

 

COLΔpbpD pbpD deletion in COL 
25

 

COLΔmgt mgt deletion in COL 
26

 

COLlΔsgtA sgtA deletion in COL 
26

 

COLΔmecA mecA deletion in COL 
27

 

ColPBP1TP_Pvra
-sGFP 

COL tet
S
 pbpA::pbpA

S314A
 with 

pPvra-pFAST3; Ery
R
 

This study 

COLΔpbpB_Pvra-
sGFP 

COLΔpbpB with pPvra-pFAST3; 
Ery

R
 

This study 

COLΔpbp3_Pvra-
sGFP 

COLΔpbpC with pPvra-pFAST3; 
Ery

R
 

This study 

COLΔpbpD_Pvra-
sGFP 

COLΔpbpD with pPvra-pFAST3; 
Ery

R
 

This study 
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COLΔmgt_Pvra-
sGFP 

COLΔmgt with pPvra-pFAST3; 
Ery

R
 

This study 

COLΔsgtA_Pvra-
sGFP 

COLΔsgtA with pPvra-pFAST3; 
Ery

R
 

This study 

COLΔmecA_Pvra
-sGFP 

COLΔmecA with pPvra-pFAST3; 
Ery

R
 

This study 

COLΔpbpB_Pvra-
sGFPpCNX 

COLΔpbpB_Pvra-sGFP with 
pCNX; Ery

R
, Kan

R
, Neo

R
 

This study 

COLΔpbpB_Pvra-
sGFPpPBP2 

COLΔpbpB_Pvra-sGFP with 
pPBP2; Ery

R
, Kan

R
, Neo

R
 

This study 

COLΔpbpB_Pvra-
sGFPpPBP2TG* 

COLΔpbpB_Pvra-sGFP with 
pPBP2TG; Ery

R
, Kan

R
, Neo

R
 

This study 

COLΔpbpB_Pvra-
sGFPpPBP2TP* 

COLΔpbpB_Pvra-sGFP with 
pCNX-pbp2TP; Ery

R
, Kan

R
, Neo

R
 

This study 

COLΔpbpB_Pvra-
sGFPpPBP2TG*T
P* 

COLΔpbpB_Pvra-sGFP and 
pPBP2TGTP, Ery

R
, Kan

R
, Neo

R
 

This study 

BCBPM073 COL pbpB::sgfp-pbpB 
28

 

COLsGFP_VraT COL vraT::sgfp-vraT This study 

COLsGFP-
VraTVraS-
mCherry 

COL vraT::sgfp-vraT, vraS::vraS-
mcherry 

This study 

COLΔphoB phoB deletion in COL Veiga et al, 
submitted 

COLΔphoBpCN51 ColΔphoB with pCN51; Ery
R
 This study 

COLΔphoBpVraT-
PhoB 

ColΔphoB with pVraT_PhoB; Ery
R
 This study 

COLΔphoBpPhoB
-VraT 

ColΔphoB with pPhoB_VraT; Ery
R
 This study 
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Table 3. Oligonucleotides used in this study 

Primer name Sequence (5’-3’) 

PVraSR_P1_KpnI gctgcggtacccggtgctatttctgcgcc 

PVraSR_P2_New_

Xho 

cgcgctcgagttataataagttttaaaataccaaatgcgc 

PBP2KO-P1 acgacgaattctcaaatacacttctgctg 

PBP2KO-P2 tagttgaatatatccgtcatacgcggtcctcactttc 

PBP2KO-P3 tgaggaccgcgtatgacggatatattcaactaatc 

PBP2KO-P4 acgcaggattctgtccactattagaagattg 

PBP2muts_P1 ggtcgactctagaggatccccgttgatattagatga 

aagtgaggaccgcgtatgacggaaaacaaaggatc 

PBP2muts_P2 gcctgaattcgagctcggtacccttagttgaatatacctgttaatcc 

P1pMADpbp2TP  gcgcccgggcattcaaatacgttttatc 

P2pMADpbp2TP cgcggatccaccagtagggtgaggatc 

P3pMADpbp2TP cgcggatccttaaaacctttcttagcg 

P4pMADpbp2TP cgcgtcgacgaattttaaagaaagatatg 

P1pCNXpbp2 caggtcgacaaaaaataaggaggaaaaaaaatgacggaaaacaaaggatc

ttctc 

P2pCNXpbp2 cgcatggtaccttagttgaatatacctgttaatccaccgctgtttc 

E114Q fw gtactcgcgactcaagacaatcgtttctacgaacatg 

E114Q rev cgattgtcttgagtcgcgagtactgcgtctttc 

VraSCterfwdNcoI cgcgcgccatggggtactcgcttacaaaatcaatcagc 

VraSmchMLbwd agaaccagcagcggagccagccgaatttaaaggtgctttcacc 

mCherryMLfwd tccgctgctggttctggcgagttcatgattgtgagcaagg 

mCherrybwd2 atacgaatcctccttctagtacagctcgtccatgccaccgg 

Vrasfwd3 aaggaggattcgtatgacgattaaagtattgtttgtggatg 

VraRbwdBamHI gcgcgcggatcctatcatgttgatgaacatcctagtgatacc 

orf1_fw_EcoRI gcgcgaattcaaggtgatagttatgaactatgttgaacg 

orf1_rev_link_sgfp ctatgccacagcgttcatataatttattagatacg 

sgfp_fw_link_orf1 gaacgctgtggcataggatatcataaggaggattcg 

sgfp_rev_link_vraT gaactcgccagaaccagcagcggagccagccgaatgatggtgatggtcgact

ttg 

vraT fw_link_sgfp tcggctggctccgctgctggttctggcgagttcatgacacacaaatatatatc 

vraT rev bamHI gcgcggatcctcatcgataaatcacctctacgtctccgataaacg 
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phoB_vraT_P1 gtcgactctagaggatccccctcaggaggatgtcttatgcaatccgataaaagtt

ctaaagatg 

phoB_vraT_P2 catggaggcgccgcaggacttgaatatatcaaatattatttttgcgc 

phoB_vraT_P3 caagtcctgcggcgcctccatgacacacaaatatatatcaacg 

phoB_vraT_P4 cctgaattcgagctcggtaccctcaactcatcgataaatcacctctacgtc 

vraT_phoB_P1 ggtcgactctagaggatccccgaacgctgtggcatagaaaggcggcgaaac 

vraT_phoB_P2 cggattgggaggcgccgcaggatcgataaatcacctctacgtctcc 

vraT_phoB_P3 cgatcctgcggcgcctcccaatccgataaaagttctaaag 

vraT_phoB_P4 gcctgaattcgagctcggtacccttacttgaatatatcaaatattatttttgcgc 

 

 

Construction of S. aureus strains 

 
   Sequence of primers used for strain construction as listed in 

Table 3.  

   To construct the vraTSR promoter fusion, an 814 bp DNA 

fragment containing the vraTSR promoter region was amplified 

from COL genomic DNA using the primers PvraSR_P1_KpnI and 

PvraSR_P2_New_XhoI, digested with KpnI and XhoI, and cloned 

into KpnI/XhoI digested pFAST3, upstream of sfgfp-p7, resulting in 

plasmid pPvra-pFAST3, confirmed by DNA sequencing. pPvrap-

FAST3 was electroporated into the S. aureus RN4220 strain and 

integrated into the chromosome at the vraTSR promoter site by 

homologous recombination, as confirmed by PCR and sequencing; 

the resulting strain was named RN Pvra-sGFP. Strain COL Pvra-

sGFP was constructed by transducing the integrated plasmid 

pPvra-pFAST3 from RN Pvra-sGFP into COL using phage 80α, as 

previously described29. 
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   To construct the S. aureus pbpB null mutant, lacking PBP2, we 

amplified 1 kb DNA fragments from S. aureus COL genomic DNA 

corresponding to the upstream (primers PBP2_KO-P1 and 

PBP2_KO-P2) and downstream (primers PBP2_KO-P13 and 

PBP2_KO-P4) regions of the pbpB gene. The resulting PCR 

products were joined by overlap PCR using primers PBP2_KO-P1 

and PBP2_KO-P4. The overlap PCR product was digested with 

EcoRI and BamHI and cloned into the thermosensitive plasmid 

pMAD19, producing plasmid ppbpB. The plasmid was sequenced 

and introduced into RN4220 by electroporation30. Following 

electroporation, the plasmid was transduced into COL using phage 

80 as previously described29. Insertion and excision of ppbpB 

was performed as previously described19, except the integration 

steps were performed at 37 oC instead of 43 oC, resulting in strain 

COLpbpB. Deletion of the target gene was verified by PCR and 

resulting strains were verified by whole genome sequencing. 

 

   To monitor vraTSR expression levels in the mutants lacking 

different enzymes involved in the last stages of peptidoglycan 

synthesis, pPvra-pFAST3 was transduced into the mutant strains 

using phage 80α, with erythromycin selection, resulting in strains: 

ColPBP1TP_Pvra-sGFP, COLΔpbpB_Pvra-sGFP, 

COLΔpbp3_Pvra-sGFP, COLΔpbpD_Pvra-sGFP, COLΔmgt_Pvra-

sGFP, COLΔsgtA_Pvra-sGFP and COLΔmecA_Pvra-sGFP. 

