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Abstract 
The wide and essential role of the gut microbiota includes fending off pathogens, enabling nutrient 

generation, metabolism and absorption, participating in the development of immune and nervous 

system and more. Although correlational research has given us an insight on the microbiota 

composition, a mechanistic understanding of microbial population coordination and dynamics and its 

impact on the host health remains a key challenge. For example, the process that leads commensal 

microbiota players to become pathogens, and the factors that limit the establishment of incoming 

healthy bacteria (probiotics) have not been fully elucidated. Likewise, the critical involvement of 

micronutrients on microbial selection is at its infancy. 

The primary aim of this PhD Thesis was to investigate the differential prevalence of a subset of bacterial 

species commonly encountered in the gut as commensal or as pathogens to better understand bacterial 

population dynamics and competition. Specifically, we aimed to elucidate bacterial population dynamics 

in response to an underrated but emerging potential pathogen, Serratia marcescens, and external 

factors such as the micronutrient zinc. 

To study such a complex ecosystem, we used a bottom-up approach of in vitro co-culture competition 

experiments with pairs of bacterial species (Escherichia coli, Serratia marcescens, Pseudomonas 

aeruginosa, Proteus vulgaris, Klebsiella aerogenes, Staphylococcus aureus, Enterococcus faecalis, 

Lactobacillus plantarum and Streptococcus salivarius). A rich microbiological media was used as a 

surrogate for the postprandial intestine.  

While no difference in prevalence was observed in pairwise competitions between strains of E. coli and 

S. marcescens, we have identified a novel phenomenon where S. marcescens in co-culture with E. coli 

exhibited a differential spatial geometric distribution on solid media with the appearance of a “bull’s eye” 

pattern. The pattern only and consistently appeared in well-defined conditions (cell density, 

temperature, nutrients). This morphogenetic pattern was accompanied by phenotypic changes that 

affected virulence and antimicrobial resistance, a novel and cutting-edge finding that may help to design 

effective intervention tools to treat infectious diseases and tackle antibiotic resistance. The 

phenomenon was mathematically modelled, and the outcome suggested the need to increase model 

complexity thus informing biological research going forward. We also observed that P. aeruginosa 

prevailed over some Gram-positive cocci (S. aureus and S. streptococcus) and S. marcescens, and 

that Lactobacillus plantarum inhibited the growth of selected Gram-negatives.  

Our results established proof of concept regarding bacterial behaviours and morphogenetic variations 

that can be harnessed to explore genome-wide changes and related virulence and pathogenesis 

mechanisms, and may enrich the microbiota-linked prevention and infections management. 
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LBA Luria Bertani Agar 

LBbuff Luria Bertani with buffer(K₂HPO₄) 

LB-NaCl LB with no NaCl 

Levofloxacin LFX 

Lys Lysine 

m2 square meter 

MA Matthew Allott 

MCA MacConkey agar 

MDCK Madin-Darby canine kidney  

Met Methionine 

MIC minimum inhibitory concentration 

mg milligram 

ml  millilitre 

mm millimetre 

mM millimolar 

mm2 square millimetre 

mq H2O MilliQ ultrapure water 

MRS De Man, Rogosa and Sharpe  

MSA Mannitol salt agar 

Na2HPO4   sodium phosphate dibasic 

NaOH Sodium hydroxide 

NB Nutrient broth 

NBA Nutrient Agar 

NBglu Nutrient broth with glucose 

o/n overnight 

OD600 optical density measured at an absorbance of 600 nm 

P. aerogenes Pseudomonas aerogenes 

P. mirabilis Proteus mirabilis 
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P. vulgaris Proteus vulgaris 

PBS Phosphate saline buffer 

PCR polymerase chain reaction 

qPCR quantitative polymerase chain reaction 

QS  Quorum sensing 

R reverse 

RDI recommended daily intake 

ROS reactive oxygen species 

rpoS RNA polymerase sigma factor 

RT room temperature 

S. aureus Staphylococcus aureus 

S. enterica Salmonella enterica 

S. marcescens Serratia marcescens 

S. salivarius Streptococcus salivarius 

S. typhimurium Salmonella typhimurium 

SCFAs short chain fatty acids 

SD standard deviation 

SEM standard srror of measurement 

Ser serine 

sp./spp. species (singular/plural) 

Ta Annealing temperature 

Thr Threonine 

Tm Melting temperature 

TSA Tryptone Soy Agar 

TSB Tryptone Soy Broth 

UCLan University of Central Lancashire 

UK United Kingdom 

USA United States of America 

Val valine 

WHO World Health Organization 

Zn zinc 

ZnCl2 zinc chloride 

Zur Zinc Uptake Regulator 
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INTRODUCTION 

1.1 Background and context of the research project 

The research project was initially designed as a bench-based research programme which consisted on 

the study of the role of the micronutrient zinc (Zn) at physiologically relevant concentration in bacterial 

gut population selection and dynamics. Our initial programme was designed to harness faecal samples 

from in collaboration in a University Hospital in Pakistan. The human loss of our co-supervisor in 

Pakistan, who died from cancer, was accompanied by the inability to provide with the samples. As a 

mitigation strategy, alternative source of samples from the UK National Health Service (NHS) was 

identified in agreement with collaborators from Blackpool Teaching Hospitals NHS Foundation Trust. 

However, with the advent of COVID ethical approval and collection of NHS-connected faecal samples 

became non-viable options. The programme was then planned to run in collaboration with the UCLan 

Dental clinic. However, the collection of samples from non-NHS dental patients from the UCLan Dental 

clinic was not possible because the clinic was closed due to COVID. In addition, the Biomedical 

Research Facilities (BMRF) at UCLan were shut down for 1st and 2nd years PhD students following 

National guidelines from March until October 2020, and for an additional year the number of individuals 

allowed to access the laboratories concomitantly was limited, delaying research activities. Ultimately, 

the project was based on bacterial gut microbiota laboratory strains, to be assessed upon Zn challenge.  

The set of strains selected for our investigations was based on their presence within the human gut 

microbiota as potential pathogens, or probiotics, and, likewise, based on their availability in the BMRF. 

Among Gram-negative bacteria,  Escherichia coli (E. coli) is a commensal bacterium in the human GI 

tract, actually one of the first at colonizing the intestine in neonates at birth1; besides its contribution in 

digestion, vitamin production and fending off pathogens2,3, some E. coli species can lead to GI, urinary 

and respiratory tract infections4. Although normally not considered in the context of the human gut 

microbiota, but rather for being leading causes of respiratory tract infections5,6, Klebsiella aerogenes 

(K. aerogenes) and Pseudomonas aeruginosa (P. aeruginosa) also reside in the GI tract. Similarly, 

Proteus vulgaris (P. vulgaris) is a leading cause of urinary tract infections and normally present in the 

intestine as well. The main representative in the human gut microbiota among Gram-positive cocci is 

Enterococcus faecalis (E. faecalis), a foremost player in multidrug resiststance7 and infections8. 

Ultimately, we have selected a couple of strains known to be probiotic species9, Lactobacillus plantarum 

(L. plantarum) and Streptococcus salivarius (S. salivarius), intended to have health benefits in the gut 

physiology mediated by their ability to fend off pathogens competing with niches and nutrients, to 

produce short chain fatty acids (SCFAs) and to enhance epithelial cells proliferation10. As described in 

the following introduction, the enterobacterium Serratia marcescens (S. marcescens) is an underrated 

opportunistic pathogen, normally residing in the human intestine besides soil, plant and water, which 

has been only recently brought to the attention of health services and strategic health programme. 

1.2 The impact of infectious diseases and the threat of antibiotic resistance 

Infectious disease is a leading cause of mortality worldwide, on the top four causes of death in high-

income countries in 201911 with respiratory and bloodstream infections being the deadliest. in 2019, 
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13.7 million people worldwide died from infections, with 3 million occurring in children. In 2019 infectious 

diseases have been estimated to contribute to 10% of all deaths in the United Kingdom (UK), 7% of 

potential life years lost, 8% of hospital bed days contributing up to £30 billion of costs annually in the 

country12–15. The full impact of infectious diseases expands beyond mortality into infection-related long-

term consequences, i.e. increase in morbidity, length of stay in hospital and consequent healthcare 

cost, and the potential and likely aftermath of antimicrobial resistance (AMR)16,17. 

Vaccinations, antimicrobial drugs and improved hygiene offer an opportunity for non-communicable 

diseases to overtake infectious disease as the main cause of death globally. However, the rising threat 

of AMR, driven by the use and abuse of antibiotics, threatens the effective prevention and treatment of 

an ever-increasing range of infections caused by bacteria, parasites, viruses and fungi, and it is 

compounded by a failure in the discovery of new effective antimicrobials and vaccines18,19. In 2013, 

over 70% of clinically-relevant pathogens were found resistant to at least one drug used for treatment20 

and typically also responsible for most of the high severity clinical presentations. Of note, many bacteria 

were also multidrug-resistant, upon which the development of new antimicrobials is critical to combat 

the threat of AMR21. Over 33.000 deaths in 2015 were a result of antibiotic resistant bacteria in Europe 

with over 870.000 cases causing disability-adjusted life years for patients22. In the United States it is 

estimated that AMR results per annum in as much as $20 billion in excess direct costs, with $35 billion 

in societal costs for lost productivity. In the European Union (EU), AMR is associated with extra 

healthcare costs and lost productivity amounting to €1.1–1.5 billion yearly23. In 2017, 2 million people 

became infected with antibiotic-resistant bacterial strains per year; actually, by 2050 AMR is predicted 

to result in 10 million death per year with further economic costs if action is not taken24.  Recently, the 

WHO has published a list of antibiotic-resistant "priority pathogens", classified based on their  “critical, 

high, and medium” antibiotic resistance published on 201725. Among Gram-negative bacteria, 

characterized by a thin peptidoglycan cell wall and a further outer membrane containing 

lipopolysaccharides, P. aeruginosa and Acinetobacter baumannii were reported as carbapenem-

resistant, resistance mediated by the production of hydrolysing enzymes, efflux pumps and porin 

mutations26. Notable, Klebsiella pneumoniae, E. coli, Enterobacter species (spp)., Serratia spp., 

Proteus spp. were all pathogens found in the third-generation cephalosporin-resistance sub-group, and 

not surprisingly known to be responsible for severe infections in a wide range of human sites. Despite 

political prioritisation of AMR as a health threat and guidance for antimicrobial stewardship and infection 

prevention and control, high levels of resistance remain. In addition to measures to limit the spread of 

AMR in animal settings, food chain and sanitary systems, such as diminishing the abuse and misuse 

of antibiotics in both humans and animals18,27, emerging strategies would need to be considered. The 

modulation of the human microbiota, the complex microbial system residing within our body, that may 

outcompete potentially invading pathogens is an incipient strategy, yet at the forefront of innovation to 

tackle the AMR threat. 

1.3 Serratia marcescens, an emerging infectious agent that has always been there 

Serratia spp. are Gram-negative bacteria known to cause severe human infections and listed by the 

WHO among antibiotic-resistant "priority pathogens" in 201725. In particular, the species Serratia 
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marcescens is the most important, based on its frequent occurrence in hospitals, of medical 

significance, as discussed in the next sections.  

1.3.1 Taxonomy and epidemiology of Serratia species 

The genus Serratia belongs to the family of Enterobacteriaceae and includes at least 14 recognized 

species, ubiquitous, motile, Gram-negative rod-shaped facultatively anaerobic bacteria 28,29. Most 

Serratia species are characterized by the red colour, given by the production of prodigiosin, a metabolite 

with a tripyrrole skeleton. Curiously, to our knowledge, Pythagoras was the first who observed and 

documented this ‘bloody’ pigment on food around 600bc; later, in 1264, prodigiosin pigment was most 

likely responsible for the miracle of blood on Eucharistic bread in Italy. Only in the 19 th century, the 

physicist Serafino Serrati identified and named the bacterium S. marcescens 30,31. Despite it has been 

firstly described in early 19th century, there is still scarcity of genomic information across the genus29. 

Serratia can be found in a plethora of environmental niches, from water sources to plants. In fact, much 

of the research have been focusing on Serratia species infecting plants or isolated from soil or water 

32,33 (Table 1.1). Serratia infections can be acquired through contact with contaminated hospital settings 

or ingestion of contaminated food as a result of poor sanitation and hygiene practice34. Serratia can 

cause contamination of food through the ingestion of infected raw meat or cross-contamination of fruit, 

vegetables and food processing equipment34. Nonetheless, Serratia foodborne illness is rare as the 

infectious dose needs to be quite high to cause illness in healthy individuals, and also the contaminated 

food easily undergoes discoloration and off-flavours, hence preventing its consumption. For these 

reasons, Serratia spp. are not listed among foodborne pathogens yet by the WHO35, FDA (Food and 

Drug Administration)36 or CDC (Centres for Disease Control and Prevention)37. 

Metagenomics studies have revealed the presence of S. marcescens among the members of the 

human gut microbiota38, therefore indicating that  the human gut microbiota is also a likely reservoir of 

S. marcescens. 
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Table 1.1: Serratia species reservoirs. Table adapted from Mahlen et al.39. 

    Sources    

Bacterial Species Water Plants Soil Insect Animals 
Nemato-

des 
Humans 

S. entomophyla    ✓    

S. ficaria  ✓  ✓   ✓ 

S. fonticola ✓       

S. glossinae    ✓    

S. grimesii ✓  ✓     

S. liquefaciens ✓ ✓ ✓ ✓ ✓  ✓ 

S. marcescens ✓ ✓ ✓ ✓ ✓  ✓ 

S. nematodiphila      ✓  

S. odoriphera  ✓     ✓ 

S. plymuthica ✓ ✓  ✓ ✓  ✓ 

S. proteamaculans ✓ ✓ ✓ ✓ ✓   

S. quinivorans ✓ ✓ ✓ ✓ ✓  ✓ 

S. rubidaea ✓ ✓     ✓ 

S. ureilytica ✓       

 

Outbreaks of Serratia in hospitals have been reported for decades in UK40, China41, USA42 and other 

countries43–45. The treatment of Serratia infections is difficult as clinical isolates have a natural 

resistance to diverse microbial agents (e.g., ampicillin, cephalosporins, macrolides, nitrofurantoin, and 

colistin)46,47 and often exhibit an increased antibiotic resistance acquired thorough horizontal gene 

transfer or point mutations. In 1998, in China, 32% of patients who reported infections in the a hospital, 

died of S. marcescens bacteremia; all the Serratia isolated were moreover resistant to a number of 

antibiotics 41. Further epidemiological studies evidenced outbreaks of Serratia in hospitals across the 

UK and Ireland between 2001 and 201148; bacteria isolated showed a high level of genetic variations, 

contributing to antibiotic resistance, evidence that stresses the needs of further investigation of this 

opportunistic pathogen to prevent and reduce the outbreaks of S. marcescens. Of note, S. marcescens 

have been reported also in regional hospitals in Lancashire, with a weekly-based occurrence among 

hospitalized patients (personal communication).  

Despite those numbers from clinics and hospitals, considering that data often is underreported or 

unpublished, as well as the occurrence of S. marcescens infections and the emergence of AMR S. 

marcescens strains are a stark threat to health and wellbeing, this species is still one of the least well-

studied bacteria from a pathogenic and virulence standpoint.  

1.3.2 Physiological and pathogenic determinants of S. marcescens 

1.3.2.1 Prodigiosin 

Most Serratia species are characterized by a red appearance, resulting from the production of the 

metabolite prodigiosin. Besides conferring the bright pigmentation of the bacterial cells, prodigiosin 
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gained interest because of  its antimicrobial and immunosuppressive activities49–51. For instance, it has 

been demonstrated that extracted prodigiosin from S. marcescens has a bacteriostatic effect on E. coli 

52 , P. aeruginosa53, S. typhimurium and E. faecalis biofilm formation54; it inhibits multiple bacteria in 

their growth with minimum inhibitory concentration (MIC) ranging from 4 to 8 µM for different strains, 

i.e.; S. aureus, B. subtilis, E. faecalis, E. coli and P. aeruginosa 55, and reduces protease activity for S. 

aureus, E. coli and E. faecalis54. Even parasites, C. elegans56 and Trypanosoma cruzi55 are affected by 

prodigiosin. Ultimately, prodigiosin limits proliferation, migration and invasion nasopharyngeal cancer 

cells57 and induces apoptosis in multiple cell lines, such as in haematopoietic cancer cell lines58 or 

lymphoblast cells59. Possible mechanisms of action associated with prodigiosin anticancer and 

immunosuppressive effects are: (i) disruption of pH gradient between various cellular compartments by 

functioning as sodium-chloride symporter, (ii) interacting in the DNA facilitating DNA fragmentation, (iii) 

leading to cell cycle arrest interfering with cyclin-dependent kinase inhibitor p27, other cyclins or 

activating caspase induction30,57,59. 