 

   To investigate the mechanism behind PBP2-dependent VraTSR 

activation, COLΔpbpB_Pvra-sGFP was complemented with 

plasmids encoding different alleles of PBP2. For that, a 2214 bp 

fragment encompassing the wild type pbpB allele was amplified 
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using primers PBP2muts_P1 and  PBP2muts_P2 from S. aureus 

COL genomic DNA. The same pair of primers were used to amplify 

a fragment, coding for the glycosyltransferase-inactive PBP2E114Q 

from COLTG4231 genomic DNA. These fragments were introduced 

into SmaI-digested pCNX using the Gibson assembly® cloning kit 

(NEB), originating plasmids pPBP2 and pPBP2TG. Transduction of 

these plasmid into COLΔpbpB_Pvra-sGFP gave COLΔpbpB_Pvra-

sGFPpPBP2 and COLΔpbpB_Pvra-sGFPpPBP2TG*, respectively. 

To construct plasmid pCNX-pbp2TP, a full copy of pbpB allele 

encoding for PBP2S398G (pbp2TP) was cloned into the pCNX 

plasmid, downstream of the cadmium inducible Pcad promoter. The 

pbp2TP sequence was amplified from pMAD-pbp2TPbig which was 

constructed by amplifying two PCR fragments encompassing 1.7 

kb upstream or downstream of nucleotide T1192 of pbpB using 

primers P1pMADpbp2TP/ P2pMADpbp2TP and P3pMADpbp2TP/ 

P4pMADpbp2TP, respectively. The two fragments were joined by 

overlap PCR using primers pair P1pMADpbp2TP and 

P4pMADpbp2TP, digested with BglII and SmaI and cloned into 

pMAD, creating plasmid pMADpbp2TPbig. This plasmid contains 

the nucleotide exchanges T1192G and C1193G which switch the 

catalytic serine from the TP domain of PBP2 to a glycine (S398G) 

and a silent mutation (T1197C) that introduces a BamHI restriction 

site to facilitate screening of clones. The pMAD-PBP2TPbig 

plasmid served as a template to amplify the full pbp2TP allele using 

primers P1pCNXpbp2 and P2pCNXpbp2. The resulting PCR 

fragment was cloned downstream of the Pcad promoter of pCNX 

plasmid, after digesting with SalI and KpnI, resulting in plasmid 

pCNX-pbp2TP. pCNX-pbp2TP was then transduced to 

COLΔpbpB_Pvra-sGFP, originating strain COLΔpbpB_Pvra-

sGFPpPBP2TP*. To construct pPBP2TGTP, the mutation coding 
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for glycosyltransferase-inactive PBP2E114Q was inserted into 

plasmid pCNX-pbp2TP, via site-directed mutagenesis, using 

primers E114Q fw and E114Q rev. The resulting plasmid was 

transduced to COLΔpbpB_Pvra-sGFP, giving strain 

COLpbpB_Pvra-sGFPpPBP2TG*TP*. 

   

   To localize VraT and VraS, an N-terminal fusion of VraT to the P7 

variant of superfast GFP (sfGFP)32 and a C-terminal fusion of VraS 

to mCherry were constructed. A 409 bp fragment encoding the 

upstream region of vraT was amplified by PCR from S. aureus COL 

genomic DNA, using primers orf1_fw_EcoRI and 

orf1_rev_link_sgfp. Primers sgfp_fw_link_orf1 and 

sgfp_rev_link_vraT were used to amplify gfp from pFAST3. A third 

744 bp fragment containing vraT and a sequence encoding an 11 

amino acid linker was amplified using primers vraT fw_link_sgfp 

and vraT rev BamHI.  The fragments were joined by overlap PCR 

using the primers orf1_fw_EcoRI and vraT rev BamHI. The 

resulting fragment was digested with EcoRI and BamHI restriction 

enzymes and cloned into pMAD, giving pVraT-GFP. The plasmid 

was sequenced and then electroporated into S. aureus RN4220 

strain at 30 °C, using erythromycin and X-gal selection, and 

transduced to COL using phage 80α. Integration and excision of 

the plasmid into the chromosome was performed as previously 

described19, giving COLsGFP_VraT. An 862 bp fragment encoding 

VraS, excluding the stop codon, and a sequence encoding an 11 

amino acid linker was amplified by PCR from S. aureus COL 

genomic DNA, using primers VraSCterfwdNcoI and 

VraSmchMLbwd. Primers mCherryMLfwd and mCherrybwd2 were 

used to amplify mCherry from pBCB4-Cherry. A third 860 bp 

fragment containing the downstream region of vraS was amplified 
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using primers Vrasfwd3 and VraRbwdBamHI.  The fragments were 

joined by overlap PCR using the primers mCherryMLfwd and 

VraRbwdBamHI. The resulting fragment was digested with NcoI 

and BamHI restriction enzymes and cloned into pMAD, giving 

pVraS-mCherry. The plasmid was sequenced and then 

electroporated into S. aureus RN4220 strain at 30 °C, using 

erythromycin selection in the presence of X-gal, and transduced 

into COLsGFP_VraT, using phage 80α. Integration and excision of 

the plasmid into the chromosome was performed as described19, 

resulting in strain COLsGFP-VraTVraS-mCherry. 

  

   To determine the topology of VraT, PhoB fusions to VraT were 

made at both N and C-terminal ends. For the N-terminal fusion to 

VraT a 1389 bp fragment encompassing phoB allele and a 5 amino 

acid linker was amplified using primers phoB_vraT_P1 and 

phoB_vraT_P2 from S. aureus COL genomic DNA. Another 

fragment with 748 bp with vraT coding sequence was amplified 

from the same genomic DNA, using primers phoB_vraT_P3 and 

phoB_vraT_P4. These fragments were introduced into SmaI-

digested pCN51 using the Gibson assembly® cloning kit (NEB), 

originating plasmid pPhoB_VraT. For the C-terminal PhoB fusion to 

VraT, a 772 bp fragment with vraT coding sequence and encoding 

a 5 amino acid linker was amplified from S. aureus COL genomic 

DNA, using primers vraT_phoB_P1 and vraT_phoB_P2. Primers 

vraT_phoB_P3 and vraT_phoB_P4 were used to amplify a 1376 bp 

DNA fragment with phoB coding sequence, from the same genomic 

template. These fragments were introduced into SmaI-digested 

pCN51 using the Gibson assembly® cloning kit (NEB), originating 

plasmid pVraT-PhoB. Plasmids pCN51, pPhoB_VraT and pVraT-

PhoB were transduced to COLΔphoB, giving strains 
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COLΔphoBpCN51, COLΔphoBpPhoB-VraT and COLΔphoBpVraT-

PhoB, respectively.  

Minimum inhibitory concentration (MIC) assays  

 
   MICs of relevant antimicrobial compounds were determined by 

broth microdilution in sterile 96-well plates. Series of two-fold 

dilutions of each compound were performed in TSB. Cultures of 

S. aureus strains and mutants were added at a final density of 

~5x105 CFU ml-1 to each well. In each plate, some wells were not 

inoculated, for sterility control, and cell viability was assessed in 

wells with TSB to which no compound was added. Plates were 

incubated at 37 °C. Endpoints were assessed visually after 24 and 

48 h and the MIC was determined as the lowest compound 

concentration that inhibited growth. All assays were performed in 

triplicate. 

 

Fluorescence-Activated Cell Sorting (FACS) analysis 

 
   Overnight TSB cultures of S. aureus strains to be tested were 

diluted 1:200 in TSB and grown at 37 °C to exponential growth 

phase (OD600 nm of 0.5-0.7). The appropriate antibiotic was then 

added and cells were incubated for 1 h. After antibiotic incubation, 

cells were collected by centrifugation, washed once with PBS 

(phosphate buffered saline, NaCl 137 mM, KCl 2.7 mM, Na2HPO4 

10mM, KH2PO4 1.8 mM) and resuspended in PBS. Samples were 

filtered with a 40 µm strainer and diluted 1:50 in PBS. Flow 

cytometry data were collected on a S3e cell sorter (Bio-Rad) using 

a target flow rate of 500 events per second and collecting 5,000 

events for each sample. A 100 mW 488 nm laser line was used for 

excitation, with amplification settings of 350 forward scattering 
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(FSC) and 950 (FL1, 525/30 nm).  Acquisition was triggered by 

forward scattering with a threshold of 1.15.  

 

S. aureus imaging by fluorescence microscopy 

 
   For fluorescence microscopy experiments, S. aureus cultures 

were grown to mid-exponential phase (OD600 nm of 0.5-0.7) and 1 ml 

was collected by centrifugation. Cells were suspended in the same 

volume of PBS and 1 µL was placed on a thin layer of agarose 

(1.2% in PBS). When incubation with antibiotics was required prior 

to imaging, S. aureus cells were grown to an OD600 nm of 0.3-0.4 at 

which point appropriate compounds were added. Cells were further 

incubated at 37 ºC, before being collected by centrifugation.  

   To evaluate septal enrichment when studying protein localization, 

we determined the fluorescence ratio (FR) calculated as the ratio of 

the median fluorescence of the 25% brightest pixels of the septum 

versus median fluorescence at the cell periphery, both corrected for 

background fluorescence. To measure FRs and cytoplasm 

fluorescence in two different strains, strains were imaged on the 

same microscopy slide. For this one strain was labelled with DNA 

dye Hoechst 33342, both cultures were washed with TSB, and then 

the two cultures were mixed prior to visualization by 

epifluorescence microscopy using a Zeiss Axio Observer 

microscope with a Plan-Apochromat 100x/1.4 oil Ph3 objective. 

Images were acquired with a Retiga R1 CCD camera (QImaging) 

using Metamorph 7.5 software (Molecular Devices).  
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Determination of VraT topology, using PhoB fusions 

 
   Overnight cultures of wild-type (wt) COL, COLΔphoB, 

COLΔphoBpCN51, COLΔphoBpVraT-PhoB and 

COLΔphoBpPhoB-VraT were diluted in TSB to a final OD600 nm of 

0.05 and grown to mid-exponential phase (OD600 nm ~ 0.5). 

Subsequently 1 ml of culture was harvested by centrifugation and 

resuspended in the same volume of TSB. Serial ten-fold dilutions of 

each strain were made and 20 µl of 100, 10-2, 10-4 and 10-6 dilutions 

were plated onto tryptic soy agar plates containing BCIP (5-bromo-

4-chloro-3-indolyl phosphate, toluidine salt, 100 μg ml-1, Sigma), 

supplemented with erythromycin 10 μg ml−1 and 2 µM of cadmium 

chloride (Sigma-Aldrich), when appropriate.  Plates were incubated 

at 37 °C for 24 h. 

Results 
 

VraT is a membrane localized protein with an extracellular C-
terminal domain 

 
   The role of VraT has remained elusive, but it was suggested to 

be involved in stimulus perception of the VraTSR regulatory 

system7. We confirmed that both VraT and VraS localize to the 

membrane using fluorescent fusions to both proteins (Figure 1). 

This result indicates that, as expected, CW damage is perceived 

either at the cell surface or at the cell membrane11.  
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Figure 1. VraT and VraS localize at the cell membrane. Epifluorescence 

microscopy images of S. aureus COL expressing a mCherry-tagged derivative of 

VraS (red) and a sGFP-tagged derivative of VraT (green). The VraTSR system 

was induced by incubating the cells, for 60 min, with 0.5 µg ml
-1

 of CDFI, an 

inhibitor of the lipid II flippase MurJ.  

 

   Given that VraS, initially thought to be the sensor of the VraSR 

two-component system, does not display a clear extracellular 

sensing domain, characteristic of most histidine kinases, Boyle-

Vavra and colleagues suggested that VraT was responsible for 

perception of CW damage on the outer surface of the cell7,12. 

However, VraT topology remained unclear, with different authors 

suggesting that its C-terminal domain lies intracellularly or 

extracellularly7,16. To examine the topology of VraT, we fused the 

phoB gene, encoding staphylococcal alkaline phosphatase, lacking 

its native export signal peptide, to either end of vraT and evaluated 

the enzymatic activity, as previously described33. Alkaline 

phosphatase PhoB is active only in the extra-cytoplasmic 

environment, where it can process the chromogenic alkaline 

phosphatase substrate BCIP (5-Bromo-4-chloro-3-indolyl 

phosphate), generating a blue colour. As shown in Figure 2, only 

the PhoB C-terminal fusion to VraT showed some PhoB activity, 

indicating that the C-terminal domain of VraT is extracellular, while 



Revisiting the role of VraTSR in Staphylococcus aureus response 
to cell wall targeting antibiotics 

 

183 

 

the N-terminal region is intracellular. This topology is compatible 

with a sensor function for the C-terminal domain of VraT. 

 

 

Figure 2. C-terminal domain of VraT is extracellular. VraT topology was 

assessed by fusing the phoB gene to vraT, at either end. The phoB fusions to vraT 

were expressed from the pCN51 plasmid, under the control of a cadmium 

inducible promoter, in the background of a phoB deletion mutant (COLΔphoB). An 

empty pCN51 plasmid was also introduced into COLΔphoB (COLΔphoB + pCN51) 

and used as a negative control. The wild type strain COL was used as positive 

control. The strains were grown on plates containing cadmium chloride and 

chromogenic BCIP (5-Bromo-4-chloro-3-indolyl phosphate), a substrate that, when 

processed by the alkaline phosphatase PhoB, an enzyme active only in the extra-

cytoplasmic environment, gives a blue coloration to the colonies
34

. Only COL and 

COLΔphoB carrying the vraT-phoB fusion (COLΔphoB + pVraT-PhoB) showed 

alkaline phosphatase activity, indicating that the C-terminal, but not the N-terminal 

domain of VraT faces the extra-cytoplasmic environment. 

 

VraTSR does not sense an intermediate in peptidoglycan 
synthesis 

 
   CW synthesis is a multi-enzymatic, sequential process that leads 

to the formation of the lipid II molecule (Figure 3)35. Lipid II is 

subsequently flipped to the extracellular space and inserted in the 

peptidoglycan (PG) mesh35. Thus, the accumulation or depletion of 

an intermediate molecule in this enzymatic pathway, particularly 
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lipid II, would be a good candidate for the signal sensed by 

VraTSR. 

 

Figure 3. Schematic representation of peptidoglycan synthesis pathway, 

indicating the targets of cell wall active antibiotics. Fosfomycin inhibits the 

enzyme MurA (UDP-N-acetylglucosamine-3-enolpyruvyl transferase) that 

performs the addition of phosphoenolpyruvate to UDP-N-acetyl-glucosamine 

(GlcNAc), generating UDP-N-acetyl-muramic acid (UDP-MurNAc)
36

. D-cycloserine 

inhibts the addition of D-alanine to the peptidoglycan precursor by inhibiting D-

alanine:D-alanine ligase A and alanine racemase
37

. CDFI (2-(2-Chlorophenyl)-3-

[1-(2,3-dimethylbenzyl)piperidin-4-yl]-5-fluoro-1H-indole)
38

 inhibits MurJ, the lipid II 

flippase. Bacitracin blocks dephosphorylation and the recycling of the lipid carrier 

undecaprenyl pyrophosphate, preventing the membrane steps of peptidoglycan 

synthesis
39

. Glycopeptide antibiotics, like vancomycin, bind to the D-Ala-D-Ala 

motif of lipid II blocking the access of enzymes performing transglycosylase and/or 

transpeptidase activity
40

. ß-lactam antibiotics, such as oxacillin, mimic the D-Ala-

D-Ala end of lipid II stem peptide, forming an acyl-enzyme complex with PBPs, 

inhibiting their activity
41

. 

 

We tested the effect of various antibiotics, blocking initial or final 

steps of the PG synthesis pathway (Figure 3) and determined that 

in all cases  the VraTSR response was triggered (Figure 4), 

confirming previous work10. Antibiotics blocking the early stages of 

CW synthesis, like fosfomycin, are expected to inhibit the formation 
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of all subsequent lipid precursors including lipid II, while antibiotics 

blocking the late steps of this process, like vancomycin, were 

previously shown to accumulate lipid II 42,43. Considering that these 

antibiotics produce opposite effects on PG precursor levels, but all 

result in the activation of the VraTSR response, it seems unlikely 

that VraTSR is sensing the accumulation or depletion of lipid-linked 

precursors.  

 

 

Figure 4. VraTSR responds to various CW targeting antibiotics. COL Pvra-

sGFP cells were incubated with 1 X MIC of different CW targeting antibiotics for 60 

min prior to being analysed by Fluorescence-Activated Cell Sorting (FACS). All 

tested CW targeting antibiotics activated the VraTSR regulatory system, 

independently of the step of the PG synthesis pathway that was blocked. 

Incubation with the FtsZ inhibitor PC190273, an antibiotic that does not target the 

CW synthesis, was included as a negative control. TSB indicates growth in the 

absence of antibiotics. N = 5000 cells for each replicate, experiments were 

performed in triplicate. Each point represents the median of one FACS 

experiment. 
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Inhibition of transglycosylase activity induces VraTSR 
 

   Given that we were unable to identify one specific CW synthesis 

precursor as the signal that triggers VraTSR system, we decided to 

investigate whether the system was triggered by lack of activity of a 

particular enzyme or set of enzymes involved in CW synthesis. We 

started by focusing on the late stages of CW synthesis performed 

by PBPs (1-4), the exogenous PBP (PBP2A) and monofunctional 

glycosyltransferases MGT and SgtA44. Two of these enzymes, the 

bifunctional transpeptidase-transglycosylase PBP2 and the 

monofunctional transglycosylase MGT, have their genetic 

expression upregulated by the response regulator VraR, as part of 

the CWSS8,9. Deletion of the gene encoding PBP2, but not the 

other PBPs, led to the activation of VraTSR (Figure 5). PBP2 is the 

only bifunctional PBP in S. aureus, while the remaining PBPs 

display monofunctional transpeptidase activity44. These results are 

in line with previous work showing that decreasing levels of pbpB 

(encoding PBP2) transcription lead to increasing levels of vraTSR 

transcripts45.  
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Figure 5. Depletion of PBP2, but not of the remaining CW synthesis 

enzymes, leads to VraTSR activation. S. aureus mutants lacking different CW 

synthesis enzymes: PBP2 (ΔpbpB), PBP3 (ΔpbpC), PBP4 (ΔpbpD), PBP2A 

(ΔmecA), MGT (Δmgt), SgtA (ΔsgtA) or encoding a transpeptidase mutant of the 

essential PBP1 (PBP1TP*), and expressing GFP under the control of the vraTSR 

promoter were analysed by FACS. Only the cells lacking PBP2 (ΔpbpB) showed 

strong VraTSR activation while the Δmgt mutant showed low activation levels. 