The physiology, regulation and biochemistry of reactions required for tripyrrole production have been 

documented30. Prodigiosin (molecular formula: C20H25N3O, molecular weight: 323.44 Da)60 has a 

tripyrrole structure with three rings synthetized from proline (Pro), serine (Ser), methionine (Met), 

pyruvate, and 2-octenal. The characteristic structure of prodigiosin derives from the condensation of a 

2-methyl-3-n-amyl-pyrrole (MAP), and 4-methoxy-2,2′-bipyrrole-5-carbaldehyde (MBC). 

 

Figure 1.1: The biosynthetic pathway of prodigiosin in Serratia. The trypirrole structure derives from the independent 
synthesis of MAP and MBC, followed by a condensation of the terminal products. Figure from Williamson et al.30 

Enzymes involved in prodigiosin production in Serratia spp. are located in the pig gene cluster, for a 

total of 14 genes named in order pigA-pigN61,62. Specifically, pigB, pigD, and pigE genes are responsible 

for the production of the monopyrrole fraction, MAP, while pigA, pigF, pigG, pigH, pigI, pigJ, pigM, and 
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pigN genes for the synthesis of the bipyrrole moiety, MBC. PigC is instead involved in the condensation 

of both MAP and MBC30 (Figure 1.2).  

 

Figure 1.2: Prodigiosin synthesis gene cluster of S. marcescens NCTC12241. Adapted from Williamson et al., 2006 30 based 
on the S. marcescens NCTC12241 genome analyses in Geneious®Primer 2021.1.1 

Although extensive research around prodigiosin function and metabolism has been conducted, 

knowledge on its regulatory network is still limited.  The major regulators of prodigiosin in Serratia spp. 

seem to be (i) PigP and other downstream six regulatory genes (pigQ/pigW)50,63 that positively regulate 

the Pig cluster gene expression; and (ii) PigX which is, in contrast, a repressor of the Pig operon. Both 

PigP and PigX display a highly pleiotropic regulation of other metabolism and virulent genes in Serratia 

spp. For instance, pigP mutants of Serratia sp. ATCC39006, besides lacking in prodigiosin production, 

have a reduction in swarming motility and proteolysis activity64. Likewise, mutation in pigX leads to an 

expected increase of prodigiosin production, and even an increase in plant virulence65. Moreover, 

Williamson and co-authors have shown that a mutation in a downstream target of pigX, opgG, 

significantly reduces swimming motility in Serratia. This alteration is mediated by the repression of the 

motility master regulator FlhC66.  

The interplay between prodigiosin and other physiological and virulent features of Serratia have been 

investigated. It is not a surprise that QS systems have been shown to substantially affect the Pig cluster 

regulation and prodigiosin production. For example, AHLs, products of SmaI/SmaR (LuxI/LuxR 

homologs in Serratia spp.) can repress prodigiosin production regulating the pig-cluster genes and rap 

(Regulation of Antibiotic and Pigment), a further regulator of prodigiosin and carbapenem production in 

Serratia ATCC3900650,67. Similarly, luxS overexpression, and its by-product AI-2, lead to a decrease in 

prodigiosin synthesis and virulence in both Serratia sp. ATCC39006 and S. marcescens 27468. 

The surrounding microenvironment also plays a determinant role in prodigiosin production in Serratia 

spp. A number of environmental factors, such as carbon sources, salt concentrations, temperature, 

oxygen availability30, mineral availability69 and phosphate limitation70 have been found to modulate  

prodigiosin expression. For instance, it is well known that maximal pigmentation in S. marcescens 

occurs near room temperature, from 22 to 38oC71. Of note, when S. marcescens is grown at 37oC, a 

number of genes are downregulated compared to an incubation at 28oC, some of which critical for 

haemolysis (shlBA) and motility (flhDC)71–73, again highlighting the complex and intricate mechanisms 

underlying of Serratia spp. pigmentation. A complex regulatory network involving cell density and 

environmental features such as temperature, salt and nutrient availability, seems to be emerging in the 

modulation of prodigiosin production, most likely mediated by the PigP/PigX system30,74. Other 

regulatory systems and transcription factors known to affect prodigiosin production and physiology 

and/or virulent factors in Serratia spp. have been identified and summarized in Table 1.2 
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Critically, there is evidence that Serratia can lose the ability to produce prodigiosin production through 

spontaneous colour mutants arising after a few generations, suggesting that the white mutants may 

bear a growth advantage51. In fact, it is known that bacterial cells growing in long-term stationary phase 

can develop spontaneous mutations leading to the appearance of new phenotypes, and characterized 

by a growth advantage competitive ability75. Recently, Qin et al.  confirmed that non-pigmented mutants 

of S. marcescens survive longer than red pigmentated wild type76. Further evidence arises from the 

clinic, where non-pigmented variants are significantly more frequent than red isolates77. Prodigiosin-

producing cells were found to promptly accumulate ATP, hence multiplying more rapidly and growing 

approximately twice the biomass compared to non-pigmented cells – suggesting that prodigiosin may 

provide a growth advantage78.
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Table 1.2: Summary table of genes known to regulate prodigiosin in Serratia spp and other virulence factors. Genes (in light blue) whose expression affect prodigiosin expression, motility, 
proteolysis, haemolysis biofilm formation and other virulence factors, are reported in the table. (+) increased expression/activity, (-) reduced expression/activity, (=) no variation 
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79 S. marcescens K904 Soil 30oC, LB cAMP-CRP -      

80 S. marcescens PIC3611 Insect 30oC, LB eepR/eepS + +  +   

61 S .marcescens FZSF02 Soil 37oC, LB envZ +      

81 Serratia spp. ATCC39006 Plant 30oC, LB floR + -     

82 Serratia spp. ATCC39006 Plant 30oC, LB fnR +      

83 S. marcescens K904 Human 30oC, LB gumB + + + +   

80 S. marcescens PIC3611 Insect 30oC, LB hexS -   -   

74 S. marcescens ATCC274 NA 30oC, LB luxS +   + - + 

84 S .marcescens JNB5-1 Soil 30oC, LB metR - + +  +  

61 S .marcescens FZSF02 Soil 37oC, LB ompR +      

64 S .marcescens PIC3611 Insect 30oC, LB pigP + + = +   
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64 S .marcescens Nima NA 30oC, LB pigP +      

64 S .marcescens CHASM Soil 30oC, LB pigP +      

64 S .marcescens K904 Soil 30oC, LB pigP +      

50 Serratia spp. ATCC39006 Plant 30oC, LB pigP +      

50 Serratia spp. ATCC39006 Plant 30oC, LB pigQ +      

50 Serratia spp. ATCC39006 Plant 30oC, LB pigR +      

50 Serratia spp. ATCC39006 Plant 30oC, LB pigS +      

50 Serratia spp. ATCC39006 Plant 30oC, LB pigU +      

50 Serratia spp. ATCC39006 Plant 30oC, LB pigV +      

50 Serratia spp. ATCC39006 Plant 30oC, LB pigW +      

66 Serratia spp. ATCC39006 Plant 30oC, LB pigX - - =   - 

65 Serratia spp. ATCC39006 Plant 30oC, LB pigX -      

85 Serratia spp. ATCC39006 Plant 30oC, LB RbsR + - -   + 

76 S .marcescens 1912768R Soil 30oC, LB rpoS + - - + +  

86 S .marcescens SS-1 NA 30oC, LB rssB/rssa - -  - + - 
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51 S .marcescens SCQ1 Insect 30oC, LB slyA + -    - 

87 S .marcescens SS-1 NA 30oC, LB spnR - -     
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1.3.2.2 Motility, an apparent fitness advantage for bacteria 

Bacteria have developed a range of motility systems that can provide critical advantages to the cells, 

for instance escaping from hostile conditions or to pursue nutrients and exploit available resources. 

However, as previously described, non-motile persister cells in P. aeruginosa or E. coli biofilms 

displayed an increased resistance to antibiotics compared with  motile phenotypes88, suggesting an 

apparent advantage for the non-motile cells rather than for the swarmer cells. Motility mechanisms can 

be classified into swimming and swarming, both involving the use of flagella89–92. Other structural 

molecules such as type IV pili, adhesins and surfactants are implicated in bacterial motility mechanisms 

which are less commonly described than swimming and swarming, such as twitching and gliding 

motility91. In all cases, for bacteria to move, intercellular communication and coordination mediated by 

QS-signalling molecules are essential93,94. 

Serratia spp. are known to exhibit both, swarming and swimming motility. In swarming conditions, the 

bacteria produce surfactants, mainly serrawettin, a lipopeptide biosurfactant encoded by waaE gene, 

which helps to reduce surface tension and allow for movement across the surface, such as an agar gel. 

In S. liquefaciens QS activation is associated with an increase in serrawettin production and swarm cell 

differentiation93. Importantly, waaE downregulation has been correlated not just with a reduction in 

swarming, but also in prodigiosin production95,96. 

As described in the Table 1.2 multiple genes are known to regulate prodigiosin production also affect 

the bacterial motility, again suggesting a complex interplay between phenotypic variants. For instance, 

pigP positively modulates the swarming motility in Serratia sp. PIC361164, while the negative regulator 

pigX reduces swarming, a process most likely mediated by the flhC and rhlA, genes that are involved 

in the repression of surfactant production65,66. It has been shown that RpoS inhibits the transcription of 

the flagellar regulator FliA in E. coli97.  Additionally, in S. marcescens, white mutants display mutations 

in rpoS and an increased swimming motility, decreased biofilm formation, and increased lipase and 

proteinase activity76. Further genetic constructs through gene knock-out and gene knock-in displayed 

that RpoS is a regulator of prodigiosin production in S. marcescens and also promotes nutritional 

competence, and reduces stress resistance, including the resistance to oxidative stress generated by 

oxygen free radicals76. 

So far, the mechanisms at the interplay between motility and virulence is being elucidated but is not 

clearly defined. For example, non-motile mutans of Helicobacter pylori, Campylobacter jejuni, Vibrio 

cholerae, S.  typhimurium, P. aeruginosa, Proteus mirabils, E. coli and other species display less 

virulence, mainly associated with reduced invasion and colonization of the host98. Furthermore, clinical 

isolates of E. coli with higher motility exhibit a higher rate of infections (peritonitis). It is reasonable to 

suggest that the higher motility E. coli may enhance the inflammatory response in enterocytes and 

favour the translocation of the bacteria in the intestinal lumen triggering peritonitis99. The differentiation 

into swarmer cells is linked with the expression of some virulence genes encoding urease, haemolysis 

and protease in Proteus mirabilis (P. mirabilis)100. Similarly, P. aeruginosa in swarming conditions 
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exhibits the over-expression of a number of genes involved in proteolysis, iron transportation and other 

virulence secretion systems, hence affecting the bacterial virulence. Moreover, an increased antibiotic 

resistance against polymyxin B, gentamicin, and ciprofloxacin compared to planktonic cells is 

observed101. Again, swarmer cells of P. aeruginosa, E. coli, S. marcescens and B. subtilis display higher 

resistance to most of the classed of antibiotics tested (e.g., fluoroquinolones, beta-lactams, 

aminoglycosides etc.), than their planktonic counterparts94 . 

1.3.2.3 Proteolysis and haemolysis  

The production of prodigiosin and the ability to move in Serratia spp. have been also connected to 

proteolytic and haemolytic activities (Table 1.2).  

In plant pathogenic bacteria, bacterial proteases play a crucial role in a range of functions, including 

obtaining nutrients from the environment and penetrating and colonizing tissues; cleaving host immune 

molecules and interfering with the host defence response; modulating virulence factors, regulating 

defence response pathways, suppression of the host immune response, degradation of host tissue; and 

maintaining homeostasis under stress conditions102. Still little is known about the  regulatory 

mechanisms for most of the bacterial extracellular proteases, their structure and specificity102. 

Serratia’s proteolytic activity is essential for cytotoxicity and contributes to pathogenesis in both insects 

and humans103. The most characterized proteases in Serratia spp. are (i) PrtA, a zinc-dependant 

extracellular metalloprotease, which correlates with invasion in endothelial cell lines and severity of 

Serratia-keratitis infections104–106, and (ii) PrtS, a type-I secreted protease known to have broad 

substrate specificity, including human immunoglobulins and complement components. PrtA-mutants of 

Serratia sp. SCBI show reduced rates of proteolytic activity103. Also swarming and swimming motility 

was altered in some prtA-mutants, but results are controversial. In fact, only some mutants display 

reduced rates of swarming when tested at 30°C. At 37°C, mild but not statistically significant changes 

are also observed in swimming motility. These disputable results may be associated with prtA 

temperature-dependence, which is limited when the temperature decreases from 37°C to 30°C107. In S. 

marcescens PIC3611 the EepR response regulator (transcription factor) positively modulates the 

production of prodigiosin and the PrtS80. The latter is also negatively regulated by the hexS gene, known 

to modulate virulence and motility in the plant pathogen Erwinia carotovora108. A hexS mutation in S. 

marcescens suppressed prodigiosin and protease defects induced by eepR gene mutation, and, 

likewise, it reversed associated phenotypes80. 

A crucial virulent feature for bacteria invading hosts is bacterial haemolytic activity, a process by which 

the bacterium breaks down red blood cells and is of medical significance, as it contributes to the 

destruction of tissues and the spread of infection. Production of haemolysis by S. marcescens is 

attributed to the presence of various haemolysin genes, such as shlA, shlB73,109,110 or the 

phospholipase-encoding gene plhA111. The haemolytic process appears to be to be temperature-

dependant because when cells where cultured at 30°C they exhibit a 10-fold greater haemolytic 

capability than cells cultured at 37oC73. In the ShlAB system, the haemolysin ShIA is the pore-forming 
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and contact-dependent protein, whereas ShlB regulates ShlA activation and extracellular 

transportation110. 

A complex regulatory network between motility and haemolysis mediated by the RssAB two-component 

system has been described. Lin and co-authors have identified a virulence regulatory pathway in S. 

marcescens that involves the RssAB two-component system, the downstream elements FlhDC and the 

ShlBA system112. FlhDC positively controls the expression of shlBA, which is repressed by RssAB 

signalling. RssAB negatively affect swarming, suppresses haemolysin production, and promotes biofilm 

formation. In fact, deletion of RssAB increases swarming and haemolysis, evidence supported by in 

vivo experiments: both, cellular and animal models show that the loss of RssAB in S. marcescens 

increases infections rates112. Of note, RssAB system has been found to negatively regulate prodigiosin 

production and other virulence factors in S. marcescens86. 

To summarise, it is evidenced that the QS-signalling system is not limited to the cell-to-cell 

communication but often modulates the regulation of multiple physiological functions in S. marcescens. 

However, the complex regulatory mechanisms underlying the genome-wide changes and related 

outcomes have not yet been fully elucidated.  

1.3.3 AMR in Serratia species 

Serratia spp. are naturally or intrinsically resistant to some antibiotics46,47,113–115. Specifically, the ampC 

gene, encoding for AmpC β-lactamases, confers the intrinsic resistance to a few antibiotics, i.e., 

penicillin, third- generation cephalosporins and cephamycin, binding to the targets substrates for the 

antibiotics (e.g., penicillin-binding-site) in Serratia , Pseudomonas, Acinetobacter, Citrobacter and 

Enterobacter species116,117. Other intrinsic mechanism limiting the effect of certain drugs comprises the 

slow uptake or rapid extrusion of the antibiotics118. For instance, the ABC-type efflux pump MacAB has 

been linked to resistance towards macrolides in E. coli and Salmonella enterica (S. enterica) and to 

aminoglycoside antibiotics and polymyxins in S. marcescens119.  Furthermore, the efflux pump SdeAB 

and a TolC-like outer-membrane protein (HasF) conferred resistance to ciprofloxacin in S. 

marcescens120. Differently, acquired-resistance to antibiotics is developed through gene mutations or 

acquisition of antibiotic resistant genes, most frequently carried by plasmids121. For instance, gyrA point 

mutation in S. marcescens conferring resistance to fluoroquinolones122. Contrary to intrinsic or acquired 

resistance, phenotypic or adaptive resistance is a non-inheritable feature triggered by an environmental 

signal123,124; upon environmental stressor(s) removal the resistant phenotype is normally reversed into 

the non-resistant one.  

Begic et al. have shown that the susceptibility of S. marcescens to norfloxacin (hydrophilic 

fluoroquinolone) and nalidixic acid (hydrophobic fluoroquinolone), is influenced by a chemical 

compound (salicylate), nutrient availability (sucrose), temperature and pH. This is most likely to be due 

to changes in the membrane permeability125. So far, adaptive phenotypes conferring a transient, 

reversible resistance and driven by signals affecting the bacterial physiology, have been scarcely 

described in the context of antibiotic resistance. An understanding of the mechanisms of phenotypic 

resistance is crucial to address the challenge of increasing AMR.  
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1.3.4 Fluoroquinolones, a broad-spectrum antibiotic used to treat enterobacteria infections 

Serratia spp, and other enterobacteria infections are commonly treated with cefepime, carbapenems126, 

chloramphenicol127 and fluoroquinolones128,129. Fluoroquinolones are a group of synthetic antibiotics 

widely used in the clinics due to their efficacy, broad activity spectrum – in fact, they work both Gram-

negative and Gram-positive bacteria and are characterised by bioavailability as well as good safety 

profile130. 