Control experiments, where COL Pvra-sGFP cells were grown in the absence (wt) 

or in the presence of bacitracin (wt+bacitracin), which induces the VraTSR 

response, were performed as negative and positive controls, respectively. N = 

5000 cells for each replicate, experiments were performed in triplicate. Each point 

represents the median of one FACS experiment. 

 

   To explore the mechanism behind PBP2-dependent VraTSR 

activation, we evaluated if the delocalization of PBP2 from the 

division septum was the signal detected by VraTSR. PBP2 is 

recruited to the division septum by binding to its substrate, lipid II 46, 
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and the presence of CW synthesis inhibitors causes PBP2 

delocalization (Figure 6) in agreement with previous 

observations46,47.  

 

Figure 6. PBP2 delocalizes in the presence of tested cell wall targeting 

antibiotics. COL pbpB::sgfp-pbpB (BCBPM073) cells were imaged by 

epifluorescence microscopy after incubation for 60 min with 1 x MIC of PC190273 

(+ PC), Fosfomycin (+Fosfo), D-cycloserine (+D-cyc), Bacitracin (+Bac), 2-(2-

Chlorophenyl)-3-[1-(2,3-dimethylbenzyl)piperidin-4-yl]-5-fluoro-1H-indole (+CDFI), 

Oxacillin (+ Oxa) and Vancomycin (+Van). Incubation in TSB without antibiotics 

was used as negative control. In the presence of all antibiotics tested, septal 

enrichment of PBP” is lost or decreased and the protein becomes dispersed over 

the membrane. Scale bar = 1 µm 

 

To test that hypothesis, we incubated cells expressing a 

fluorescent derivative of PBP2 (strain BCBPM073) and cells 

expressing GFP under the control of the vraTSR promoter (COL 

Pvra-sGFP) with increasing concentrations of vancomycin. 

Interestingly, we observed that PBP2 delocalized with 

concentrations as low as 1 µg ml-1 of vancomycin, while VraTSR 

remained untriggered at that concentration (Figure 7). In the 

experimental settings tested, we could only observe VraTSR 

activation when we incubated the cells with 10 µg ml-1, a 

concentration ten-fold higher than that required to delocalize PBP2 

from the septum (Figure 7), indicating that PBP2 delocalization 

alone is not the trigger for the VraTSR system. 
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Figure 7. PBP2 delocalization does not correlate with VraTSR activation. 

Strains COL Pvra-sGFP and BCBPM073 (expressing a GFP fluorescent derivative 

of PBP2) were both incubated in the presence of increasing vancomycin 

concentrations (Van 1, 5 and 10 µg ml
-1

) for 45 min. COL Pvra-sGFP cells were 

then stained with DNA dye Hoechst 33342, to differentiate the two populations, 

and mixed with BCBPM073 cells just prior to imaging on the same microscope 

slide (a) GFP fluorescence of COL Pvra-sGFP cells showing that VraTSR 

activation occurs only when in the presence of 10 µg ml
-1 

of vancomycin. N > 277 

cells for each condition in each replicate (b) PBP2 septal enrichment was 

evaluated measuring the fluorescence ratio of GFP-PBP2 fluorescence at the 

septum versus at the cell periphery, both corrected for background fluorescence in 

BCBPM073 cells. PBP2 delocalized from the septum at the lowest vancomycin 

concentration tested. N between 62 and 90 for each condition in each experiment, 

experiments performed in duplicate. 

   

   As PBP2 delocalization was not the trigger for VraTSR activation, 

we further explored if lack of this protein or of one of its two 

enzymatic activities (transpeptidation and transglycosylation) 

activated the VraTSR system. For that purpose, the strain lacking 

PBP2 and containing the vraTSR GFP reporter (COLΔpbpB_Pvra-

sGFP) was complemented with plasmid-encoded PBP2, as well as 

plasmid-encoded alleles of PBP2, with point mutations to 

individually ablate transglycosylation or transpeptidation activities, 



Chapter IV 

190 

 

or both activities simultaneously. When COLΔpbpB_Pvra-sGFP 

was complemented with an empty plasmid, VraTSR remained 

activated (Figure 8), in agreement with the data shown in Figure 5 

for the pbpB mutant. Complementation with the double mutant of 

pbpB had similar results, indicating that it is the lack of PBP2 

activity and not of the protein itself that signals CW damage. As 

expected, complementation with the wild type pbpB allele lowered 

vraTSR expression to levels equivalent to those of the parental 

strain COL Pvra-sGFP. We then focused on which PBP2 activity 

was relevant for VraTSR activation. Complementation with the 

construct coding for the glycosyltransferase inactive PBP2E114Q 

resulted in induced VraTSR, suggesting that lack this activity could 

be key to activate the system. However, complementation with the 

transpeptidase-inactive PBP2S398G also induced VraTSR, 

suggesting that either both activities are required to turn off the 

system or that a mutation in one domain may be compromising the 

activity of the other domain. In fact, the MIC of moenomycin, an 

antibiotic that inhibits transglycosylase activity48, for the mutant 

complemented with the PBP2 lacking transpeptidase activity, 

showed increased susceptibility towards this antibiotic when 

compared with COL Pvra-sGFP, although not to the same level as 

the strain complemented with the PBP2 transglycosylase mutant 

(Figure 8b). This indicates that the mutation in the transpeptidase 

domain of PBP2 may be partially impairing transglycosylation 

activity.  
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Figure 8. Both PBP2 activities are important for preventing VraTSR 

activation.  (a) Strain COLΔpbpB_Pvra-sGFP was complemented with plasmids 

encoding either the wild type allele of pbpB (ΔpbpB + pbpB wt), or mutated alleles 

encoding a glycosyltransferase inactive PBP2
E114Q

 (ΔpbpB + pbpB TG*), a 

transpeptidase inactive PBP2
S398

(ΔpbpB + pbpB TP*) or a double mutant 

PBP2
E114Q

 
S398

 (ΔpbpB + pbpB TG*TP*). A control complemented with an empty 

vector, lacking PBP2 (ΔpbpB +pCNX), was also included. The VraTSR system 

was induced in the absence of PBP2 or in the presence of any of the tested PBP2 

mutants. N = 5000 cells for each experiment, experiments performed in triplicate. 

Each point represents the median of one FACS experiment. (b) Moenomycin 

MICs for strains from panel (a), as well as the control strain COL Pvra-sGFP. 

 

   Taken together, these results suggest that inhibition of 

transglycosylase activity seems to be key in triggering the VraTSR 

regulatory system. We cannot discard a role for inhibition of 

transpeptidase activity, but we favour the former hypothesis, since 

(i) the depletion of the other PBPs (monofunctional 

transpeptidases) did not activate VraTSR and (ii) COLΔmgt, a 

strain lacking the monofunctional transglycosylase MGT, showed 

VraTSR activation, albeit to low levels. 
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Discussion 

 
   Two-component and three-component systems (TCS) are 

incredibly versatile systems, capable of detecting a wide variety of 

stimuli49. Among the 16 two-component systems described in 

S. aureus, VraTSR is responsible for detecting CW damage, 

although the exact signal that is detected remains unknown7,9. 

Other S. aureus TCS, GraXSR and BraSR, also respond to 

damage inflicted on the CW50,51, with additional partners being 

required for full activity. In the GraXSR system, which responds to 

antimicrobial peptides (CAMPs), the sensing mechanism depends 

on the ABC transporter VraFG, encoded by an operon located 

directly downstream of graXRS50,52. CAMPs are sensed by VraFG 

and the signal is transduced to GraS through a possible interaction 

between VraG and GraS50. BraSR, which responds to bacitracin, 

upregulates the transcription of two operons encoding ABC 

transporters, braDE and vraDE, which act as sensing partner and 

detoxification module, respectively51. Interestingly, both GraXSR 

and BraSR have IMHKs, a feature shared with the VraTSR 

system50. The putative sensing partner in the VraTSR regulatory 

system has been proposed to be the membrane protein VraT, 

though its structure and function remain undetermined7. Here we 

have shown that VraT localizes at the cell membrane, like the 

histidine kinase VraS, and that its C-terminal domain is 

extracellular. Since VraS lacks a typical histidine kinase 

extracellular sensing domain, the signal detection by VraTSR may 

be performed by VraT, as previously suggested7.  

Given the importance of VraTSR in antibiotic resistance of MRSA 

strains, there is great interest in identifying the signal sensed by 

this system. It was clear early on that the system does not directly 
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sense antibiotic molecules, given that structurally different 

molecules that target CW synthesis are capable of inducing 

VraTSR. The best candidate so far for the CW damage signal has 

been the accumulation or depletion of the peptidoglycan precursor 

lipid II53. This molecule  is synthesized on the inner side of the 

cytoplasmic membrane and then flipped to the outer side of the 

membrane35. If accumulation of lipid II triggered the VraTSR 

system, then one would expect its activation in the presence of 

antibiotics such as vancomycin, that lead to lipid II accumulation43, 

but not in the presence of antibiotics such as fosfomycin or D-

cycloserine, that lead to its depletion. The reverse would be 

expected if depletion of lipid II was the CW damage signal. 