Table 1.3: Fluoroquinolones antibiotics. Nalidixic acid was the first fluoroquinolone, reported in 1962. Successive 
generations of antibiotics have been synthesised years later, with improvements in terms of spectrum of activity and serum 

concentration;  ciprofloxacin and levofloxacin remain the most widely used in the clinics131 

Generation Antibiotics 

1st  Nalidixic acid 

2nd  Ciprofloxacin Norfloxacin 

3rd  Levofloxacin Sparfloxacin 

4th  Moxifloxacin Delafloxacin 

 

Fluoroquinolones act by inhibiting DNA topoisomerases involved in bacterial DNA topology, specifically, 

DNA gyrase and topoisomerase IV. DNA gyrase plays a crucial role in the initiation of DNA replication, 

introducing a negative supercoil in DNA double-strand and allowing the binding of initiation 

proteins130,132,133. Topoisomerase IV, on the other hand, disentangles daughter chromosomes134. The 

antibiotics interfere with the cleavage-binding site forming an enzyme-  cleaved DNA - fluoroquinolone 

complex, inhibiting the DNA coiling and relaxation and interrupting the DNA synthesis, leading to cell 

death130. Hence, the contributions of agents/factors which can cause DNA damages, may potentiate 

the bactericidal effect of the antibiotics135. 

Part of the DNA damage indirectly caused by the exposure to fluoroquinolones, can be repaired through 

the activation of the SOS response system. The SOS response is a global and inducible DNA repair 

system activated in response to triggers that may lead to DNA damage, such as exposure to antibiotics 

or oxidative stress. It is regulated by LexA and RecA136. DNA damage triggers RecA protein activation, 

which in turn promotes the cleavage of LexA, a repressor that binds to the promoter region of the SOS 

response. LexA cleavage promotes the SOS response pathways and therefore the recruitment of DNA 

repair machinery.  Although is known that LexA is a repressor, while RecA is a promoter of the SOS 

downstream pathways, considerable variations in its regulation and functions are still under debate137. 

1.3.4.1 Mechanisms leading to fluoroquinolone resistance 

Fluoroquinolone resistance has been associated with different mechanisms:  

i) mutations in genes encoding for DNA gyrase or topoisomerase IV, specifically, for the first 

enzyme mutations normally occur in the so-called fluoroquinolone resistance-determining 

region; while for topoisomerase alterations may occur in one of subunit ParC or, less frequently 

ParE137. 
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ii) a reduction of drug diffusion into the cell resulted from an increased expression of AMR 

membrane-associated efflux pumps, for instance, acrAB-tolC in enterobacteria, including S. 

marcescens120,138,139 or decreased levels of outer membrane proteins responsible for drug 

diffusion such as porins, protein channels that facilitate the entrance of the drugs through the 

outer membrane of Gram-negative bacteria132,139 

iii) Plasmid-mediated resistance132,140 carrying the following genes: 

a) aac(6′)-Ib-cr encoding-gene, a variant of an aminoglycoside acetyltransferase which 

reduces the drug activity through acetylation141. 

b) oqxAB, qepA1, and qepA2 genes that encode for efflux plumps facilitating the 

expulsion of the internalized antibiotic142,143 

c) qnr genes encoding-pentapeptide-repeated-proteins known to confer fluoroquinolone 

resistance in Enterobacteriaceae through the binding to DNA gyrase and 

topoisomerase IV, consequently lowering the number of available target enzymes for 

fluoroquinolone on the chromosome144,145.  

It is worth further describing the qnr -mediated resistance because this is fairly common among bacterial 

strains of medical significance. Initially, multiple plasmid-encoded genes (qnrA, qnrB, qnrS, qnrC and 

qnrD)  were identified in E. coli and K. pneumonia143,146,147. Captivatingly, subsequent studies have 

demonstrated the existence qnr genes on bacterial chromosomes. For instance, almost 70% of clinical 

isolated of E. coli and Klebsiella spp. that displayed resistance to a number of antibiotics were qnr gene 

carriers148 . Velasco et al. have identified a qnr sequence in S. marcescens, named Smaqnr, sharing 

80% amino acid (AAs) sequence identity with the plasmid-encoded sequence qnrB; they have 

demonstrated that when the gene is transferred to E. coli, the latter acquired resistance to 

fluoroquinolone149. Qnr genes flank an upstream LexA binding site, which is well conserved among 

proteobacteria and where essential conserved sequences are --CTGT--------ACAG--150–153. Qnr 

expression is indeed regulated through the SOS response in a LexA/RecA-dependent manner, a 

pathway that can be induced by the exposure to fluoroquinolone. In E. coli, the LexA regulon has been 

found to regulated up to 31 genes154. There is evidence that recA can be activated by 

fluoroquinolone155,156. The underlying mechanism suggests that recA upregulation leads to the 

inactivation of LexA, and consequently to the expression of qnr – as it is negatively regulated by LexA 

– which may consequently confer resistance to the fluoroquinolone. 

1.3.5 Phenotypic changes associated with antibiotic resistance 

The understanding of environmental signals and/or stressors and underlying mechanisms leading to 

phenotypic resistance have been poorly studied. It is conceivable that physiological changes in 

antibiotic susceptibility may be linked to phenotypic variability resulting from genome-wide changes in 

response to an environmental signal or to the antibiotic exposure itself.  

In support of this, the existence of a link between phenotypic resistance and bacterial growth has been 

shown123. Bacteria normally grow as a biofilm, a complex biological structure established on surfaces 

and consisting of a biotic (bacterial) component, and embedded abiotic components157,158. The latter 

actually constitutes 90% of the biofilm mass and is made of microbial extracellular polymeric substances 
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(EPS), including polysaccharides, proteins, DNA, lipids and organic molecules which facilitate adhesion 

between cells and the surface and enable the architectural organisation159,160. Bacteria in biofilms 

adhere and colonize surfaces using secreted proteins, cell surface adhesins and flagella and/or pili 161. 

Bacteria growing as biofilm, rather than as planktonic cells, have evolutionary advantages, for instance 

an increased resistance to antibiotics162–165. Critically, bacterial biofilms are responsible for up to 80% 

of all infections166–168. Resistance may be mediated, by released DNA (extracellular DNA) which can 

chelate cationic antimicrobial peptides and some antibiotics169,170, or by facilitating horizontal gene 

transfer of genetic materials encoding for antimicrobial resistance171. It has been showed that sub-

inhibitory concentrations of antibiotics may trigger the formation of biofilm172 and the development of 

persister cells, dormant variants which are more resistant to drugs in E. coli 173 or P. aeruginosa174. 

They comprise about 1% of biofilms mass175, representing a serious challenge for treating infections. 

For example, antibiotic-resistance variants of P. aeruginosa display enhanced ability to form a biofilm 

and to colonise the lungs of cystic fibrosis patients176.   

Dorr et al. have showed that the majority of persister cells resistant to ciprofloxacin were formed in a 

manner dependent on the SOS response173, hence promoting recA expression. In S. enterica and E. 

coli , RecA has been shown to also be essential for motility, most probably through the involvement in 

flagellar rotation, affecting swarming and swimming177. In fact, swarming motility is described as a 

collective and coordinated flagella-dependant bacterial movement on semi-solid surfaces, mainly 

through flagellar rotation. In swimming, flagella are used by the single cell to move into liquid surfaces89–

92. In Salmonella typhimurium (S. typhimurium)177 and in E. coli K-12178 the lack of RecA reduced 

swimming ability. RecA directly interacts with chemoreceptors signalling proteins, CheW and CheA, 

hence regulating the recognition of specific chemical signals and subsequent responses. Connected to 

this, it has been shown that the overexpression of recA disturbed the chemoreceptor complex formation, 

inhibiting swarming ability in S. enterica179. Moreover, swarmer cells of P. aeruginosa are less resistant 

to multiple antibiotics compared to cells undergoing surfing motility, a change that can be attributed to 

transcriptomic alterations, as several genes involved in metabolism and energy production are 

dysregulated in surfing cells88. 

1.4 Bacteria as a multicellular organism: communication and coordination 
mechanisms 

Bacteria are traditionally considered unicellular organisms. However, research has shown that in reality, 

bacteria normally co-exist as multicellular bodies, blurring the line between unicellularity and 

multicellularity. Examples of bacterial multicellularity is observed in species of myxobacteria, soil-

dwelling bacteria, or cyanobacteria, photosynthetic bacteria, both able to form multicellular structures180. 

Ultimately, bacterial biofilms likewise represent an example of a multicellular structure,  able to harness 

bacterial establishment and survival more efficiently that planktonic cells181. Intercellular communication 

and coordination and the interplay with the environment and the host are crucial for (i) community 

assembly, establishment and survival, (ii) determination of the community’s biogeography/spatial 

organization, and (iii) the bacterial populations relative fitness. Intercellular communication is governed 

by quorum sensing (QS) signalling molecules and/or direct physical contact on a population-wide 
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scale182. QS systems involve the production, secretion, sensing of specific chemical signal molecules, 

as well as their subsequent import and processing. These signals, when above certain threshold 

concentrations, can induce changes at the gene expression level, thereby altering phenotypic 

adaptations183. In a biofilm, QS regulates the production of extracellular components to form and 

maintain the bacterial population architecture as well as allowing the flow of nutrients for survival184,185. 

It modulates the production of surface lectins, which mediate bacterial adherence to epithelial cells 

initiating infection processes, and of siderophores which sequester iron from the environment186,187. 

Notably, QS mechanisms are also critical to bacterial antibiotic resistance: QS signalling molecules can 

upregulate the expression of multi-drug resistance pumps favouring the intracellular removal of toxic 

substances, and affect membrane permeation, hence preventing or delaying the penetration of certain 

antibiotics188. Targeting QS mechanisms in the context of antimicrobial resistance may unveil a new 

strategy for the treatment of drug-resistant bacteria. 

1.4.1 The interplay between QS systems, bacterial physiology and pathogenesis 

The simplest and earliest identified QS system involved in the regulation of QS-signalling molecules, 

was found  in Vibrio fischeri and consisted of the LuxI/LuxR paired system189, regulating the 

bioluminescence of the bacteria. The identified molecules were N-Acyl homoserine lactones (AHL), 

synthesised by the LuxI protein and regulated by LuxR. In 1994, the ‘autoinducer’ signal was recognized 

in Vibrio harveyi and characterized as autoinducer-2 (AI-2). Successively, both AHL and AI-2 systems 

have been identified and studied in a plethora of bacteria, both Gram-negative and Gram-positive190.  

Generally for QS, Gram-negative bacteria use both autoinducer systems, AHL and AI-2, while Gram-

positives preferentially use oligopeptides191,192. The only communication mechanisms shared by both 

Gram-positive and Gram-negative bacteria are AI-2 molecules and regulatory small RNAs (sRNAs)193. 

Table 1.4: Quorum-sensing system in Gram-negative and Gram-positive bacteria. Table adapted from Fala et al.183. 

System Molecules Gene(s) Producer 

Autoinducer 1 (AI-1) Acylated-homoserine lactones 
(AHL) 

luxR/luxI (or 
homologous) 

Gram-negative  

Autoinducer 2 (AI-2) tetrahydroxytetrahydro-furan  luxS (or 
homologous) 

Gram-negative and 
Gram-positive 

Autoinducer peptides  Post-translationally modified 
peptides 

 Gram-positive 

Small RNAs miRNAs and siRNAs  Gram-negative and 
Gram-positive 

 

Environmental sensing and signalling is also mediated by second nucleotide messengers, for example 

the global bacteria second messenger c-di-GMP, c-AMP or ppGpp194,195. c-di-GMP  is involved in the 

modulation of exopolysaccharides and adhesins in bacterial biofilm and acts as a negative regulator in 

bacterial motility, hence promoting biofilm maintenance194. Although released QS molecules and 

second nucleotide messengers have been characterized, little is known about intercellular 

communication-mediated by cell-to-cell contact, such as the contact-dependent growth inhibition (CDI) 
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system. Willett et al. described bacterial CDI – a mechanism which relies on physical contact with 

bacterial cells (Gram-negative) and inhibits growth via the translocation of growth inhibitory toxin 

domains196. CDI filamentous exoproteins specifically bind receptors into the targeted bacterial cells for 

releasing toxins. The CDI system also seems to be implicated in the mechanism of the formation of the 

biofilm: cdiA mutations have been associated with decreased biofilm formation in numerous species197–

200. 

Besides its critical role in QS for both Gram-negative and Gram-positive bacteria, AI-2 seems to have 

a metabolic role as well. In fact, it is a by-product of the activated methyl-cycle throughout the recycling 

of S-adenosyl-l-methionine (SAM)201. SAM is indeed converted in S-adenosyl-homocysteine (SAH) 

which in turn leads to the formation of ribosyl-homocysteine (SRH), a reaction catalysed by the Pfs 

enzyme. Ultimately, SRH is broken down by the LuxS enzyme to generate homocysteine and 4,5-

dihydroxy-2,3-pentanedione (DPD), precursor of AI-2190,202,203. SAM is also a substrate for AHL 

synthase in Gram-negative bacteria, with the formation of acyl-homoserine lactone (AHL)204. 

Crucially, AAs, such as Cysteine (Cys) and Methionine (Met), have been shown to play a role in 

synchronizing activities within bacterial populations, as either signals or precursors of signalling 

molecules in QS mechanisms (Figure 1.3). Met metabolism connected to QS has been extensively 

characterized in Gram-positive bacteria205–207 and in Gram-negative including enterobacteria208. In E. 

coli Met synthesis is catalysed by two enzymes, MetH, a B12-dependent methyltransferase, or metE 

gene, a cobalamin-independent methyltransferase208,209. MetR positively regulates metE expression, 

therefore Met synthesis; contrarily, MetJ is a negative regulator of the biosynthetic pathway210. SAM 

also mediates the Met synthesis: it is sensed by MetJ which in turn represses the expression of the 

synthesis of Met repressing MetR.  Moreover, it has been shown that high levels of Met and vitamin B12 

on the growth media can repress metE 211 and metR84 expressions, while in Met depletion,  metR84 is 

upregulated212. Remarkably, luxS and pfs genes are located near  genes involved in metabolic 

pathways linked to the methyl cycles, for example  metB and cysK in Clostridium sp., Helicobacter pylori 

and Enteroccous feacium, or gshA (alpha-glutamate cysteine ligase) in E. coli and S. marcescens201.  

Of note, MetR has recently been found to act as a pleiotropic regulator in S. marcescens (strain isolated 

from soil), affecting prodigiosin production, swimming and swarming motility, biofilm formation, H2O2 

and heat tolerance, besides its role in Met synthesis modulation84. 

Virulent mechanisms were also affected in luxS mutants for multiple bacteria, both Gram-negative and 

Gram-positive. In E. coli K-12 luxS -mutants biofilm formation was substantially decreased213. E. coli 

EPEC luxS -mutants show decreased adhesion to epithelial cells and flagellin production 214. Similarly, 

in E. coli EHEC luxS -mutants, reduced motility was described215. LuxS mutants of H. pylori show an 

increased capacity for biofilm formation and display a lower expression of the flagellin-dependent gene 

than the wild-type216. Streptococcus mutants lacking luxS are more resistant to H2O2 and form less 

biofilm mass217. Furthermore, in P. gingivalis LuxS mutants, have reduced production of Cys protease 

and haemagglutinin activities218. On the other hand, haemolysis activity significantly increased in 

Streptococcus pyogenes219 and V. vulnificus220 luxS -mutants. More examples of the role of LuxS in 
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bacterial metabolism and pathogenesis, besides its primary role in QS, are summarized in the review 

of Vendeville et al203.  

The linkage of luxS and its gene product AI-2 with metabolic and virulent phenotypes is becoming better 

understood and may complement important pathways to pathogenesis of infections.   

 

 

Figure 1.3: Relationship between the Activated Methyl-cycle and the production of QS-signalling molecules AI-2 and AHL. 
Adapted from Hondorp & Matthews, 2006202. 

1.4.2 Bacterial communication in Serratia: an interplay between QS-signalling molecules, 
physiology and virulence 

 

In Serratia spp. LuxI/LuxR homologues, i.e., SmaI/SmaR, SwrI/SwrR, SpnI/SpnR, encoding for AI-21 

or AHL have been identified68,221. LuxS gene products, AI-2 molecules, are also involved in Serratia 

spp. intercellular communication, as supported by the non-production of AI-2 when luxS genes were 

knocked-out in both S. marcescens NCTC1377 and Serratia sp. ATCC3900668. Moreover, luxS has 

been found to be involved in virulence functions in Serratia. For instance, luxS mutants in S. 

marcescens NCTC1377 exhibited a down regulation in prodigiosin production and reduced haemolytic 

activity68. Using C. elegans model Coulthurst et al. have also showed a minor but reproducible decrease 

in virulence of luxS -mutants of S. marcescens NCTC1377.  Whether the observed phenotypic changes 

in luxS mutants resulted from a AI-2 shortage or from a complex metabolic derangement is not known68. 

The proposed mechanism was that at low cell density, hence with a low level of QS signals produced, 

S. marcescens represses the putative pleiotropic regulator with a negative effect on swarming motility, 

pigment production, and secretion of protease and haemolysin. Conversely, at high cell density, so with 

more signals produced,  the expression of a putative pleiotropic regulator and downstream phenotypes 

is activated74. 
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Likewise, the positive regulator of the methyl-cycle MetR, indirectly involved in the production of QS-

signalling molecules AI-2 and AHL (Figure 1.3), has been found to be a global regulator in S. 

marcescens JNB5-1 (a soil-isolated strain)84. Pan and co-authors have demonstrated that the MetR 

mutants of S. marcescens displayed an overproduction of prodigiosin and a reduction in both swarming 

and swimming motility, in biofilm formation and in stress tolerance84. 

Therefore, a complex regulatory network in Serratia spp. between QS-signalling molecules involved in 

intercellular communication and virulent and pathogenic factors, e.g., haemolytic and proteolytic 

activity, or physiological features such as prodigiosin production, seems to be emerging.  

1.5 More than just looks: colony variants as a macroscopic manifestation of 
genome-wide changes 

A morphopattern, also known as morphological pattern, refers to the characteristic appearance or 

arrangement of cells or structures which can provide important information about their functions. 

Morphopatterns can be used to describe a variety of biological specimens, including cells, tissues, and 

organisms. For example, in histology, the morphopattern can provide information about the function 

and organization of the tissue, as well as any abnormalities that may be present. In microbiology, 

morphopatterns can be used to describe the shape and arrangement of bacterial cells, for instance 

cocci bacteria which arranged in clusters or chains, arrangements of bacterial cells in biofilm. The 

relationship between structure and function is considered a crucial and central concept in science and 

studied in many different disciplines, from biology to chemistry222.  

A pillar of microbial ecology (i.e. the study of microorganisms and their relationships with one another 

and with their environment) is how the structural interaction among microbes impacts the overall 

community functions181. For example, in co-cultures the presence of certain species of bacteria may 

facilitate the growth of other species by providing necessary nutrients or creating a suitable 

environment. Conversely, the presence of some microbes may inhibit the growth of others, either by 

consuming shared resources or by producing toxic compounds. By studying these interactions, we can 

gain insight into how microbial communities function and how they respond to changes in their 

environment. This information can be used to develop strategies for managing microbial communities 

in a variety of contexts, such as in agriculture, biotechnology, and medicine. 

The variety of bacterial cell morphological characteristics (bacterial plasticity) is most likely due to 

competitive advantages they confer and are modulated by multiple stressors, such as nutrient 

deprivation, pH or osmotic pressure change and more223. Indeed, bacterial plasticity is a hallmark for 

some pathogenic bacteria, such the filamentous morphology providing a selective advantage for 

pathogenic E. coli 224 and H. pylori225, or the transition from a typically spiral to a coccoid shape in C. 

jejuni226. 

In the context of bacterial pathogenesis and virulence, understanding the mechanisms that lead to the 

transition from one cell type to another is crucial for elucidating the underlying causes of disease227. For 

example, some bacterial pathogens may undergo a transition from a non-virulent form to a virulent form, 
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which is associated with changes in the expression of certain genes and the production of specific 

virulence factors. By studying the mechanisms that regulate these transitions, researchers can develop 

new strategies for controlling or preventing bacterial infections.  

Bacteria mostly live in complex dynamics interspecies communities known as biofilms; the spatial 

arrangement of bacterial cells and their genotypes within a community impact the cooperative and 

competitive cell-cell interactions hence determining the bacterial population overall structure, function 

and the fitness of the individual bacterial species228. For instance, interactions between P. aeruginosa 

and S. aureus in chronic murine wounds have been characterized229: both species co-exist at high 

densities in the environment, exhibiting a patchy distribution most likely influenced by P. aeruginosa-

secreted antimicrobial metabolites. Strikingly, they have shown that alteration of the spatial structure in 

the biofilm enhances S. aureus tolerance to some antibiotics, suggesting that the biogeography may 

impact the infection outcome229. The spatial distribution of microbial communities and their ecological 

influences is studied mainly in soil230–232. More recently, a characteristic spatial distribution of bacterial 

communities among physical niches in the intestine has been described, such as colonic mucus layer 

or colonic crypts. This is in addition to the distinctive bacterial distribution along the longitudinal axis of 

the gastrointestinal (GI) tract233. Likewise, in the periodontal microbiome, a defined biogeography of 

polymicrobial infections of Streptococcus mutants, is associated with dental caries234. 

Despite significant progress in this field, many aspects of microbial community spatial distribution and 

environmental influence remain poorly understood. Many questions remain unanswered, such the 

environmental (physical or chemical) factors that shape microbial community composition and function 

in different habitats, or the impact of certain microbial community spatial distributions181. Studying these 

processes is important for advancing our understanding of microbial ecology and its relevance to a wide 

range of fields, including medicine and biotechnology, and required multidisciplinary approaches 

including integrated computational systems.   

1.5.1 Mathematical modelling for describing and predict complex biological system 

Cellular automata are mathematical models of computation for describing the evolution of complex 

systems. The cellular automata were designed in the late 1940s by Stan Ulam and John von Neumann 

in Los Alamos; initially as simulations of growing crystals on a lattice or to simulate thermodynamic 

behaviour of liquids as they change states in discrete space and discrete time. A cellular automaton 

consists of a grid of cells that can be in one of a finite number of states. The state of each cell evolves 

according to a set of rules that determine how the cell's state is affected by the states of its neighbours. 

The rules are usually deterministic, meaning that the same state transitions will always occur given the 

same initial conditions. The basic elements of a cellular automaton are: (i) a regular grid of cells, often 

arranged in a two-dimensional lattice, (ii) a set of discrete states that each cell can be in, (iii) a set of 

transition rules that specify how the state of each cell evolves based on the states of its neighbours. 

Cellular automata can exhibit complex behaviours and patterns emerge from the interactions of 

individual cells according to the rules. They are used to model a wide variety of phenomena, including 

physics, chemistry, biology, and social systems235–237.  
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The first attempt at mathematical modelling applied to microbial growth was achieved in 1967 with E. 

coli growing on solid surface (nutrient agar). The authors showed that E. coli grows with a constant rate 

of increase in the colony radius, depending on nutrient and oxygen supply 238. A few decades later, 

mathematical models designed to simulate the real processes leading to spatial distribution have been 

documented. Tyson et al. have described the high-density aggregates arranged in geometrical patterns 

in colonies of E. coli or S. typhimurium which are importantly influenced by the bacterial secretion of 

aspartate in response to the activation of the tricarboxylic acid cycle 239. Golding et al. studied the 

patterns forming in growing bacterial colonies on a solid surface, poor in nutrients, including diffusion, 

food consumption , reproduction and inactivation as features affecting the branching patterns240. B. 

subtilis cells are known to produce two types of bacterial cells depending on the substrate softness, 

nutrient availability and population density241; a model which may predict the real-life colony pattern 

considering population density and nutrient availability was proposed241. Three soil bacteria, 

Azotobacter vinelandii, Bacillus licheniformis and Paenibacillus curdlanolyticus, have been used as a 

model for studying the interspecies interaction among soil microorganisms. The researchers have found 

that the spatial structure is associated with the competition and interaction within the bacterial 

community, suggesting that controlling the spatial distribution may enable the manipulation of bacterial 

species with environmental and biomedical relevance242. More recently, Martinez-Rabert et al. have 

proposed a model of three populations including multiple ecological interactions. The researchers have 

concluded that multiple ecological interactions, such as competition, predation, and mutualism, 

influence the assembly of the bacterial community. However, they have also found that the environment, 

including the availability of nutrients, pH, temperature, and moisture, is the main driving force for the 

spatial distribution of bacteria181. 

1.5.1.1 Serratia : a case study 

Serratia spp. strains are known to form different colony patterns under diverse conditions. Different 

morphogenesis of Serratia colonies depending on multiple factors, such as the presence of other 

bacterial body in the vicinity or in close contact, or the nature of the surrounding media, have been 

investigated by the research group guided by Markos et al. over the last two decades243–247. 

Morphological variations of S. marcescens CNCTC5965 have been observed and studied from single 

cells growing in Nutrient Broth agar (NBA) supplemented with 27 mM glucose and incubated at 27oC. 

A concentric fountain-shaped pattern of S. marcescens CNCTC5965, characterized by a red central 

spot and a red outer edge intercalated by a non-pigmented area, was observed and the pattern 

described as “fountain-shaped” (Figure 1.4). The main factors affecting the morphogenetic pathways of 

the bacteria are: (i) the amount, density and distribution pattern of the inoculated cells, (ii) the 

conformation of the solid surface (growth medium), (iii) the presence of other bacterial cells in the 

vicinity, and (vi) the signals propagated by the growing bacterial bodies. They have proposed a “embryo-

like colony model where multicellular bacterial bodies develop along genuine ontogenetic pathways”247. 

Čepl et al. propose a model on colony morphogenesis and inter-colony interactions to understand the 

process of the formation of well-developed colonies in S. rubidaea. from one or more bacterial cells. 

Bacterial colonies can be shaped by autonomous patterning guided by the self-colony ontology, or by 

signals generated by physical factors, such as the geometric of the solid growing surface, and biological 
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factors such as the age of the colony, neighbouring bodies and nutrient availability. Signals propagated 

by the growing colonies can be volatile airborne signals or close contact agar-borne signals 245. 

Morphotypes (i.e., groups of bacterial cells with similar or identical morphology) of S. rubidaea and S. 

marcescens in either single or multispecies have been also investigated. They have observed that 

Serratia spp. develop regular and reproducible patterns that can be altered by multiple factors, including 

the age of the colony, the vicinity of other bacterial bodies – homotypic or heterotypic interactions - , 

temperature and nutrients availability (e.g., glucose), as well as factors which influence the colony 

ontology via QS-mediated signals and nutritional signals released in the environment 246. S. rubidaea 

strains can differ morphologically in the production of the red pigment prodigiosin. A mathematical 

model of experimental situations of mixed colony of two strains of S. rubidaea has been designed for 

understanding the behaviours of the bacteria in response to environmental factors and related changes 

in fitness of the bacterial cells during colony growth243.  Recently, Čepl and co-authors have studied the 

concentric fountain-shaped pattern of S. marcescens CNCTC5965 previously observed 247 

characterized by red central spot and a red outer rim intercalated by a non-pigmented area. This spatial 

distribution of S. marcescens CNCTC5965 varied based on the pH, days of growth neighbour cells 

metabolic activity of growing colonies and the disposition and availability of nutrients (glucose and AAs) 

on the growing surface244.  

 

Figure 1.4: Serratia marcescens fountain-morphotype. Picture from Cepl et al.,2019244 

Studying mathematical modelling in microbial systems is essential for understanding the dynamics of 

interspecies communities and factors/signals involved in this multi-species crosstalk and has wide 

ranging applications, including biotechnology and industrial developments or applications of medical 

significance. In this context, mathematical models may be used to (i) predict bacterial growth in 

response to different conditions, allowing for more effective control and management of microbial 

populations; (ii) design and optimize microbial processes for harnessing them for the development of 

new treatments to combat the infections and AMR threat.  

Ultimately, models help us to highlight complex scenarios with multiple variables, such as the 

polymicrobial populations within the human host. Here we are introducing the concepts and current 

knowledge of the complex microbial populations living within our bodies. 
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1.6 In real life: polymicrobial population 

1.6.1 Population dynamics in the microbiota community 

1.6.1.1 Humans are “superorganisms” 

The view of the human body exclusively composed by eukaryotic cells has been replaced by the 

concept of human as “superorganism”. This superorganism includes microbial cells (microbiota) as an 

integral part of the body. Microbial communities in humans differ among different body sites (gut, oral, 

nasal, skin, vaginal microbiota), whereby the highest density and taxonomic diversity is reached in the 

GI tract248,249. The GI tract is divided into several compartments, from the oral cavity to the large 

intestine, whose last portion is the rectum. The review of Hillman et al. highlighted the differences in 

microbiota (Bacteria, Archaea, Virus, Fungi) along the whole GI tract of healthy humans 248. The 

microflora reaches its peak in the colon with an estimated number of 1014 microorganisms and almost 

2000 different species of bacteria248,250,251. The collective genome of the gut microbiota (i.e. microbiome) 

contains over 100 times the number of genes in the human genome, that means ~10-fold more genes 

in our microbiome than in each human genome – without considering the variability in the composition 

of the microbiota between individuals252. The microbiota of the gut is mainly a ‘bacteriobiota’ owing to 

the clear dominance of bacteria respect to Archaea, Virus, Fungi. The GI tract represents a surface 

area of interaction between the host and the environment ranging from 250 m2 to 400 m2 - from the 

mouth to the rectum - depending on the considerations leading the estimates, approximately 15 to 200 

times larger than that of the skin248,253, with the greatest contribution to this extensive surface given by 

the small intestine which twists and turns for a length of between 3 and 6 m. The surface area of the 

small intestine epithelium is further increased for maximal digestion and absorption by the presence of 

villi and microvilli. A wide range of exogenous organic and inorganic compounds as well as 

microorganisms from the environment pass continuously through the human GI tract, many which are 

friends or foe to gut integrity and function249.  

1.6.1.2 The bacteriobiota and host physiology 

Owing to its large genomic content and metabolic complement and through a multifaced crosstalk with 

the host environment, the bacteriobiota provides a range of beneficial properties to the host and impacts 

organ development and function, in particular the immune system. The intestinal epithelial barrier and 

mucus layer divide the intestinal lumen and lamina propria region; the lumen of the large intestine is the 

main site for commensal, symbiotic and pathogenic bacteria, while the lamina propria carries immune 

cells. The intestinal barrier not simply limit the translocation of harmful exogenous substances or 

endogenous bacteria, it acts as an active sensor that allows a mutual relationship between the host and 

the microbiota; different cell types embedded in the intestinal epithelial cells, such as absorptive 

enterocytes, goblet cells, Paneth cells, and enteroendocrine cells, are involved in maintaining gut 

homeostasis that is continuously conditioned by the resident microflora252. Intestinal epithelial cells 

promote innate immunity and the secretion of mucus that acts as physical barrier. The Intestinal 

epithelial cells act as a first line of cellular response by secreting antimicrobial peptides. Furthermore, 

it expresses receptors which sense specific antigens and trigger the immune system to mount an anti-

inflammatory response. The lamina propria carries B and T cells involved in adaptive immune response. 
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The loss of both, microbiota composition and immune function homeostasis, is one of the main 

mechanisms that threaten the health of the host 252,254,255. In addition, the interaction with microbiota is 

essential for the normal development of both the intestinal mucosal and systemic immune system, as 

demonstrated by the deficiency in several immune cell types and lymphoid structures exhibited by germ-

free animals252.  

Bacteriobiota plays other essential functions in loco: specific colonic bacteria strains are able to degrade 

complex carbohydrates, promoting the breakdown of undigested components and generating 

metabolites, such as short chain fatty acids (SCFAs), in fermentation processes catalysed by 

carbohydrate-active enzymes249. These SCFAs, propionate, butyrate and acetate, which are rapidly 

absorbed by epithelial cells in the GI tract where they are involved in the regulation of cellular processes 

such as gene expression, differentiation, proliferation and apoptosis. Butyrate is known for its anti-

inflammatory and anticancer roles, it functions as an energy source for epithelial cells that line the colon, 

it attenuates bacterial translocation and enhances gut barrier function by affecting tight-junction 

assembly and mucin production256. SCFAs also appear to regulate hepatic lipid and glucose 

homeostasis via complementary mechanisms. For instance, propionate activates hepatic 

gluconeogenesis, whilst acetate and butyrate are lipogenic257. Besides resistant saccharides, 

commensal bacteria are also able to metabolise a wide range of different substrates including lipids, 

peptides but also drugs and toxins258,259. In addition, the gut microbiota is crucial to the de novo 

synthesis of essential vitamins, which the host is incapable of producing. 

Interspecies interactions within the human microbiota can have significant effects on human health, via, 

for example, cross-feeding interactions, where one species produces a metabolite that is used as a 

nutrient by another species, and syntrophic interactions, where two species work together to carry out 

a metabolic process that neither can carry out alone260. Ultimately, the bacteriobiota influences the 

ability of other commensals or pathogens to colonise, potentially giving some commensal species a 

competitive advantage in the gut and competing for attachment sites or nutrient sources, and by 

producing antimicrobial substances, thus influencing the overall composition of the microbiota and its 

impact on human health. 