However, all tested CW targeting antibiotics triggered the VraTSR 

system, indicating that neither the accumulation nor the depletion 

of any peptidoglycan synthesis precursor is likely to correspond to 

this signal. 

   A common effect of all CW targeting antibiotics tested is the 

depletion of the substrate for PBPs. S. aureus has four native 

PBPs (PBP1-4), with one extra PBP (PBP2A) from an exogenous 

origin, with low affinity to beta-lactam antibiotics, present in MRSA 

strains44. PBP2 is the only bifunctional PBP, with both 

transglycosylase and transpeptidase activities, while the others are 

monofunctional TPases54,55,56,24,25. Two S. aureus monofunctional 

PBPs, namely the essential PBP1 and the non-essential PBP3, 

which only have transpeptidase activity, interact with cognate 

SEDS transglycosylases, FtsW and RodA respectively, to 

synthesize PG24. Monofunctional glycosyltransferases are also 

present in S. aureus, namely MGT and SgtA, both of which are 

non-essential for cell viability57,26. Here we showed that when we 

individually depleted various PG synthases, only the absence of 
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PBP2 led to strong VraTSR activation, while lack of MGT lead to 

low level activation of VraTSR. This is in accordance with previous 

work showing that reducing the levels of pbpB transcription led to 

higher levels of vraTSR transcripts45. PBP2 is the only PBP whose 

expression is directly regulated by VraR, a feature shared with 

MGT9,58. This indicates that PBP2 activity is crucial to maintain the 

VraTSR system in the OFF state. A second common effect of all 

CW targeting compounds tested, besides depletion of substrate for 

PBPs, is the delocalization of PBP2 from the division septum 

(Figure 6)46,47.  Therefore, one possibility for the mechanism 

mediating the role of PBP2 in VraTSR activation could be a direct 

interaction between this protein and VraT/VraS, disrupted upon 

PBP2 delocalization in the presence of CW targeting compounds. 

However, this is unlikely to be the case, as we showed that PBP2 

delocalization does not correlate with VraTSR activation: the former 

was observed in the presence of low (1 µg ml -1) concentrations of 

vancomycin, which were insufficient for VraTSR activation (see 

Figure 7). In contrast, inactivation of either the transglycosylase or 

the transpeptidase domain of PBP2 lead to a strong activation of 

the VraTSR system. Unfortunately, we could not pinpoint which of 

the two activities had a major role, because inactivation of the 

transpeptidase domain of PBP2 impaired the activity of the 

transglycosylase domain, leading to an increased susceptibility to 

the transglycosylase inhibitor moenomycin. It is possible that 

processivity of the transglycosylase activity of PBP2 is impaired if 

the resulting glycans cannot be incorporated into the peptidoglycan 

mesh via transpeptidation. We favour the hypothesis that it is the 

decrease of transglycosylase activity that signals cell wall damage 

because removal/inactivation of the other transpeptidases (PBP1, 

PBP3 and PBP4) did not result in VraTSR activation, in particular 
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of PBP4, whose absence leads to a major decrease in 

peptidoglycan cross-linking25. Additionally, lack of MGT, and not of 

any of the other peptidoglycan synthases tested, also led to 

VraTSR activation, albeit to a lower level. A decrease of PBP2 

transglycosylase activity leads to shorter glycans and therefore to 

an increase in the number of extremities of glycan strands, which 

could be sensed by VraT31. Alternatively, a reduction in 

transglycosylase activity without concomitant reduction of the 

activity of peptidoglycan hydrolases could lead to an increase in the 

concentration of a peptidoglycan hydrolysis product that could be 

sensed as CW damage by VraTSR. Identifying the exact CW 

damage signal is key to fully understanding the response of MRSA 

strains to beta-lactam antibiotics. 
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   Revisiting the Staphylococcus aureus cell cycle 

 

Cell biology studies of Staphylococcus aureus, an important 

pathogen known for its ability to resist antibiotic treatment, are 

difficult because of the small size of its cells, which are around 1 

µm in diameter. This small size has impaired a detailed analysis of 

the morphology of these bacteria during the cell cycle, due to 

resolution limit of conventional light microscopy. However, over 

recent years, new microscopy techniques have enabled a more 

detailed analysis of this pathogen, allowing us to get a clearer 

picture of how it grows and divides. Here, we used super-resolution 

microscopy to study in detail how this microorganism grows and 

divides, which is essential to better understand how it resists 

antibiotics and to think of innovative strategies to develop new 

antimicrobial compounds. 

   The first studies regarding the S. aureus cell cycle concluded that 

staphylococcal cells divided in three successive perpendicular 

planes over three consecutive division cycles and remained 

spherical until the moment of division1. The use of light microscopy 

did not enable an accurate measurement of morphological changes 

and volume variations during the whole cycle. Interestingly, though, 

even early works mention that cells “swell” before each division and 

that separation of the two daughter cells is preceded by an abrupt 

popping event1. When we reassessed this process, using Super-

Resolution Structured Illumination Microscopy (SR-SIM), we found 

that cells gradually increase their volume throughout the cell cycle, 

from an average volume of 0.47 µm3, at the beginning of the cycle 

to 0.91 µm3, immediately before splitting of the mother cell. We 

evaluated these data in light of the different models for cell size 
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regulation in bacteria2,3,4,5,6. Briefly, the “sizer” model postulates that 

reaching a specific cell size triggers initiation of chromosome 

replication, while the “timer” model states that cell division is 

dependent on the age of the cell2,3,4,5. More recently, a third model, 

called “adder, was proposed in which cells would add a constant 

size between their size at birth and size at division, for a specific 

growth condition6. S. aureus cells displayed relatively constant 

sizes at birth (0.47 ±0.07 µm3) and immediately before division 

(0.91±0.12 µm3), which could be compatible with a model that 

exclusively depends on the absolute size of the cell to determine 

the timing of division4. However, the fact that we did not follow each 

cell for a complete cycle, to avoid photodamage bias, impaired an 

accurate analysis of the size added to each cell individually, during 

that cycle. Therefore, we could not determine if the cell size 

increment was conserved between different cells, the fundamental 

basis of the ”adder” model, where the size added to each cell, in 

each generation, is independent of the cell size at birth6. Our data 

from time-lapse experiments was also not ideal to test the timer 

model because photodamage is cumulative and could introduce a 

bias towards longer duration of growth phases. Nevertheless, we 

noticed that the period comprised between mother cell division and 

the beginning of the next round of division was not constant 

amongst cells (31±6 min), with some outliers taking considerably 

longer to divide, which is not in agreement with the “Timer” model.  

   One interesting observation was that the continuous cell growth 

observed during the whole cycle was accompanied by a slight cell 

elongation, which had not been previously described for S. aureus. 

However, differently from rod-shaped bacteria such as B. subtilis, 

volume increase in S. aureus results from an increase of cell length 
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and width, while the growth in rods volume increase during the cell 

cycle is due to cell elongation with width remaining constant7.  

   We characterised the staphylococcal cell cycle in three different 

phases: Phase 1 (P1) includes cells that have recently divided and 

have not started the synthesis of the new septum; Phase 2 (P2) 

includes cells that are undergoing septum formation; Phase 3 (P3) 

cells have a septum fully closed, undergoing maturation, before 

dividing into the two daughter cells. S. aureus cells typically spend 

approximately half of their cycle in P1 and the other half distributed 

equally between P2 and P38. Immediately after the splitting of the 

mother cell, daughter cells tend to be more spherical in shape and 

as P1 progresses they become slightly more elongated. This 

elongation is halted when cells are synthesizing the new septum 

and is restarted in P3, when volume increase was also more 

pronounced, before the next splitting event8. These observations 

questioned the existing model, that postulated that S. aureus cells 

would only experience a more pronounced variation in cell volume 

during splitting of the septum in the mother cell, when the flat 

surface of the newly exposed septum is reshaped into a curved 

surface to generate one hemisphere of each daughter cell. The 

underlying fundament of this model was that the localization of CW 

synthesis machinery is localized mostly at the division septum, 

where most cell wall synthesis takes place, so no cell surface 

enlargement would occur due to insertion of new cell wall material 

at the cell periphery9,10,11,12. The volume increase would happen 

during the reshaping of the flat septum into a curved hemisphere 

through the reorganization of the elastic PG mesh, thus increasing 

the cell surface area. However, an abrupt change in volume upon 

septum splitting would result in a massive fluctuation in the 
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concentration of metabolites and other cellular compounds, which 

seems incompatible with cellular homeostasis. This model seemed 

even less likely, when we found that the time period comprised 

between the splitting of the mother cell and the reshaping of the flat 

septum is extremely short, less than 2 ms8. Our measurements of 

the cell volume immediately after cell splitting also showed that 

daughter cells (0.47 µm3) had, on average, nearly half the volume 

of the mother cell (0.91 µm3), implying that the reshaping of the flat 

septum was not accounting for the volume duplication8.  