The human microbiota is a complex and dynamic ecosystem of microorganisms which vary among 

individuals and during time influenced by a wide range of external factors (e.g. diet, age, geography, 

medications etc.)261. Attempts to identify a stable configuration of healthy microbiota have been 

undertaken with great anticipation: about a decade ago the concept of ‘enterotype’ was introduced, 

which aimed to ’stratify’ the gut microbiome across the population, with high representation of taxa from 

the Bacteroides, Ruminococcus, or Prevotella genera262,263. However, the number of stable 

communities may be quite large and not easily classifiable. More and more projects focus on the role 

of human bacterial communities in diseases: not surprisingly, dysbiosis, i.e. the disruption of normal 

balance between the gut microbiota composition and the host, leads to perturbation in gut permeability, 

increased leakage of microbes and microbial by-products enhancing the host susceptibility to infections 

and a wide range of disorders264: gut-related diseases such as small intestine bacterial overgrowth 

(SIBO)265 or irritable bowel syndrome (IBS); autoimmune diseases266, such as type1-diabetes, Crohn’s 
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disease, multiple sclerosis and rheumatoid arthritis267; colorectal cancer268; cardiovascular diseases269; 

neuropsychiatric disorders270,271 , etc. Larsen et al. proposed and applied a model to identify dysbiosis 

based on the hypothesis that are not just the presence or absence of selected bacteria strains, but the 

metabolome of the entire community272. They demonstrated that the community genotypic and 

phenotypic profiles, and related functions and produced metabolites of a microbiome, are more 

predictive of dysbiosis than a simple descriptive of the microbiome community.  

1.6.1.3 Bacteriobiota, from the era of description into the age of understanding 

The early discovery of natural microbial colonization of human surfaces by Antonie Van Leeuwenhoek 

was followed a couple of hundred years later by culture-based technologies for the characterization of 

the microflora. The first studies about the gut microbiota composition relied on culture-based 

technologies followed by the identification of morphological and biochemical characteristics273. The 

latter were afflicted by technical limitations, such as the inability to detect viable, non-culturable 

microorganisms. The advent of genomics circumvented some of those restrictions: high-throughput 

sequencing and next generation technologies, have contributed to the identification and 

characterization of a wide range of microbial communities274. About a decade ago, the first studies using 

the analyses of sequences of 16S ribosomal RNA (16s rRNA) gene to characterise the microbiome 

were published275,276. Targeting of the bacterial 16s rRNA gene is also a popular approach nowadays 

since its products - the RNA components of the small subunit of ribosomes - are present in all bacteria 

and archaea. 16s rRNA gene contains nine highly variable regions (V1–V9), which reflects the 

evolutionary divergence of bacteria, and hence, these sequences provide a reliable method for 

identification and phylogenetic classification of bacterial species273,277. More reliable estimates of 

microbiota composition and diversity may be provided by whole-genome shotgun metagenomics, due 

to the higher resolution and sensitivity of these techniques273. The gut microbial community can be well 

characterized by various omics technologies including genomics, transcriptomics, metagenomics, 

metabolomics, proteomics, and thus it offers much promise for data integration within a mechanistic 

approach. The largest-scale studies to characterize the human microbiome have been the MetaHit261,278 

and the Human Microbiome Project 279. These works provided an extensive characterization of 

metagenomic profile of the human microbiome, with the identification of more than 2000 species 

classified into 12 different phyla. More recently, Almeida et al. identified almost 2000 uncultured 

candidate bacterial species by reconstructing 92,143 metagenome-assembled genomes from 11,850 

human gut microbiomes250, contributing immensely to a broader descriptive understanding of the 

bacterial communities in the human gut. Despite the large contribution to knowledge of the human 

microbiome, these projects still carry some limitations, such as (i) the limited availability of reference 

genomes, (ii) the comparison of limited data types collected from a restricted set of samples, (iii) the 

use of methodological approaches which are inevitably biased towards the most abundant bacterial 

species, and (iv) the lack of an understanding of the functional relationship between the microbes and 

the host. 
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1.6.1.4 Understanding the gut microbiome: a challenging task  

Studying the complex microbial communities that reside in our entangled intestine and analysing their 

genetic make-up, which is unique for each single human being, through in vitro and in silico research 

projects, is a fascinating but demanding challenge. For instance, the need for a (micro)anaerobic 

environment for most of the commensal bacteria280, the regional specialization within the intestinal 

epithelial cells281 or the spatial distribution of bacteria among the intestinal niches233 are just a few 

considerations which exemplify the complexity and the limitations of the study of the human gut 

microbiota. Novel and innovative methods that sustain the bacterial community establishment in contact 

with intestinal epithelial cells, in an in vitro microenvironment that can resemble the gut ecosystem, 

have been studied and developed in recent years. Jalili-Firoozinezhad et al. have co-cultured epithelial 

cells with anaerobic and aerobic gut bacteria in a chip that allows a controlled assessment of 

physiologically relevant oxygen gradients, enabling the study of the functional relationship between 

intestinal epithelial cells, immune cells, and gut microbes, including anaerobic bacterial species282. Even 

more recent is the method developed by McGrath et al., a microaerobic, mucus-producing vertical 

diffusion chamber, which allows cell growth in an optimized culture medium of anaerobic gut commensal 

bacteria, and the underlying intestinal epithelial cells which require oxygen283. Those new methods are 

examples of tools which can enhance the knowledge around the mechanistic understanding of the gut 

microbiota and tools for the improvement of the design of microbiome investigations applied to human 

health.  

The essential and valuable advances which the literature reports, are mainly descriptive, with a 

redundant categorization and extensive metagenomic sampling of the gut microbiome, but the whole 

picture is just a description of how microbial communities vary in response to lifestyle and behavioural 

changes, physiological impairments and illness284. The cellular and molecular processes that drive 

microbiota shifts and adaptation as well as the resulting impact on the host environment are broadly not 

understood. We still do not have answers to fundamental questions. What constitutes a healthy gut 

microbiota? How does bacterial evolution impact host geno-/pheno-/types? How does nutrition and 

environmental exposure alter gene and population selection? What external determinants may lead the 

shift from physiological to pathogenic gene expression in the bacteriobiota? What parameters limit the 

establishment of incoming healthy bacteria or promote the colonization of disease-causing bacteria in 

an existing microbiota? Answers to these questions are critical to rationally harness the microbiota 

towards therapeutic and prophylactic applications, to prevent disease or manage its switch to health. 

1.6.2 The importance of micronutrients: focus on zinc 

1.6.2.1 Zinc: an essential micronutrient for the human body 

Macronutrients (recommended daily intake (RDI >1g/day) and micronutrients (vitamins and minerals, 

RDI <1g/day285) shape human physiology, including the microbial community286. The total body Zn 

content has been estimated to be approximately 2 g , 60% of which is stored in skeletal muscle followed 

by bone mass; plasma Zn represents only 0.1% of the whole Zn content and it is mainly bound to 

albumin287,288. Zn absorption mainly occurs in the small intestine through two mechanisms, a passive 

diffusion, and a transporter mediated. The transporter mediated process can be upregulated to increase 
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Zn absorption when dietary intakes are low. The major losses of Zn from the body are through the 

intestine and urine, by desquamation of epithelial cells, and in sweat depending on Zn intake289. 

Depending on extrinsic and intrinsic factors affecting mineral availability, e.g., mineral competitors such 

as phytates or Zn release from pancreas or enterocytes, it has been estimated that from the 15-20 mg 

Zn in a Western diet, 16-50% of the Zn is absorbed in the small intestine, and the rest is excreted290. 

Unavoidably, dietary Zn that reaches the GI tract directly interacts with the microbial community. Post-

mortem body tissue and fluid analysis suggest concentrations of 15.7 ± 5.22 (mean ± Standard 

Deviation (SD.)) µg/g of intestinal tissue291. The physiological luminal intestinal concentration of Zn after 

a meal varies around 6.5 mg/litre (100 µM)290 in the small intestine, depending on the composition and 

the size of the meal, a concentration considered not toxic to bacteria, but most likely contributing to 

protein structure and functions and being involved in gene expression regulation in bacterial cells. 

1.6.2.2 Zinc: a multi-talented player: toxic, functional are regulatory roles 

Zn is an essential mineral of all forms of life: in eukaryotic cells, Zn has structural and/or catalytic roles 

in more than 300 enzymes292,293, it stabilizes the molecular structure of cellular components and 

membranes maintaining cell integrity, and it is involved in the process of genetic expression288,294,295. 

Remarkably, bacteria require Zn for their survival too, to the point that they have developed strategies 

to overcome Zn deficiency conditions and keep its intracellular levels within a narrow range. This 

homeostasis is achieved via transcriptional regulation by metal-sensing proteins and Zn efflux and 

acquisition across cell membranes296. The structural and functional roles of Zn in eukaryotic genes and 

proteins, and the antimicrobial properties of Zn as a toxicant are well understood and make this mineral 

a good candidate for industrial and bio-pharmaceutical products (e.g., Zn oxide nanoparticles).  

Also, Zn is a key player in oxidative stress and inflammation and, hence, in prevention of related 

diseases297: its deficiency causes oxidative damage to DNA, proteins and lipids, destabilization of 

membrane structure, dysregulation of Zn-binding protein metallothioneins. On the other hand, Zn 

overload contributes to augment cellular oxidative stress through different mechanisms, for instance 

disruption of cellular organelles functions298. According to Lee et al., Zn exerts antioxidant functions 

through the following actions: the catalytic action of Zn-superoxide dismutase (SOD), stabilization of 

membrane structure, protection of the protein sulfhydryl groups, and regulation of the expression of 

metallothioneins, which possess metal-binding capacity and also exhibit antioxidant functions. In 

addition, Zn suppresses anti-inflammatory responses that would otherwise augment oxidative stress299. 

It is well established that viral and bacterial infections trigger the production of radical oxygen species 

(ROS)300. Remarkably, more studies, summarized in the review of Gammoh et al.301, have 

demonstrated that Zn supplementation may ameliorate infections outcomes. 

In bacterial cells, Zn is involved in a range of biological functions, broadly categorised as structural and 

functional.  Structural roles include maintaining protein and membrane integrity and DNA stability302. 

Functional roles include enzymatic roles as a co-factor, and the regulation of gene expression through 

metalloregulatory proteins, such as the prokaryotic Zur (Zn Uptake Regulator), the latter regulating 

genes mainly involved in Zn homeostasis303.  In addition to genes encoding for Zn-transporters to adjust 

intracellular contents of this micronutrient, Zn also regulates gene expression of ribosomal proteins, a 
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variety of metabolic enzymes, virulence factors and more.  A common bacterial mechanism to mobilize 

or conserve Zn when it is limiting, consists of the shift from using a Zn-dependent enzyme to an 

equivalent non-Zn requiring enzyme, highlighting the complex interplay between Zn and bacterial 

metabolism and physiology304,305.  

Given the considerable amount of Zn in the intestine (estimated to be around 100 µM290), and the crucial 

functions it exerts in bacterial cells, we are now discussing the role that concentration of Zn and other 

micronutrients may have on the human microbiota populations. 

1.6.2.3 Micronutrients shaping the microbial community 

The interplay between Zn and microbiota has been superficially investigated in a wide range of contexts 

from environmental microbiology, and antimicrobial biotechnology to animal models and epidemiology. 

Most of the available data is derived from animal studies in chicks306,307, piglets308–310 or mice311,312, 

overall providing a controversial picture.  

Some studies have evidenced the pro-inflammatory role of Zn, most likely mediated by a shift towards 

pathogenic bacterial species and a reduction in richness and diversity in the microbiota composition. 

For instance, mice fed with high-Zn diet revealed a higher level of inflammation and toxin production, 

loss of gut barrier function and subsequent bacterial translocation, and an increased susceptibility to 

Clostridium difficile infection312. Excessive Zn seems to induce oxidative stress and consequent 

epithelial damage and inflammation in the intestinal environment through the generation of reactive 

oxygen species (ROS) 312. It is reasonable to hypothesise that, in healthy animals, a very high dose of 

Zn might have a negative effect on the intestine and overall health, but when the mineral is given to 

mice with a strong inflammatory response, it ameliorates the inflammation and necrosis of epithelial 

cells313. In support of this, in mice infected by Shigella flexneri, Zn supplementation has been shown to 

ameliorate the severity of the disease, including an improvement of the intestinal inflammation314. Again, 

Bolick et al. evidenced a better response to pathogenic E. coli infection when mice were fed with Zn 

compared to mice fed a Zn deficient diet311. Given the similarity between their metabolism, pigs 

represent an appropriate model for human metabolic studies, including gut microbiome studies315. In 

line with some studies in murine models312, the supplementation of Zn in pigs led to an increase in the 

number of pathogenic bacteria strains, such as Shigella or Klebsiella spp. and to an overall decrease 

in bacterial richness and diversity310,316. However, controversial results arise from other studies showing 

a decrease in the number of pathogenic bacterial species in pigs fed with Zn317. 

Overall, there is variability and conflict emerging from the available literature, again highlighting the 

complexity of studying such a dynamic microenvironment.  The contrasting results from the studies 

suggest that there might be a threshold of Zn above which the mineral may have a pro-inflammatory 

role rather than anti-inflammatory effects. Whether those effects and mediating or mediated by a shift 

in the animal gut microbiota is not understood. 

The study of the impact of the mineral Zn on the gut microbiota in humans is still at its infancy. Trials in 

humans reveal that Zn supplementation can have a therapeutic effect, improving gut barrier integrity 

and immune response functionality: the mineral has been mainly used, with positive outcomes, for the 
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prevention and treatment of diarrheal conditions in low-income countries318–320. Moreover, promising 

studies demonstrated that Zn could be used for improving gut permeability in inflammatory bowel 

diseases, such as Crohn’s disease, in humans321. In support of this, in vitro studies in epithelial cells 

demonstrated that Zn deprivation caused alteration of tight and adherent junctions and disorganization 

of structural proteins with consequent disruption of gut barrier integrity and inflammation322,323, reasons 

that may explain why Zn supplementation improves diarrheal and inflammatory conditions. Up to now, 

despite the ultimate effect of Zn on gut function and permeability is growing, the role of Zn as a gene 

regulator in bacterial genomic burden present in the gut, should be further investigated. 

1.6.2.4 Zinc, a gene signal in virulence and pathogenesis 

As explained in Section 1.6.2.2, Zn is essential for regulating a wide range of cellular functions in 

bacterial cells, including modulating the expression of some genes. In 2005, Lee et al. found that ZnSO4 

added to E. coli cultures, grown in chemostats leading to a “Zn-stress condition” , induced up-regulation 

of 64 genes and down-regulation of 58 genes involved in Zn homeostasis, stress responses, QS system 

and biofilm formation324. Other researchers demonstrated that the addition of Zn to E. coli influenced 

the expression of genes also involved in AA metabolism325 and the RpoE (sigma factor E)-cascade 

pathway326. Similarly, Zn addition to Enterococcus faecalis (E. faecalis) led to substantial changes at a 

genome-wide level, with genes involved in bacterial metabolism and stress response displaying an 

altered expression in response to micromolar concentrations of Zn327. 

Recent studies focused on Zur-regulated genes in pathogenic bacteria have found that Zur can repress 

genes encoding for virulence, secretory and membrane proteins328 and haemolysin, a virulence factor 

studied in uropathogenic E. coli329. As it is known that calprotectin released by neutrophils in 

inflammatory conditions can act as a chelator for Zn330, it reasonable to assume that intestinal Zn 

limitation due to inflammation could promote the expression of Zur-regulated genes encoding for 

proteins with an ultimate pathogenic potential in the context of gut microbiota populations. An example 

of  a protein involved in pathogenesis during Zn starvation may be DksA, encoded by a gene part of the 

Zur regulon331,332 and involved in the regulation of the transcription of genes involved in (i) motility, (ii) 

proteolysis, (iii) toxin productions (Vibrio cholerae) and (iv) QS-system (P. aeruginosa)333,334.  

The impact of Zn limitation in bacterial virulence has been investigated for different bacterial species. 

Ammendola et al. found that Zn was required for S. enterica motility, biofilm formation and QS signal 

production as in Zn deficiency condition these functions were reduced335,336. Likewise, motility was 

inhibited in P. mirabilis337 and ability to form biofilm was reduced in pathogenic E. coli 338, and 

Staphylococcus spp.339,340. Consistently, the Zn exposure led to the overexpression of genes involved 

in QS, increased motility and toxin production in P. aeruginosa, hence harnessing the commensal-to-

pathogen transition of P. aeruginosa 341,342. In contrast, some studies have found that the addition of Zn 

to growth media, at micromolar concentrations, decreased the formation of biofilm for E. coli and 

Klebsiella, most likely competing for the Fe uptake 343, inhibited toxin release and other virulence 

mechanisms in pathogenic E. coli344,345. In co-culture experiments, Zn negatively affected the growth of 

Streptococcus sanguinis in favour of P. aeruginosa346, suggesting that metal homeostasis is a key factor 

driving population dynamics. 
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Although a wide range of mechanisms which bacteria use to maintain intracellular Zn homeostasis has 

been extensively studied and understood, this is not true for the role of Zn in bacterial pathogenesis 

and virulence, with controversial results arising from the available studies. Promisingly, Zn seems to 

play a crucial role during pathogen colonization and survival, but more knowledge regarding its cellular 

and molecular impact on the microbiota and related processes is required. 

1.6.3 Bacterial co-culture models: humble but essential 

The human gut microbiome is a complex ecosystem of microorganism-host-metabolites interactions 

which vary according to the ecological contexts. The use of innovative technologies in combination with 

conventional approaches can harness a better understanding of the mechanisms between the bacterial 

community and the host.  Using models of two or more bacterial strains growing on conventional 

microbiological growth media is a useful approach to address fundamental questions regarding 

competitive mechanisms among bacteria inhabiting the human gut microbiota. Integration of multiple 

approaches, from pairwise and multiple interactions in co-culture experiments to metagenomics and 

transcriptomics techniques, could provide a broader insight into bacterial population dynamics and 

represent a promising inception towards further novel exploration in several contexts, including bacterial 

physiology, ecology and clinical settings. So far, a limited number of studies have addressed the 

phenomenological and mechanistic understanding of co-cultured bacterial species, especially in the 

context of the human gut microbiota, here described.  

P. aeruginosa represents a leading cause of infections in the clinic. Its interaction with other 

microorganisms has been studied in co-culture experiments, with controversial results. In co-culture 

with Agrobacterium tumefaciens, P. aeruginosa displayed a considerable growth advantage in both 

planktonic status and biofilm347. More research exists on P. aeruginosa and S. aureus, two major 

pathogens often co-existing in respiratory tract infections, however it shows some controversial results 

348,349. It seems that P. aeruginosa may show a competitive advantage on S. aureus, limiting its growth 

by disturbing the electron transport chain, competing for micronutrients or producing antimicrobial 

substances production350. On the other hand, in vitro studies showed the co-existence of the two 

bacterial strains, where P. aeruginosa could facilitate S. aureus growth with molecular mechanisms still 

unclear351. Transcriptomic analyses suggest that the bacteria form an expression pattern as part of their 

genetic adaptation to co-existence, resulting mainly from adaptation due to the competition for 

resources and metabolic changes352,353. Scott et al. have recently suggested that P. aeruginosa limits 

Streptococcus spp. growth through iron competition354. On the other hand, it seems that P. aeruginosa 

can upregulate the expression of Zn-transporter genes in Streptococcus sanguinis, favouring its 

growth355. This suggests there are very specific adaptations at play, rather than generic phenotypical 

changes due to environmental changes.  

Co-culture models of Staphylococcus epidermidis and E. faecalis have been established to study the 

use of some antibiotics for ocular infections356. Further studies on marine microorganisms, not 

described here, have been documented357–359.  
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The poor description of bacterial co-cultures in the literature, points out the need to study bacterial 

interactions with humble and conventional microbiological techniques which can lay the foundation to 

study complex and multispecies interplay among bacterial communities and the host, and which can 

ultimately provide insights into the mechanisms underlying the switch from health to disease in the 

context on human microbiota and infection diseases. 

1.7 Our project: an innovative and promising tool for harnessing bacterial 
population dynamics and the influence of human host 

Although great improvements have been made on the structure and function of the human microbiota, 

those advances are mostly descriptive, while functional and mechanistic knowledge is limited. Bacteria 

have developed multiple strategies to respond to environmental changing conditions, to compete and 

synergise with their neighbouring microorganisms for nutrients or niches, and mechanisms to optimize 

their growth pattern to the surrounding microenvironment. Which factors, for instance micronutrients or 

metabolic signals, may influence microbial selections in niches within the microbiota, and how bacteria 

respond to those changes, are effectively unexplored at the mechanistic level. We have considered the 

involvement the micronutrient Zn susceptible to drive microbiota changes on the selection, dynamics 

and functions of bacterial populations, from a regulatory (i.e., as a signal determining expression of 

genes) perspective, rather than as a structural or functional protein cofactors.  

In addition, our research group has an interest on studying S. marcescens behaviours and phenotypes 

in relation to the gut microbiota context, an enterobacterium which has been only recently brought to 

the attention due to recurrent outbreaks in the clinics. 

1.7.1 Aims of the project 

In the light of the knowledge gaps and rationale described above, our project’s aims consisted in the 

elucidation of bacterial population dynamics, competition and selection in response to  

a. a potential pathogen, S. marcescens,  

b. external factors such as the micronutrient Zn 

Our project represents a novel view of harnessing bacterial behaviours and morphogenetic variations 

to explore genome-wide changes and linked phenotypic shifts, pathogenesis and virulence. Moreover, 

besides unveiling the interplay of microbiota members, our findings my impact the microbiota linked-

prevention and disease management, and may enrich the prophylaxis to treat infectious diseases and 

tackle antibiotic resistance. 
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2 MATERIALS AND METHODS 

To address our research questions, we have strategically planned an experimental design based on 

conventional methods and techniques aimed to i) establish proof of concepts which may support our 

hypothesis (Section 1.7), ii) obtain data in a timely fashion in linear with the duration of the PhD timelines 

(Section 1.1). A summary of the experimental plan is represented in figure 2.1. 

We looked into conditions that would have allowed for the easy establishment of a model, i.e., a limited 

number of bacterial species, pairwise co-cultures, aerobic growth conditions, use of conventional 

microbiological growth media. Those conditions and obtained results could set the stage towards the 

future exploration of more complex and demanding experimental settings. Similarly, the mathematical 

model that have been presented in this PhD Thesis was a simplification of the real-life colony pattern, 

but may represent a solid outset for further mathematical formula to be tested. 

 

Figure 2.1: Flowchart summarizing the applied methods during the research progression. 
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2.1 General materials 

2.1.1 Strains used in this study 

Bacterial strains that can be found in the human gut microbiota or as potential pathogens in that system 

were used in this study and obtained from UCLan Strain Collection (Table 2.1) 

Table 2.1: Bacterial strains used in this study. Name of the strain, Identification codes, Gram-staining and citations 
regarding these strains being found in human gut microbiota are indicated. 

Name Identifier Gram stain Ref. 

Escherichia coli NCTC12241/ATCC25922 negative 1 

Escherichia coli NCTC10418/ATCC10536 negative 1 

Proteus vulgaris NCTC4175 negative 360 

Serratia marcescens NCTC1377/ATCC274 negative 38 

Klebsiella aerogenes NCTC10006 negative 5,6 

Pseudomonas aeruginosa PA01 negative 5,6 

Lactobacillus plantarum NCTC6376 positive 9 

Streptococcus salivarius NCTC8618 positive 9 

Enterococcus faecalis NCTC775 positive 7 

Staphylococcus aureus NCTC12981/ATCC25923 positive 361 

 

2.1.2 Growth media and colony morphology characteristics 

Growth media commonly used in basic and clinical bacteriology/microbiology, and which may be 

considered to resemble the postprandial intestine, have been selected for our study. Each medium was 

prepared as per manufacturer instructions362. Briefly, the corresponding components in powder form 

indicated in Table 2.2 were resuspended in 1 l of distilled H2O using a magnetic stirrer. The pH (at 

25 °C) was adjusted to 7.4 ± 0.1 for LB medium. The addition of components to the liquid was made 

progressively, i.e., a component needed to be in suspension before the following component was 

added. The process rendered a homogenous solution that was subsequently autoclaved at 121oC for 

20 minutes. The sterile flasks were kept at room temperature (RT). 

Solid medium for TSB, LB, BHI, and NB (named, TSA, LBA, BHIA and NBA, respectively) was prepared 

by adding bacteriological agar (1.5% w/v, Oxoid, LP0011) to the corresponding liquid media 

preparations. Selective and differential media were used for species discrimination to complement the 

data from non-selective/non-differential growth media. Cystine–lactose–electrolyte-deficient agar 

(CLED) is a  differential and non-selective medium used for the isolation of urinary pathogens, such as 

Proteus species, limiting their excessive swarming due to its lack of electrolytes; the presence of 

bromothymol blue causes the colonies to appear yellow as a result of acid production during lactose 

fermentation or blue in case of alkalinization363. MacConkey agar (MCA) is a differential and selective 
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media used for isolates Gram-negative bacteria due to the presence of bile salts which are toxic for 

Gram-positive species364. MCA was used for bacterial discrimination in pairwise co-cultures of a Gram-

negative and a Gram-positive species. Mannitol salt agar (MSA) is a selective media for isolating 

staphylococci, thanks to its high concentration of salt which is toxic for most of the bacteria365. MSA was 

used for bacterial discrimination in pairwise co-cultures of S. aureus and other strains. 

All solid media were autoclaved as described above, except Blood Agar plates that were purchased as 

ready-to-use from (Oxoid, PB5012A) and used for testing bacterial haemolytic activity. Autoclaved solid 

media were allowed to cool down to approx. 60oC before pouring them into 9 cm Petri dishes (approx. 

15ml per plate). Freshly poured plates were allowed to cool down on the bench to RT (approx.30 

minutes). To prepare skim milk agar plates, used to testing proteolytic activity of bacteria, autoclaved 

TSA and LBA suspensions, once cooled down to 60°C, were supplemented with skim milk from a 10% 

w/v stock solution (Oxoid, LP0033B) to a final concentration of 2.5% that was thoroughly resuspended 

through gentle inversion before distributing it into Petri dishes as above366. Unless otherwise indicated 

solid agar medium plates were stored at 4oC and used within 3 weeks. 
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Table 2.2: Composition (g/L) of growth media used.  
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Glucose FB 
G/0450/6 

2.5 2.5   2.5  2.5 2.5 2  5    2.5 

Lactose             10 10   

NaCl Millipore 
1.06400 

5 5 10 - 10 10 10 10 5 5 5  5 55 5 

K₂HPO₄ FB BP363-1 
2.5 2.5    2.5 2.5 2.5 2.5      2.5 

Tryptone Oxoid 
LP0042 

  10 10 10 10 10 10        

Peptone          10 5 5  20 11.8  

Yeast Extract FB J23547-
A1 

  5 5 5 5 5 5  2 2   9  

Enzymatic digest 
of casein 

 
17 17          4   17 

Enzymatic digest 
of soybean 

 
3 3             3 

Enzymatic digest 
of gelatine 

 
           4    

Beef extract           1 1 3    

Beef heart extract          5       

calf brains extract          12.5       

L-cystine  
           0.128    

Skim milk powder Oxoid 
LP0033B 

 25      25        

Bile salt  
            5   

Bromothymol blue  
           0.02    

Mannitol  
             10  

Lithium Chloride  
             5  

Aniline Blue  
             0.2  

Sheep blood  
              50 

TSB, Tryptone Soy Broth; LB, Luria-Bertani; LB-NaCl, Luria-Bertani with no NaCl; LBglu, Luria-Bertani with glucose; LBbuff, 
Luria-Bertani buffered; LB++, Luria-Bertani with glucose and buffer; BHI, Brain Heart Infusion; NB, Nutrient broth; NBglu, 
Nutrient Broth with glucose; FB, Fisher Bioreagents. 

Colony morphologies on selective and differential media are indicated in Table 4 below. On non-

selective/-differential media (i.e., LBA, TSA, NBA and BHIA) the colony characteristics for each species 

was similar. Because of the importance of those characteristics on the diagnosis of E. coli NCTC12241 

and S. marcescens NCTC1377 in co-cultures from both species it is of value to indicate that S. 
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marcescens NCTC1377 always displayed the production of prodigiosin on non-selective/-differential 

media of conventional use thus appearing red. Similarly, E. coli NCTC12241 always appeared white on 

those media. To state such stable phenotype for our Serratia strain of use, S. marcescens NCTC1377 

is of particular importance because it is known the mosaic phenomenon of some S. marcescens strains 

and other Serratia species, where genetic and/or physiologic variants deprived of prodigiosin 

expression. 

Table 2.3: Colonies growth and appearance in differential and selective media. Smears or liquid culture dilutions of 
exponentially stationary cultures were deposited on agar plates of various nutrient media and incubated at 37°C for 16 hours. 
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Differential growth Media 

CLED  
yellow, 
opaque, 
smooth 

red, 
opaque, 
smooth 

green, 
mucoid 

yellow to 
whitish 
mucoid 

translucen
t blue, 
rough 
periphery 

yellow, 
punctifor
m 

whitish 
punctifor
m, limited 
growth 

yellow, 
smooth 

yellow  
whitish, 
minute 

Selective & Differential growth media 

MCA 
red, 
opaque, 
smooth 

red, 
opaque, 
smooth 

green-
brown, 
mucoid 

red, 
mucoid 

pale 
whitish 
mucoid 

NG NG NG NG 

Selective growth media 

MSA NG NG NG NG NG NG NG 
Red, 
opaque, 
smooth 

NG 

NG, no growth 

 

2.1.2.1 Lactobacillus plantarum growth medium (LBEAP1) 

Lactobacillus plantarum is a fastidious organism which requires specific nutrients; in fact, the ideal 

growth medium for lactobacilli is the selective medium De Man, Rogosa and Sharpe (MRS)373.  We 

determined that L. plantarum NCTC6376 was unable to grow in LB, the medium generally used for the 

co-culture experiments in this project. To maximize the opportunity for comparative studies with a similar 

medium conducive to growth across species, we designed a specific variant of LB, named LBEAP1, 

which was based on LB supplemented with selected components of MRS. i.e., LB was supplemented 

with 0.81 mM MgSO4 (Fisher Scientific, M/1050/53) 0.224 mM MnSO4 (Acros Organics, 205905000) 

and 2% glucose (D-Glucose anhydrous, Fisher Bioreagents, G/0450/60).  To determine if and what 

supplements from MRS added to LB were able to support growth of L. plantarum the following media 

were tested: (i) LB Agar (LBA) (ii) LBA supplemented with MgSO4 (0.81 mM), (iii) LBA supplemented 

with MnSO4 (0.224mM), (iv) LBA supplemented with both MgSO4 (0.81 mM) and MnSO4 (0.224mM), 

(v) LBA supplemented with glucose (2%), and, (vi) LBA supplemented with both minerals and glucose. 

Supplements were added to LBA plates by spreading, thoroughly and homogeneously with a sterile 

spatula, a total of 200 µl of supplement volume. For diffusion of supplements through the agar plate, 
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the plates were kept at RT for 1 hour before usage or storage.  Roughly 500 cells from an exponential 

growing culture of L. plantarum in BHIA were added on the plates, let the plates dry and incubated at 

37oC for 24 hours. Growth in liquid LBEAP1 was also tested applying protocol explain in Section 2.1.5.3. 

The results (Section 3.1) LBA supplemented with both minerals and glucose (LBEAP1) as a suitable 

medium to support L. plantarum growth in conditions not dissimilar to those for other species and 

strains. LBEAP1 medium was used in pairwise co-cultures of L. plantarum with other strains with 

appropriate controls, i.e., each strain growing as mono-culture in LBEAP1 medium. 

2.1.3 Inorganic solutions and Buffers 

Phosphate-buffered saline (PBS) was prepared by progressively mixing in deionized H2O the 

components indicated in Table 2.4 until a homogenous solution was obtained. The solution was 

adjusted to a final pH (at 25°C) of 7.4 ± 0.1 with 1N NaOH and 1M HCl, and was subsequently 

autoclaved at 121oC for 20 minutes and kept at RT.  

Table 2.4: PBS composition (g/L) used for this study 

Salt g/L Product details (Company, Code) 

Sodium Chloride (NaCl)   8.0 Millipore, 1.06400 

Potassium Chloride (KCl) 0.2 Fisher Bioreagents, P/4240/60 

Sodium phosphate dibasic (Na2HPO4) 1.42 Fisher Bioreagents, BP332-1 

Potassium phosphate monobasic (KH2PO4) 0.24 Fisher Bioreagents, BP363-1 

 

Stock solutions in H2O of 1 N sodium hydroxide (NaOH) and 1 M hydrochloric acid (HCl), were prepared 

from powder (Acros Organics, 424330010) and a 37% solution in H2O (source), respectively.  A 0.1% 

crystal violet (CV) solution was prepared in 1:4 methanol:H2O from CV powder (Sigma, C3886-100G). 