   We also observed that the CW material originated from the 

septum accounted only for roughly a third of the total surface area 

of each new daughter cell and that low levels of PG incorporation 

can occur around the entire cell surface, mediated by the activity of 

PG synthase PBP4. PG synthases are not the only enzymes 

responsible for PG remodelling, because PG growth or elongation 

requires the cleavage of covalent bonds by PG hydrolases to allow 

the incorporation of the newly attached material, thus preserving 

the thickness and integrity of the CW13,14. Depletion of the major 

autolysin (Atl) in S. aureus leads to larger and more spherical cells, 

suggesting a role of this enzyme in shape maintenance and size 

regulation8. Atl is an enzyme known to be required for cell 

separation and localises in rings at the division site15,16. Previous 

studies using atomic force microscopy imaging have shown the 

presence of holes around the bacterial circumference at the 

division site, that enlarge until they merge generating a single 

larger perforation17. It was suggested that these holes are the result 

of autolytic activity to prepare for cell splitting17. Sle1 and LytN 

hydrolases were also shown to localise in the vicinity of the cross-

wall, the mid-cell compartment in the septum, processing PG to 
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allow for daughter cell separation18. Although the role of autolysins 

is crucial for cell splitting, it does not explain how septum splitting 

occurs in an extremely fast manner, in less than 2 ms. This may be 

explained by a mechanical mechanism, where the splitting is driven 

by circumferential mechanical stress originating from turgor 

pressure19. Thus, we decided to explore the dynamics of cell 

splitting and reshaping of the flat septum, likely driven by turgor 

pressure8. In agreement with that hypothesis, we observed that 

septum reshaping was impaired in high osmolarity conditions. On 

the other hand, we also found that mutants lacking autolysins, such 

as Sle1 and LytM, had an enrichment of cells in which the flat 

septum remained intact (D-shaped cells), after splitting of the 

daughter cells8. Furthermore, mutants deficient in Sle1 had a 

longer Phase 3 of the cell cycle, during which cells are preparing 

for division, after septum closure. Taken together, this suggests a 

role of Sle1 in both cell separation and reshaping of the flat septum 

into a new hemisphere. In conclusion, cell separation and 

reshaping of the flat septum seem to require both mechanical 

stress and enzymatic activity to be executed. 

   Our work allowed us to redefine the cell cycle of S. aureus and 

gave crucial contributions to rethink previous models for the mode 

of division of this important pathogen. S. aureus was generally 

thought to divide in three alternating orthogonal planes over three 

consecutive division cycles, an assumption that is no longer valid, 

after we showed that cell surface scars from previous divisions do 

not divide the cell in equal parts, a feature that had been proposed 

to contain epigenetic information regarding the previous planes of 

division20,21. 
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Heterogeneity in S. aureus response to β-lactams 

 

   S. aureus strains have developed resistance to various classes of 

antibiotics, including β-lactam antibiotics. This is due to the 

presence of an exogenous transpeptidase called PBP2A22. Despite 

the resistance mechanism being well studied, less is known about 

antibiotic tolerance and phenotypic variability, heterogeneity in cell 

behaviour which is not generated by genetic mutations23. 

Fluctuations in transcription and translation can lead to differences 

in the level of proteins of isogenic cells, in the same environmental 

conditions24,25. Bacterial populations often show unimodal variation 

in the expression of a given gene, due to these fluctuations, also 

called genetic noise26. Noise can sometimes originate a second 

pattern of variation that is non-unimodal, where the population 

bifurcates into subpopulations, a process called “bistability”26. One 

mechanism known to generate this phenotypic phenomenon is 

positive autoregulation of a gene leading to a non-linear 

response26.  

   In S. aureus, the TCS VraTSR is encoded by the operon 

vraUTSR, whose promoter is upregulated by one of the proteins of 

the complex (VraR)27. This fact prompted us to explore whether 

vraTSR expression would lead to the bifurcation of the population, 

and if one of the sub-populations would have increased tolerance 

or susceptibility towards cell wall targeting antibiotics. In our work, 

however, we never observed a bifurcation of the population, but 

vraTSR expression did show high variance, with cells expressing 

this operon at different levels, after the system was induced with 

the CW targeting antibiotic CDFI28. Our goal was then to see 

whether these different levels of vraTSR expression had any 
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correlation with tolerance to CW targeting antibiotics. VraTSR is a 

system responsible for triggering the response of the cells when in 

the presence of CW targeting antibiotics, and its disruption leads to 

a decrease in resistance to this group of antibiotics29,30. One could 

expect that, given this biological role, cells expressing higher levels 

of vraTSR could be better protected against antibiotic treatment. To 

test this idea, we followed the cells expressing GFP under the 

control of the vraTSR promoter in a time-lapse experiment, in the 

presence of inhibitory concentrations of oxacillin, after previous 

induction of vraTSR with sub-inhibitory concentrations of the same 

antibiotic. We estimated the survival probabilities for different 

vraTSR levels using the Cox Proportional Hazards model. This 

model allows the estimation of the effect of a continuous variable, 

such as vraTSR expression (evaluated through GFP signal 

intensity) on bacterial survival. Interestingly, we saw that cells 

expressing higher levels of vraTSR were slightly more susceptible 

to antibiotic treatment than those expressing lower levels. We 

considered the possibility of vraTSR requiring an optimal level to be 

effective, above which it would start to become deleterious for the 

cell, like gene dosage toxicity31, as it would lead to imbalance in the 

pathways involving enzymes regulated by VraR, such as CW 

synthesis, carbohydrate transport and metabolism or ion 

transport32. It is possible that cells expressing higher levels of 

vraTSR transcription were those to which more damage was 

inflicted causing then to die at higher rates. A limitation in our 

studies was that we did not follow cells during the initial incubation 

with sub-inhibitory concentration of antibiotic, and therefore cannot 

evaluate the effect of timing of VraTSR production onset on 

tolerance.  
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It would be interesting to study the genes under direct control of 

VraR, such as pbp2, a gene coding for a major PG synthase in 

S. aureus33, to see if the same expression pattern is maintained or 

if we could detect bistable populations using a different reporter. A 

strain where vraTSR was placed under the control of an inducible 

promoter would also help to confirm if cells expressing higher 

levels of vraTSR are less tolerant to the presence of β-lactams. We 

actually tried to construct this strain, without success. 

   We were initially planning to study the VraTSR response over 

time, using microfluidic plates, where live cells would be followed 

during both the pre-treatment with sub-MIC concentration of 

antibiotic and the above MIC challenge. To our surprise, we saw 

that cells inside this platform were triggering VraTSR, albeit to low 

level, even in the absence of antibiotic. We hypothesized ther 

mechanical forces could disturb CW growth dynamics, as 

described previously34, triggering VraTSR. Localisation of some 

proteins, like MreB, in E. coli35, even depend on cell curvature. The 

possibility of VraTSR responding to a mechanical force 

compressing the CW against the cell membrane posed an 

interesting model. VraT, a membrane-anchored protein, could 

sense periplasm length variations, by interacting with a CW 

component, like PG. In fact, we have shown that VraTSR 

responded to conditions where periplasm length is expected to 

vary, like during an osmotic shock, but our work was inconclusive 

in determining a specific mechanism. These unexpected, yet 

interesting results, led us to revisit the signal behind VraTSR 

activation, a mechanism that remains elusive29. 
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VraTSR activation mechanism: an unsolved puzzle 

 

   VraTSR is a TCS in S. aureus that works as a sentinel system 

responsible to detect a perturbation of CW synthesis and to 

coordinate a cellular response, also known as cell wall stress 

stimulon (CWSS)36,37,38. This response is interpreted as an attempt 

by the microorganism to defend itself against the action of cell wall 

targeting antibiotics38. From the four  genes encoded in the operon: 

(vraU, vraT, vraS and vraR), vraU is the only gene whose product 

has no apparent role in the signal transduction regulatory 

system29,30. Deletion of this gene has no influence on resistance 

against CW targeting compounds29,30.  The other three genes 

encode VraT, VraS and VraR, which are thought to work together, 

constituting a three component system29. VraT, a hypothetical 

protein, that we’ve shown localises at the membrane, was 

proposed to be responsible for the detection of the still unknown 

stimulus29 as VraS, the histidine kinase of the regulatory system, 

lacks an evident extracellular sensing domain, characteristic of 

IMHKs39. VraT homologs in other Gram-positive bacteria, like  

Streptococcus suis or Staphylococcus epidermidis, remain poorly 

studied 40,41. However, in B. subtilis, the VraT homologue LiaF is 

known to be a repressor of the LiaS kinase, keeping the LiaFSR 

regulatory system inactive in the absence of CW damage39. 

   The stimulus sensed by VraTSR remains unknown. Given that 

the system is activated by structurally different antibiotic molecules, 

it seems implausible that it would respond directly to the antibiotics. 

A better candidate is Lipid II, since it is an essential component of 

bacterial peptidoglycan synthesis pathway and its synthetic 

pathway is considered to be the bottleneck of CW biosynthesis42,43. 
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However, we showed that VraTSR responds to antibiotics that lead 

to opposite outcomes regarding lipid II cellular availability, i.e. 

antibiotics that lead to lipid II accumulation and antibiotics that 

block lipid II synthesis. This suggests that lipid II is unlikely to be 

the trigger for the cell wall damage response in S. aureus.  