A sterile 3 M stock of ZnCl2 in H2O was prepared using zinc chloride anhydrous (98+%, Alfa Aesar, 

A16281.22). The solution was filtered sterilized through a 0.22 µM sterile filter in polyvinylidene fluoride 

(Star Lab). The working solution for experiments was obtained through 10-fold dilution of the stock in 

sterile distilled H2O to obtain a solution 0.3M of ZnCl2. To prevent the formation of zinc oxychlorides or 

other precipitates HCl was added to the solution to a final concentration of 6 mM HCl. Ready-made 

20% hydrogen peroxide (H2O2) (FisherScientific, 11961506), i.e., 9.8 M, was obtained from the UCLan 

Biomedical Research facility. Sub-stocks of 1 and 0.1 M were prepared diluting the main stock in sterile 

distilled H2O and kept at 4oC. 

2.1.3.1 Organic solutions 

A 50% stock solution of glucose was prepared by adding 50 g of D-glucose anhydrous (Termofisher, 

G/0450/60) to 100 ml of H2O, mixed until dissolved and autoclaved at 121oC for 20 minutes. Glycerol 

(Fisher Bioreagents, BP229-1) was diluted in sterile H2O for a final 50% stock solution. A 10% (w/v) of 

skim milk solution was prepared from skim milk powder (Oxoid, LP0033B) in distilled H2O, first mixing 

the powder to a smooth paste then gradually adding more H2O until an opaque withe homogenous mix 

https://en.wikipedia.org/wiki/Sodium_chloride
https://en.wikipedia.org/wiki/Potassium_chloride
https://en.wikipedia.org/wiki/Disodium_phosphate
https://en.wikipedia.org/wiki/Monopotassium_phosphate
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was obtained. The solution was autoclaved at 121°C for 5 minutes. Stocks of 200 mM Cys (L-cysteine 

98+% Fisher Scientific,11488643) as well as 5 mM Met (L-methionine 98+% Fisher Scientific, 

11424083) were prepared in distilled H2O and autoclaved at 121oC for 20 minutes.  

2.1.3.2 Gram-staining reagents 

The Gram-staining protocol involved the following solutions that were obtained as a kit from Pro-Lab 

Diagnostics (Gram Stain Kit Pro-Lab Diagnostics, PL.8055/25) solutions, CV 90%, Gram’s iodine, 

Acetone/ethanol (50:50 v:v), safranin. 

2.1.4 Staining and Imaging 

To confirm Gram-staining characteristics of each bacterium, Gram-staining, a procedure that 

discriminate bacteria based on their cell wall, was undertaken. After a smear of a bacterial colony was 

heat-fixed on a slide, a few drops of CV flooding the smear were added and kept for 1 minute to fix and 

stain the sample. The slide was then rinsed with distilled H2O. A few drops of Gram’s iodine were added 

and kept for 1 minute. The slide was subsequently rinsed with distilled H2O. A few drops of the 

decoloriser (Acetone/ethanol (50:50 v:v)) were added to the slide for 10 seconds, followed by washing 

with distilled H2O, counter-stained with safranin for 40 seconds, rinsed with distilled H2O, gently dried 

with absorbent paper, and water-mounted for microscopic observation. Slides observed at the optical 

microscope (Nikon ECLIPSE E200 Microscope, 40x and 100x objectives). Pictures of colonies on Petri 

dishes, reaction vials, and any other optical macroscopic pictures were taken with a Xiaomi Redmi Note 

10 M2101K7AG; 48 MP, f/1.8, 26 mm (wide), 1/2.0", 0.8µm, phase detection auto focus (PDAF) 

8Mpond. 

2.1.5 Bacterial growth and maintenance 

2.1.5.1 Bacterial manipulation, maintenance and storage 

The sterility of bacterial cultures during the manipulations involved in the experiments involving bacterial 

growth was ensured by being undertaken in an area not larger than 50cm around a Bunsen burner, 

which was also kept clean, uncluttered and a clear above. Pipettes and micropipette pipette tips, 

wooden toothpicks, as well as all glass containers used for bacterial growth were autoclaved at 121oC 

for 20 minutes. Metal Kohle loops (nickel-chromium alloy -nichrome- or platinum) were flamed-sterilized 

in the Bunsen burner to redness for a few seconds and then allowed to cool down before usage with 

bacterial cultures. Plastic Kohle loops were also used occasionally, and were purchased sterile from 

the manufacturer (VWR, United Kingdom). Plastic spectrophotometry cuvettes (VWR, United Kingdom) 

were not sterile and re-used upon thorough cleaning with soapy water and rinsing with tap water 

followed by deionized sterile H2O. A glass spreaders were flame sterilized by dipping the, in ethanol, 

shaking off the excess alcohol, and igniting the residue. The spreader was allowed to cool before putting 

in contact with the biological sample. 

A permanent stock of bacterial strains was kept at -80oC (strain collection frozen stock). It was 

obtained from exponential grown cultures of each strain prepared as follows. A single colony from 
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freshly streaked BHIA incubated at 37oC for 16 hours collected with a sterile Kohle loop was used to 

inoculate 5 ml of TSB in a 30 ml Universal that was subsequently incubated for 16-hoursat 37oC and 

200rpm. The resulting culture was resuspended in 5 ml of fresh TSB to an initial OD600 of 0.01 and 

incubated at 37oC, 200rpm until mid-exponential phase was reached, approx. 2 hours. A 1 ml aliquot of 

the liquid culture was centrifuged (Eppendorf Centrifuge 5424) at 13,000rpm for 1 minute. The 

supernatant was discarded, and the pellet resuspended in 1 ml of BHI by vortex mixing. A volume of 

500ul of a 50% glycerol stock solution was added to the resulting resuspension to reach a final 

concentration of 15% glycerol (Glycerol (Molecular Biology), Fisher Bioreagents, BP229-1), which is 

deemed cryoprotectant.  The 1.5ml suspension was placed in a 2ml cryovial at -80oC for permanent 

storage. 

Bacteria for the experiments were obtained from BHIA plates that had been streaked from a scrape 

from the strain collection frozen stock obtained with a sterile Kohle loop or wooden toothpick. The strain 

collection frozen stock was never allowed to thaw. The plate was maintained by re-streaking of a single 

colony on TSA (E. coli, K. aerogenes, P. vulgaris), LBA (P. aeruginosa, S. marcescens) or BHIA (S. 

aureus, E. faecalis, S. salivarius, L. plantarum) every two weeks (strain collection plate stock). 

Periodically the strain collection plate stock was re-established from the strain collection frozen stock.  

To activate bacteria out of storage each strain was collected and streaked out on BHI agar (BHIA) plates 

and grown for 24-48 hours at 37oC until single colonies appeared on the plates.    

2.1.5.2 Preparation of pre-inoculum and inoculum for bacterial growth experiments 

Lag or stationary phase bacterial cultures in liquid media or bacteria colonies on solid medium have an 

inherent heterogeneity in the physiological status of the bacterial cells within the population and in 

addition there is a variability on those culture across experiments.  To maximize the opportunities for a 

similar physiological status of bacterial populations within an experiment and across experiments 

involving bacterial growth, exponential cultures were used for the experiments, unless otherwise 

indicated, that were prepared and standardized as follows., The bacterial inoculum culture stage was 

preceded by a pre-inoculum culture stage. A 16-hours pre-inoculum culture was prepared from a 

single colony from a strain collection plate stock that was inoculated in 5 ml of LB (or LBEAP1 for L. 

plantarum) and grown at 37oC, 200rpm. As indicated above, the strain collection plate stock was never 

older than 2 weeks. Then bacterial cells were diluted in 5 ml of fresh LB to an initial optical density at 

600nm (OD600) of 0.01 and was subsequently incubated at 37oC, 200rpm until exponential phase was 

reached, generally 2 hours. This culture will be referred to as inoculum henceforth. 

2.1.5.3 Bacterial growth dynamics and growth rate determination 

An inoculum culture (see above) was inoculated in 5 ml of TSB or LB in a 30 ml Universal to a starting 

OD600 of 0.001 and incubated at 37oC and 200 rpm for 8 hours. This culture would correspond to the 

test culture. The turbidity of the culture was determined measuring OD600 every hour with a 

spectrophotometer (Biochrom, 80-30003-50) using 1 cm path plastic spectrophotometry cuvettes 

(VWR, United Kingdom). A volume of 700 l or 1 ml, for narrow or wide volume spectrophotometry 

cuvettes, respectively, of fresh LB or TSB (depending on the growth medium used in a given 
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experiment) was used as a blank to adjust the spectrophotometer. Periodically a 1 ml aliquot from the 

test culture was obtained in sterile conditions (see Bacterial manipulation, maintenance and storage 

above). The test culture was diluted as necessary (typically 10-fold) in LB or TSB medium, depending 

on the growth medium of the experiment, for the OD600 to be measured not to exceed 0.6, thus staying 

within the sensitivity range of the technique and the machine.  

Simultaneously, the number of viable cells in each sterile aliquot from the test culture was assessed 

through colony forming unit per ml (CFU/ml) on rich nutrient medium (TSA). The number of viabe cells 

was measured applying the Miles-Misra method374. Briefly, every hour 100 µl of the growing bacterial 

sample was collected (test culture aliquot) and diluted 1:10 in 900 µl of PBS solution in a microcentrifuge 

tube. The resulting suspension was then serially diluted in a decimal series in PBS (10-fold dilution in 

each step) in 1.5 ml microfuge tubes. A drop of 10 µl from each dilution was plated in triplicate on rich 

nutrient medium, TSA. The culture drops were allowed to dry at RT and were then incubated for 16 

hours at 37oC. The morphological features of the colonies were observed, and the colonies quantified 

from drops where single colonies were countable and had no more than 40 colonies per 10 µl drop. An 

average colony count from the three drops for each dilution was calculated and corrected by the dilution 

factor to establish the number of CFU/ml in the test culture. 

The results were plotted as the independent variable (OD600 or CFU/ml y-axis) over the dependent 

variable (time, x-axis). In addition, The CFU/ml were plotted against its corresponding OD600 for each 

hourly timepoint. Such correlation for each bacterial species was harnessed towards an accurate 

inoculation of bacterial numbers in the pertinent experiments from the OD600 values obtained from 

inoculum cultures.  Effectively, OD600 was used as an immediate surrogate indicator of the number of 

cells present within a bacterial culture population. Graphic plots were produced using Prism (GraphPad 

Software Ltd. vs 9.3.1, 2021, Dotmatics, Boston, United States)  

Growth rates (µ) were calculated as per convention (h-1) from values from the exponential phase of 

bacteria growth, and calculated using the well-established formula µ = (lnN-lnN0)/(t-t0), i.e., the natural 

log of the number of cells at time t minus the natural log of the number of cells at time zero (t0) divided 

by that time interval.  

2.1.6 Mammalian cells growth and maintenance 

Madin-Darby canine kidney (MDCK)375 cells were kindly gifted by K. Ayscough (University of Sheffield, 

United Kingdom). MDCK were prepared by and obtained from, Matthew Allott, a member of Dr. Garcia-

Lara research group. MDCK cells were grown in Dulbecco’s Modified Eagle Medium 

(DMEM;Corning,15-013-CV) supplemented with penicillin (100 units) streptomycin (100 µg), 4 mM L-

glutamine (Sigma, G75-13) and 10% foetal bovine serum (FBS) (Sigma, F7524). MDCK were 

maintained at 37°C in a 5% CO2 humidified incubator and passaged at 80% confluency (approx. 3x106 

cells/ml). When seeding cells for infection assays, DMEM with all the above described additives, except 

the antibiotics (penicillin and streptomycin) was used.  
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2.2 Human microbiota in vitro co-culture competition  

The project is underpinned by the premise of gaining an understanding of human intestinal microbiota 

species population dynamics and selection, through competition studies involving a reduced number of 

species in vitro. To that effect the most basic simple to initiate the investigation was to set-up pairwise 

bacterial co-culture competition experiments, which are described below. Similar, experiments with 

three different bacterial species were also undertaken. 

2.2.1 Bacterial liquid co-culture competition experiments set-up 

Pre-inoculum culture and inoculum culture were prepared for two bacterial strains growing 

independently in LB medium at 37oC and 200 rpm as described above. A total of 105 cells from each of 

both exponentially growing inoculum cultures were inoculated into 5 ml of LB, corresponding to (t0) of 

the experiment. In selected experiments LB was supplemented with ZnCl2 (0.25 mM) to assess possible 

population switches led by this micronutrient. The cultures were then incubated at 37oC and 200rpm for 

48 hours. Samples were collected and their CFU/ml determined as indicated above at different 

timepoints (0, 8, 24 and 48 hours from inoculation) evaluating any differential prevalence over time 

colony properties discrimination.  When the latter differentiation between bacterial species was not 

possible, molecular methods were designed and implemented. All experiments were performed at least 

in duplicate.  

2.2.2 Colony properties and PCR-based bacterial species discrimination in co-cultures 

The species used differ on their morphological properties and/or on their ability to differentially grow on 

differential and/or selective media (Table 2.2 and Table 2.3) . Those differences were used to distinguish 

between separate colonies from one or another species on growth medium solid plates from co-culture 

experiments. When colony-based or differential/selective growth medium discrimination was not 

possible, molecular tools were designed and employed, i.e., polymerase chain reaction (PCR) or 

quantitative polymerase chain reaction (qPCR) for qualitative and quantitative examination of single 

species, respectively. 

2.2.2.1 16S rRNA genes library preparation and species-specific primer design 

The 16S ribosomal RNA (16S rRNA) is the RNA component of the 30S subunit of prokaryotic 

ribosomes. Due to its high conservation among bacteria, the 16S rRNA sequence has been utilized 

since 1977 for the phylogenetic differentiation of bacterial species376. However, the use of such 

sequence for that purpose is typically accompanied by DNA sequencing of the corresponding 

sequence. Such approach is particularly necessary when studying rich mixed-species bacterial 

populations. And especially so, if they include phylogenetically close species (e.g., Escherichia, 

Klebsiella and Serratia, or staphylococci and enterococci), as the level of identity of their 16S rRNA 

sequences can be as high as 97.4%.  However, given the costs entailed by comprehensive DNA 

sequencing necessary for any subset of colony isolates from co-culture experiments, we considered 
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and explored the design of specific primer pairs capitalizing on minor differences between the 16S rRNA 

genes in the various species to be used in this study.  

To identify the 16S rRNA sequences for the species/strains in this study, 510,000 16s rRNA sequences 

available in the SILVA Reference Non Redundance database377 were downloaded and stored in 

DNA/protein sequence manager and analyser Geneious Prime® 2021.1.1 (Biomatters, New Zealand; 

now Dotmatics, United States). The following 16S rRNA sequences were found in the SILVA database,  

Escherichia coli NTCT12241 Pseudomonas aeruginosa PAO1, Enterococcus faecalis NCTC775. For 

the rest strains, with not identified in the SILVA database (Serratia marcescens NCTC1377, Proteus 

vulgaris NCTC4175, Klebsiella aerogenes NCTC10006, Lactobacillus plantarum NCTC6376, 

Streptococcus salivarius NCTC8618, and Staphylococcus aureus NCTC12981) the full genome 

sequences were downloaded from NCIMB database378. As bacterial strains have multiple copies of 16S 

rRNA genes, for each full genome sequence, all the 16S rRNA genes were extracted and aligned using 

the same Geneious software confirming that the 16S rRNA genes in a given strain were 100% identical. 

A randomly selected single 16S rRNA gene for each strain was used as an exemplar to pursue an 

species-specific primer design. 

First hypervariable regions for every strain were identified and selected as preferred targets for species-

specific primer design. Then, with the resulting regions were analysed using several primer design tools 

to inform the selection of potential primers and primer pairs, namely, Geneious Prime®2021.1.1, 

GenScript®379, and IDT® PrimerQuest Tool380. The criteria chosen as parameters in the analysis of the 

sequences based on available literature and experience within the research group were: 

• A melting temperature (Tm) in the 50-58°C range 

• An oligonucleotide length of 16-24 bp 

• Low chance of harpin, self-dimerization of an oligonucleotide, and hetero-dimer formation 

between different primer pairs in one species, as determined by agreement by more than one 

tool, including Oligo Analyzer Tool (Sigma-Aldrich®381) and PrimerQuest Tool (IDT®)380. 

• Low chance of cross-reactivity between primer pairs, i.e., the capacity of a species-specific 

primer to bind to a different bacterial sequence (in principle 16S RNA, but it could be any 

unspecific binding) amongst the strains as determined by Geneious Prime®2021.1.1 

• Whenever possible, a GC clamp at the 3’ end of the oligonucleotide was preferred, or 

alternatively a G, a C or combinations of these bases 

 

In addition, I designed an A-T rich sequence tail of 4-5 bases in length non-complementary between 

the forward (F) and reverse (R) primers was added at the 5’ end of each oligo to avoid 5’ interactions 

thus increasing primer binding opportunities at the 3’ end, which typically result in a more productive 

PCR reaction. The primers resulting from the thorough analysis indicated above are listed in Table 2.5. 