   A common effect to all cell wall targeting antibiotics is the 

depletion of substrates of PBPs, so we though lack of activity of 

one or more PBPs could trigger VraTSR. When we deleted various 

CW synthesis enzymes, we found that depletion of PBP2, the only 

bifunctional PBP in S. aureus, and the monofunctional 

transglycosylase MGT, activated VraTSR. Interestingly, both 

belong to the VraR regulon44,45. Previous studies had shown that 

decreasing pbpB transcription levels resulted in increasing levels of 

vraTSR expression36. Since the activity of PBP2 seemed 

particularly important for keeping VraTSR in the OFF state, and 

that this enzyme delocalises with all CW targeting antibiotics that 

we have tested, we wondered whether the signal sensed by 

VraTSR could be the delocalisation of PBP2. However, that was 

not the case, as we could uncouple PBP2 delocalization from 

VraTSR activation using low concentrations of vancomycin that 

caused the former but not the latter phenotype. In agreement, the 

FtsZ inhibitor PC190273, a compound we showed that did not 

activate VraTSR, was able to delocalise PBP2, in agreement with 

previous reports46. Furthermore, past work from our laboratory 

showed that a S. aureus COL strain containing a minimal PG 

synthesis machinery, encoding only PBP1 and PBP2, showed 

upregulation of the vraTSR, while displaying correct localization of 

both enzymes47. All these data seem consistent with our findings, 
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ruling out PBP2 delocalisation as the trigger mechanism behind 

VraTSR activation.  

   PBP2 is the only bifunctional CW synthetic enzyme in S. aureus, 

capable of catalyzing both transglycosylation and transpeptidation 

reactions. We tried to evaluate which activity was more important 

for keeping VraTSR in the OFF-state, but mutations in either the 

transglycosylase domain or transpeptidase domain rendered 

VraTSR activation. We noticed though that the mutation in the 

transpeptidase domain probably affected TG activity, since it led to 

an increased susceptibility to the transglycosylase inhibitor 

moenomycin. This suggests that PG synthesis by PBP2 may need 

both activities. Without a fully operational TPase, glycan strands 

continue to be polymerized without being integrated into the PG 

mesh and that may be deleterious for the cell. In fact, it was 

reported for E. coli that blocking TPase activity by β-lactams 

generates uncrosslinked glycan strands that are rapidly degraded, 

setting up a futile cycle of synthesis and degradation48. Although 

we could not identify which activity was more relevant to keep 

VraTSR OFF, we lean towards transglycosylase activity for two 

reasons. First, depletion of all the other PBPs, which display 

monofunctional transpeptidase activity, did not result in VraTSR 

activation. Specially PBP4, whose absence leads to a major 

decrease in peptidoglycan cross-linking49. Second, the only other 

enzyme whose depletion led to VraTSR activation (although to 

lower levels) was the monofunctional transglycosylase MGT. We 

can conjecture whether VraT/VraS sense the amount of glycan 

extremities, since lack of transglycosylation was shown to lead to 

shorter glycans50. A pull-down assay to test for interaction between 

a purified VraT protein with PG would help to shed some light on 
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this subject. Or even evaluating if VraT was binding or changing 

conformation, in the presence of different PG components, like N-

acetylglucosamine (GlcNAc) or N-acetylmuramic acid (MurNAc) by 

nuclear magnetic resonance spectroscopy or circular dichroism. 

Another hypothesis could be that a reduction in transglycosylation 

could create an imbalance in CW metabolism, between the de 

novo PG synthesis and turnover, accumulating a hydrolysis by-

product that could be sensed by VraT/VraS. Analysing the VraTSR 

response in mutants devoid of different autolysins, such as 

amidases, glucosaminidases or endopeptidases could help to 

determine if this is the case. On this matter, it is interesting to note 

that CW lytic activity is downregulated in response to CW synthesis 

inhibition by vancomycin, for example32. 

Final Remarks 

 

   Our work explored two of the most fascinating topics regarding 

S. aureus biology, its cell cycle, and its ability to tackle antibiotic 

treatment. We made significant advances in fundamental areas like 

the cell cycle characterisation, paving the way for further research 

not only in chromosome segregation, but also cell division 

mechanics. Understanding these fundamental biological processes 

and identifying which proteins are involved is crucial to provide new 

targets for antimicrobial compounds. Regarding antibiotic 

resistance mechanisms, we were able to gain new insights into the 

role of a regulatory system which is one of the many strategies 

used by S. aureus to evade antibiotic action, though I regret not 

identifying the molecular mechanism detected by this sentinel 

system after so many years dedicated to this research topic. We 

hope to have that and other answers in the future. 



Discussion and future perspectives 

219 
 

References 

1.  Tzagoloff H, Novick R. Geometry of cell division in 

Staphylococcus aureus. J Bacteriol. 1977;129(1): 343–350. 

doi:10.1128/jb.129.1.343-350.1977 

2.  Lotka AJ. The Stability of the Normal Age Distribution. Proc 

Natl Acad Sci. 1922;8(11):339-345. 

doi:10.1073/pnas.8.11.339 

3.  Gyllenberg M. Nonlinear age-dependent population 

dynamics in continuously propagated bacterial cultures. 

Math Biosci. 1982;62(1):45-74. doi:10.1016/0025-

5564(82)90062-1 

4.  Jun S, Si F, Pugatch R, Scott M. Fundamental principles in 

bacterial physiology-history, recent progress, and the future 

with focus on cell size control: A review. Reports Prog Phys. 

2018;81(5):056601. doi:10.1088/1361-6633/aaa628 

5.  Diekmann O, Lauwerier HA, Aldenberg T, Metz JAJ. Growth, 

fission and the stable size distribution. J Math Biol. 

1983;18(2):135-148. doi:10.1007/BF00280662 

6.  Taheri-Araghi S, Bradde S, Sauls JT, et al. Cell-size control 

and homeostasis in bacteria. Curr Biol. 2015;25(3):385-391. 

doi:10.1016/j.cub.2014.12.009 

7.  Burdett IDJ, Kirkwood TBL, Whalley JB. Growth kinetics of 

individual Bacillus subtilis cells and correlation with nucleoid 

extension. J Bacteriol. 1986;167(1):219-230. 

doi:10.1128/jb.167.1.219-230.1986 

8.  Monteiro JM, Fernandes PB, Vaz F, et al. Cell shape 



Chapter V 

220 
 

dynamics during the staphylococcal cell cycle. Nat Commun. 

2015;6(1):8055. doi:10.1038/ncomms9055 

9.  Pinho MG, Errington J. Dispersed mode of Staphylococcus 

aureus cell wall synthesis in the absence of the division 

machinery. Mol Microbiol. 2003;50(3):871-881. 

doi:10.1046/J.1365-2958.2003.03719.X 

10.  Pinho MG, Errington J. Recruitment of penicillin-binding 

protein PBP2 to the division site of Staphylococcus aureus is 

dependent on its transpeptidation substrates. Mol Microbiol. 

2005;55(3):799-807. doi:10.1111/j.1365-2958.2004.04420.x 

11.  Pereira SFF, Henriques AO, Pinho MG, De Lencastre H, 

Tomasz A. Role of PBP1 in cell division of Staphylococcus 

aureus. J Bacteriol. 2007;189(9):3525-3531. 

doi:10.1128/JB.00044-07 

12.  Atilano ML, Pereira PM, Yates J, et al. Teichoic acids are 

temporal and spatial regulators of peptidoglycan cross-

linking in Staphylococcus aureus. Proc Natl Acad Sci U S A. 

2010;107(44):18991-18996. doi:10.1073/pnas.1004304107 

13.  Vermassen A, Leroy S, Talon R, Provot C, Popowska M, 

Desvaux M. Cell wall hydrolases in bacteria: Insight on the 

diversity of cell wall amidases, glycosidases and peptidases 

toward peptidoglycan. Front Microbiol. 2019;10:331. 

doi:10.3389/fmicb.2019.00331 

14.  Vollmer W. Bacterial growth does require peptidoglycan 

hydrolases. Mol Microbiol. 2012;86(5):1031-1035. 

doi:10.1111/mmi.12059 

15.  Sugai M, Komatsuzawa H, Akiyama T, et al. Identification of 



Discussion and future perspectives 

221 
 

endo-β-N-acetylglucosaminidase and N-acetylmuramyl-L- 

alanine amidase as cluster-dispersing enzymes in 

Staphylococcus aureus. J Bacteriol. 1995;177(6):1491-1496. 

doi:10.1128/jb.177.6.1491-1496.1995 

16.  Yamada S, Sugai M, Komatsuzawa H, et al. An autolysin 

ring associated with cell separation of Staphylococcus 

aureus. J Bacteriol. 1996;178(6):1565-1571. 

doi:10.1128/jb.178.6.1565-1571.1996 

17.  Touhami A, Jericho MH, Beveridge TJ. Atomic force 

microscopy of cell growth and division in Staphylococcus 

aureus. J Bacteriol. 2004;186(11):3286-3295. 

doi:10.1128/JB.186.11.3286-3295.2004 

18.  Frankel MB, Schneewind O. Determinants of murein 

hydrolase targeting to cross-wall of Staphylococcus aureus 

peptidoglycan. J Biol Chem. 2012;287(13):10460-10471. 

doi:10.1074/jbc.M111.336404 

19.  Zhou X, Halladin DK, Rojas ER, et al. Mechanical crack 

propagation drives millisecond daughter cell separation in 

Staphylococcus aureus. Science. 2015;348(6234):574–578. 

doi:10.1126/science.aaa1511 

20.  Saraiva BM, Sorg M, Pereira AR, et al. Reassessment of the 

distinctive geometry of Staphylococcus aureus cell division. 

Nat Commun. 2020;11(1):1-7. doi:10.1038/s41467-020-

17940-9 

21.  Turner RD, Ratcliffe EC, Wheeler R, Golestanian R, Hobbs 

JK, Foster SJ. Peptidoglycan architecture can specify 

division planes in Staphylococcus aureus. Nat Commun. 



Chapter V 

222 
 

2010;1:26. doi:10.1038/ncomms1025 

22.  Fishovitz J, Hermoso JA, Chang M, Mobashery S. Penicillin-

binding protein 2a of methicillin-resistant Staphylococcus 

aureus. IUBMB Life. 2014;66(8): 572–577. 

doi:10.1002/iub.1289 

23.  Smits WK, Kuipers OP, Veening JW. Phenotypic variation in 

bacteria: The role of feedback regulation. Nat Rev Microbiol. 

2006;4(4):259-271. doi:10.1038/nrmicro1381 

24.  Raser JM, O’Shea EK. Molecular biology - Noise in gene 

expression: Origins, consequences, and control. Science. 

2005; 309(5743):2010–2013. doi:10.1126/science.1105891 

25.  Kærn M, Elston TC, Blake WJ, Collins JJ. Stochasticity in 

gene expression: from theories to phenotypes. Nat Rev 

Genet 2005 66. 2005;6(6):451-464. doi:10.1038/nrg1615 

26.  Dubnau D, Losick R. Bistability in bacteria. Mol Microbiol. 

2006; 61(3):564-72. doi:10.1111/j.1365-2958.2006.05249.x 

27.  Belcheva A, Golemi-Kotra D. A close-up view of the VraSR 

two-component system: A mediator of Staphylococcus 

aureus response to cell wall damage. J Biol Chem. 

2008;283(18):12354-12364. doi:10.1074/jbc.M710010200 

28.  Huber J, Donald RGK, Lee SH, et al. Chemical genetic 

identification of peptidoglycan inhibitors potentiating 

carbapenem activity against methicillin-resistant 

Staphylococcus aureus. Chem Biol. 2009;16(8):837-848. 

doi:10.1016/j.chembiol.2009.05.012 

29.  Boyle-Vavra S, Yin S, Jo DS, Montgomery CP, Daum RS. 



Discussion and future perspectives 

223 
 

VraT/YvqF is required for methicillin resistance and 

activation of the VraSR regulon in Staphylococcus aureus. 

Antimicrob Agents Chemother. 2013;57(1):83-95. 

doi:10.1128/AAC.01651-12 

30.  McCallum N, Stutzmann Meier P, Heusser R, Berger-Bächi 

B. Mutational analyses of open reading frames within the 

vraSR operon and their roles in the cell wall stress response 

of Staphylococcus aureus. Antimicrob Agents Chemother. 

2011;55(4):1391–1402. doi:10.1128/AAC.01213-10 

31.  Bhattacharyya S, Bershtein S, Yan J, et al. Transient 

protein-protein interactions perturb E. coli metabolome and 

cause gene dosage toxicity. Elife. 2016;5:e20309 . 

doi:10.7554/eLife.20309 

32.  Kuroda M, Kuroda H, Oshima T, Takeuchi F, Mori H, 

Hiramatsu K. Two-component system VraSR positively 

modulates the regulation of cell-wall biosynthesis pathway in 

Staphylococcus aureus. Mol Microbiol. 2003;49(3):807-821. 

doi:10.1046/j.1365-2958.2003.03599.x 

33.  Scheffers D-J, Pinho MG. Bacterial cell wall synthesis: New 

insights from localization studies. Microbiol Mol Biol Rev. 

2005;69(4):585-607. doi:10.1128/mmbr.69.4.585-607.2005 

34.  Si F, Li B, Margolin W, Sun SX. Bacterial growth and form 

under mechanical compression. Sci Rep. 2015;5(1):1-11. 

doi:10.1038/srep11367 

35.  Ursell TS, Nguyen J, Monds RD, et al. Rod-like bacterial 

shape is maintained by feedback between cell curvature and 

cytoskeletal localization. Proc Natl Acad Sci U S A. 



Chapter V 

224 
 

2014;111(11):1025-1034. doi:10.1073/pnas.1317174111 

36.  Gardete S, Wu SW, Gill S, Tomasz A. Role of VraSR in 

antibiotic resistance and antibiotic-induced stress response 

in Staphylococcus aureus. Antimicrob Agents Chemother. 

2006;50(10):3424-3434. doi:10.1128/AAC.00356-06 

37.  Dengler V, Meier PS, Heusser R, Berger-Bächi B, McCallum 

N. Induction kinetics of the Staphylococcus aureus cell wall 

stress stimulon in response to different cell wall active 

antibiotics. BMC Microbiol. 2011;11:16. doi:10.1186/1471-

2180-11-16 

38.  Utaida S, Dunman PM, Macapagal D, et al. Genome-wide 

transcriptional profiling of the response of Staphylococcus 

aureus to cell-wall-active antibiotics reveals a cell-wall-stress 

stimulon. Microbiology. 2003;149(10):2719-2732. 

doi:10.1099/mic.0.26426-0 

39.  Mascher T. Intramembrane-sensing histidine kinases: A new 

family of cell envelope stress sensors in Firmicutes bacteria. 

FEMS Microbiol Lett. 2006;264(2):133-144. 

doi:10.1111/j.1574-6968.2006.00444.x 

40.  Zhong X, Zhang Y, Zhu Y, et al. The two-component 

signaling system VraSRss is critical for multidrug resistance 

and full virulence in Streptococcus suis serotype 2. Infect 

Immun. 2018;86(7):e00096-18. doi:10.1128/IAI.00096-18 

41.  Wu Y, Meng Y, Qian L, et al. The vancomycin resistance-

associated regulatory system VraSR modulates biofilm 

formation of Staphylococcus epidermidis in an ica-

dependent manner. mSphere. 2021;6(5):e00641-21. 



Discussion and future perspectives 

225 
 

doi:10.1128/msphere.00641-21 

42.  Breukink E, de Kruijff B. Lipid II as a target for antibiotics. 

Nat Rev Drug Discov. 2006;5(4):321-323. 

doi:10.1038/nrd2004 

43.  Jordan S, Hutchings MI, Mascher T. Cell envelope stress 

response in Gram-positive bacteria. FEMS Microbiol Rev. 

2008;32(1):107-146. doi:10.1111/j.1574-6976.2007.00091.x 

44.  Yin S, Daum RS, Boyle-Vavra S. VraSR two-component 

regulatory system and its role in induction of pbp2 and 

vraSR expression by cell wall antimicrobials in 

Staphylococcus aureus. Antimicrob Agents Chemother. 

2006;50(1):336–343. doi:10.1128/AAC.50.1.336-343.2006 

45.  Sengupta M, Jain V, Wilkinson BJ, Jayaswal RK. Chromatin 

immunoprecipitation identifies genes under direct VraSR 

regulation in Staphylococcus aureus. Can J Microbiol. 

2012;58(6):703-708. doi:10.1139/W2012-043 

46.  Tan CM, Therien AG, Lu J, et al. Restoring methicillin-

resistant Staphylococcus aureus susceptibility to β-lactam 

antibiotics. Sci Transl Med. 2012;4(126):126ra35. 

doi:10.1126/scitranslmed.3003592 

47.  Reed P, Atilano ML, Alves R, et al. Staphylococcus aureus 

survives with a minimal peptidoglycan synthesis machine but 

sacrifices virulence and antibiotic resistance. PLoS Pathog. 

2015;11(5):e1004891. doi:10.1371/journal.ppat.1004891 

48.  Cho H, Uehara T, Bernhardt TG. Beta-lactam antibiotics 

induce a lethal malfunctioning of the bacterial cell wall 

synthesis machinery. Cell. 2014;159(6):1300-1311. 



Chapter V 

226 
 

doi:10.1016/j.cell.2014.11.017 

49.  Memmi G, Filipe SR, Pinho MG, Fu Z, Cheung A. 

Staphylococcus aureus PBP4 is essential for β-lactam 

resistance in community-acquired methicillin-resistant 

strains. Antimicrob Agents Chemother. 2008;52(11):3955-

3966. doi:10.1128/AAC.00049-08 

50.  Pinho MG, De Lencastre H, Tomasz A. An acquired and a 

native penicillin-binding protein cooperate in building the cell 

wall of drug-resistant staphylococci. Proc Natl Acad Sci U S 

A. 2001;98(19):10886-10891. doi:10.1073/pnas.191260798 

 



ITQB NOVA, Avenida da República, 2780-157 Oeiras, Portugal | Tel +351 214 469 100 | itqb.unl.pt