The validity of their application for the intended purpose was determined through PCR. The conditions 

for the PCR were selected from the information generated by the tools above, but also through 

refinement in cases of experimental failure. 
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Table 2.5: 16s rRNA primers designed for each bacterial species used in this study. Direction of the oligonucleotide - 
reverse or antisense (R), forward or sense (F) - , Name given to the primers, sequence of the primers with the 5’ tail in red, 
Melting temperature (Tm) , Annealing temperature (Ta) used per set and expected fragment length are indicated. 

Bacterial Species Direction Name Sequence (with extension) Tm (oC) Ta (oC) Fragment 
length 
(bases) 

K. aerogenes NCTC1006 R aEAP24Ueaer ATATCCAAAGCATCTCTGCTA 54.2 
52.5 951 

K. aerogenes NCTC1006 F sEAP24Jeaer TAATCAGAGAGCTTGCTCTCG 57.3 
  

E. faecalis NCTC775 R aEAP24Vefae ATATTTCAGTTACTAACGTCCTT 53.3 
51 404 

E. faecalis NCTC775 F sEAP24Oefae ATAAGCACTCAATTGGAAAGAG 54.4 
  

E. coli NCTC12241 R aEAP24Lecol ATAACTCATCTCTGAAAACTTCCG 56.8 
53 572 

E. coli NCTC12241 F sEAP24Kecol TATAAGTAAAGTTAATACCTTTGCTC 53.5 
  

L. plantarum NCTC6376 R aEAP24Flpla ATTACTCAGATATGTTCTTCTTTAAC 53.5 
51 401 

L. plantarum NCTC6376 F sEAP24Slpla ATAAGCATCATGATTTACATTTGAG 54.3 
  

P. vulgaris NCTC4175 R aEAP24Gpvul ATTTTCACTCCTCTATCTCTAAAGG 55.9 
51 585 

P. vulgaris NCTC4175 F sEAP24Tpvul ATTAATGTTAAGATTAATACTCTTAGCA 53.7 
  

P. aeruginosa PAO1 R aEAP24Dpaer ATATCGCCACTAAGATCTCAAGGAT 59.3 
56 224 

P. aeruginosa PAO1 F sEAP24Ppaer ATATAAACTACTGAGCTAGAGTACG 55.4 
  

S. marcescens NCTC1377 R aEAP24Nsmar ATATAGAGTAACGTCAATTGATGAAC 55.5 
55 417 

S. marcescens NCTC1377 F sEAP24Msmar ATATAGAGCTTGCTCCCTGGG 58.7 
  

S. aureus ATCC25923 R aEAP24Nsaur AATAATACACATATGTTCTTCCCTAATAA 55.4 
55 266 

S. aureus ATCC25923 F sEAP24Msaur TTTAACGGTCTTGCTGTCACTTATA 58.5 
  

S. salivarius NCTC8618 R aEAP24Lssal ATATTACTTTCCACTCTCACACTCG 58.4 
57 310 

S. salivarius NCTC8618 F sEAP24Wssal ATTATCCGCATAACAATGGATGACA 59 
  

R, reverse primer; F, forward primer. Forward or reverse were considered in regard to the 16S rRNA gene 5’ to 3’ or 3’ to 5’ 
orientation. 

 

2.2.2.2 DNA extraction  

DNA extraction from bacterial cultures was required to use the DNA as a template for PCR and qPCR 

reactions. The use of enzymatic methods (e.g., lysozyme) demands protocol variations between Gram-

negative and Gram-positive organisms. As the former has an outer membrane, it requires for instance 

its chemical-mediated removal (e.g., using EDTA) before using lysozyme. Also, some species, like the 

staphylococci, are more refractory to lysozyme lysis, and lysostaphin would be a better lytic enzyme. 

However, there is a particular variability between lysostaphin specific activity across sources/stocks 

(Prof. Simon Foster, University of Sheffield, personal communication). Alkali lysis of cultures is another 

common protocol for bacterial DNA extraction but more efficient with Gram-positives than Gram-

negatives. In all these case, further DNA purification is required whether through column-mediated 

adhesion/elution kits traditional chloroform:isopropanol extraction and salt-mediated precipitation.  

These protocols may still display heterogeneity in lysis efficacy, extraction and purification for different 

colony isolates. The variety of reagents and conditions, and the need to ensure proportional lysis from 

bipartite or tripartite species in co-cultures would introduce the complexity of a significant number of 

assessments to standardize the enzymatic and chemical protocols per species and combination of 

species. Consequently, I explored the possibility of using physical methods to enable easier 
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standardization and high throughput. The protocol of choice was the use of repetitive cycles of freeze-

boiling. Different times at -80°C and 100°C were considered with the combination of a cycle of 5 minutes 

at -80°C and 3 minutes at a 100°C proving the most efficient method. The number of cycles vary based 

on the bacterial resistance to lysis. A total of 4 cycles for Gram-negative species as well as E. faecalis 

and S. salivarius, and 8 cycles for the rest of Gram-positives, S. aureus and L. plantarum. Estimation 

of the minimum but sufficient number of cycles for full lysis was important to maximize DNA yield but 

minimize DNA damage. Full apparent lysis by naked eye observation, productive DNA amplification 

(reduced number of cycles resulted on no detectable bands), and absence of viable cells after the ideal 

number of cycles and freezing:boiling treatment indicated above was confirmed. The samples for DNA 

extraction corresponded to 1ml from the co-culture after 16 hours of cultivation, which was spun down 

at 13,000rpm for 1 minute at RT, resuspended in 1ml of LB. Subsequently, the freeze:boiling cycles 

were applied as described above, the sample centrifuged (13,000rpm, 1 minute, RT), and any pellet 

with debris discarded. The supernatant corresponded to the DNA template. The Purity of DNA was 

measured with a Thermo Scientific, Nanodrop 2000c spectrophotometer. 

 

2.2.2.3 16S rRNA amplification: qualitative and semi-quantitative PCR 

The 16S rRNA genes were amplified by PCR in a thermal cycler (Veriti 96 Well Thermal Cycler – Applied 

Biosystems by Thermo Fisher Scientific, UK). DreamTaq DNA Polymerase, oligonucleotides (Table 

2.5)- and dNTPs were purchased from Thermo Fisher Scientific. The PCR reactions were set up 

according to the DreamTaq manufacturer’s recommendation 382 . Briefly, the reaction mixture contained 

1 µl of DNA template, 0.5U of DreamTaq, 1x DreamTaq buffer, 200 µM dNTPs and MilliQ (MQ) ultrapure 

H2O up to 20 µl final volume. An initial denaturation step was run at 95ºC for 1 minute. Every 

amplification cycle consisted on thermal denaturation at 95°C for 15 seconds, followed by a variable 

annealing temperature depending on the primer set for 30 seconds (Table 2.5), and extension at 72°C 

for a length of determined by the length of the expected amplicon. The latter was calculated based on 

the DreamTaq DNA polymerase processivity (1 minute/kb). The amplification cycle was run 30 times. 

A final extension step at 72°C for 5 minutes followed by incubation at 12°C concluded the reactoin. The 

amplicons were separated in 1.5% agarose gel by electrophoresis (100V for 25-30 minutes) using the 

Gene Ruler 100bp DNA ladder (ThermoFisher Scientific, 1304158) to size the resulting amplicons. 

Agarose powder, TAE 1x buffer and GelRed Nucleic acid stain loading buffer -10,000x in H2O- were 

purchased from Thermo Fisher Scientific (UK). Bands were observed through Bio-Rad Gel-Doc System. 

Species-specificity or cross-reactivity for each of the oligonucleotides was determined using DNA 

samples from single cultures against heterologous primers from other species. Other genes (i.e., 

housekeeping genes and prodigiosin genes) and related primers already used and described in 

literature were adapted to our bacterial sequences and purchased as a back-up plan in case designed 

16s rRNA primer would have not worked (Table 2.6 and  
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Table 2.7). Although not used in this PhD Thesis, the design efforts and production offer an opportunity 

for immediate downstream experimentation in follow up projects. 

The methods above will show the presence or absence of a given amplicon, and in turn of a given 

bacterial DNA template, therefore indicate the presence of a given bacterial species. However, it would 

not inform the number of bacteria present in the sample. Two methods were considered and employed 

for a semi-quantitative and quantitative determination of bacterial cell density within a population using 

PCR. The semi-quantitative determination of the differential presence of one bacterium versus another 

in a bacterial co-culture consisted on the use of DNA templates for PCR reactions obtained from serial 

dilutions of the DNA sample from the test culture. The principle underpinning the technique is that in 

the co-culture experiment, initially each bacterial species is inoculated at the same cell density. With a 

certain ratio of amplicons of one species compared to amplicons of another species (run in independent 

PCR reactions from the same DNA sample). An imbalance in this ratio over co-culture incubation time 

would suggest the prevalence of one strain compared to the other. The serial dilutions of each DNA 

sample were made in MQ ultrapure H2O and amplification of the diluted samples with PCR conditions 

as indicated above. 

Table 2.6: Prodigiosin primers designed for each bacterial species used in this study. Direction of the oligonucleotide - 
reverse or antisense (R), forward or sense (F) - , Name given to the primers, sequence of the primers with the 5’ tail in red, 
Melting temperature (Tm) , Annealing temperature (Ta) used per set and expected fragment length are indicated. Primers 
adapted from Jia et al. 383 

Bacterial Species Direction Name Sequence (with extension) Tm 
(oC) 

At  
(oC) 

Fragment 
length 
(bases) 

S. marcescens NCTC1377 R aEAP165b pigA AAATAAACAGTGTCGGCTAATGCTC 60.2 
58 118 

S. marcescens NCTC1377 F aEAP165d pigB AATTAAAACCGATCCTCGAACG 57.1 
   

S. marcescens NCTC1377 R aEAP165f pigD ATATAATGATGGATGAATTCAAGGG 55 
54 120 

S. marcescens NCTC1377 F aEAP165h pigE TTTTTATCCGTTCGTCAGCG 56.9 
   

S. marcescens NCTC1377 R aEAP165L pigF AAAATGTCGCTGAACATGCTGG 60.4 
55 447 

S. marcescens NCTC1377 F aEAP165N pigG AAATAGCATATCGCCACCCAGTATC 60.9 
   

S. marcescens NCTC1377 R aEAP165p pigI ATATATCAGCGATACACAACTGAC 56.5 
54 145 

S. marcescens NCTC1377 F aEAP165r pigN TATTTCATGATCTTCGGCGGC 58.9 
   

S. marcescens NCTC1377 R sEAP165a pigA TTAAAACGGCATATTCGGAAATCAAC 59.3 
57 136 

S. marcescens NCTC1377 F sEAP165c pigB ATTTATGATTGTCCATCCAATTGG 55.8 
   

S. marcescens NCTC1377 R sEAP165e pigD ATATAATTCGTCGTCGCTGACC 58.4 
59 203 

S. marcescens NCTC1377 F sEAP165g pigE ATATAGAATTTCCAGGTGGTGTG 56 
   

S. marcescens NCTC1377 R sEAP165i pigF AAATACGATCAGGGTGCGTG 58.3 
55 150 

S. marcescens NCTC1377 F sEAP165M pigG TAAAGCACCAGCGCAACCATC 61.8 
   

S. marcescens NCTC1377 R sEAP165o pigI TAATAAGCCTGGCAATCTTTCTG 56.9 
59 194 

S. marcescens NCTC1377 F sEAP165q pigN TTTTAGCCGCTGTTCAGCAACC 62.2 
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Table 2.7: Housekeeping genes designed for each bacterial species used in this study. Direction of the oligonucleotide - 
reverse or antisense (R), forward or sense (F) - , Name given to the primers, sequence of the primers with the 5’ tail in red, 
Melting temperature (Tm) , Annealing temperature (Ta) used per set and expected fragment length are indicated. Primers 
adapted from Besler et al.384, Duary et al385., Sakuraoka et al.386, Zhang et al.387 

Bacterial Species Direction Name Sequence (with extension) Tm 
(oC) 

At  
(oC) 

Fragment 
length 
(bases) 

S. marcescens NCTC1377 R aEAP166b adk TTTTTGCCGCTTCTTTGCTGTAG 60.8 
56 468 

S. marcescens NCTC1377 F aEAP166d gyrB TATATCAGCGTACGAGTCATC 54.6 
  

S. marcescens NCTC1377 R aEAP166f mdh AATAAAGAGACAGACCGAAACG 56.5 
54 525 

S. marcescens NCTC1377 F aEAP166h recA ATTATTCGCCGTACATGATTTG 55.3 
  

S. marcescens NCTC1377 R sEAP166a adk AAAATGGTAAAGGTACTCAGGC 56.3 
54 468 

S. marcescens NCTC1377 F sEAP166c gyrB ATTTATCGACGACAACTCCTATAAAG 57.2 
  

S. marcescens NCTC1377 R sEAP166e mdh TTTTACGTGGTGCTGATTTCC 57.1 
52 465 

S. marcescens NCTC1377 F sEAP166g recA TTTTGCTGGATCCTATCTATGC 56 
  

P. aeruginosa PAO1 R aEAP167b ampC TATACGGTGAAGGTCTTGCT 56 
54 240 

P. aeruginosa PAO1 F aEAP167c fabD AAATTATCCCTCGCATTCGTCT 57.9 
  

P. aeruginosa PAO1 R aEAP167g rpoD AAAAAAGAAGGAAATGGTCGAGG 57.5 
55 128 

P. aeruginosa PAO1 F sEAP167a ampC TAATTATTCCCCTGCCTGTGC 58.1 
  

P. aeruginosa PAO1 R sEAP167d fabD AAAAAGGCGCTCTTCAGGAC 58.8 
54 123 

P. aeruginosa PAO1 F sEAP167h rpoD ATATTGGAGAACTTGTAGCCG 55.5 
  

L. plantarum NCTC6376 R aEAP168b gyrB ATTTAATCCCACGACCGTTATC 56.3 
55 57 

L. plantarum NCTC6376 F aEAP168c ldhL TATATGATCCTCGTTCCGTTG 55 
  

L. plantarum NCTC6376 R aEAP168e recA TATAAGAACAGATCAAGGAAGGAAC 56.4 
53 123 

L. plantarum NCTC6376 F sEAP168a gyrB TTATAAATTGATGAAGCCCTAGCAG 57.3 
  

L. plantarum NCTC6376 R sEAP168d ldhL AAAAACGAACACCATCTTCTAAC 55.7 
53 81 

L. plantarum NCTC6376 F sEAP168f recA ATATAGATACCTTGACCATACATG 53.3 
  

E. coli NCTC12241 R aEAP169a fumC ATATTCGTCGTTAGGGTGAAC 55.5 
55 274 

E. coli NCTC12241 F aEAP169d gyrB AAAATCCATGTAGGCGTTCAGG 59 
  

E. coli NCTC12241 R aEAP169e recA ATTTTCGCATTCGCTTTACCCTG 60.4 
55 743 

E. coli NCTC12241 F sEAP169b fumC ATATTGGAGCATTTCCGCATTTC 58.1 
  

E. coli NCTC12241 R sEAP169c gyrB TTAAACATGGTATTCGAGGTGG 56.2 
57 373 

E. coli NCTC12241 F sEAP169f recA TTAAACGTATGATGAGCCAGGC 58.8 
  

 

2.2.2.4 Quantitative PCR 

To further complement the qualitative and semi-quantitative PCR data, real-time PCR was performed 

using the SYBR® Green PCR Master Mix (Thermo Fisher Scientific, 4368577), designed primers (10 

µM each), 1 µl of the DNA template and MQ ultrapure H2O to reach the desired reaction volume of 10 

µl. Amplification was conducted in the QuantStudio™ from Applied Biosytems in a 96-well plate. The 

mixture was heated at 95°C for 10 minutes (DNA denaturation), then subjected to 40 cycles of thermal 

cycling at 95°C for 15 seconds, 52ºC (average annealing temperature) set for 30 seconds, and 60°C 

for 40 seconds (extension). Results were analysed and plotted with the QuantStudio™ associated 

software. The threshold ct was automatically set based on the amplification curves. 
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2.3 Characterization of “bull’s eye” pattern formation from liquid co-cultures 

Co-culture competition experiments between E. coli NCTC12241 and S. marcescens NCTC1377 

revealed the presence of a “bull’s eye” pattern (Section 4.1) on TSA incubated at 37oC for 16 hours, 

with an apparent differential and regular spatial distribution in the colony of S. marcescens (red coloured 

regions in the centre and edge of the colony) and E. coli (white colour region in middle section between 

the two S. marcescens regions). The following sections describe efforts taken towards the 

characterization of the phenomenon. 

2.3.1 Determination of differential species distribution in the “bull’s eye” pattern 

It was first necessary to determine whether those different sections in the “bull’s eye” pattern correspond 

to absence or decrease of any of the species in each region, or whether the pattern is due to phenotypic 

pigmentation differences of the species in the sections. Bacterial samples from a circular area of 

approximately 1 mm in diameter (0.78 mm2) from the three different sections of the pattern were 

collected with a Gilson 10P microbiological pipette loaded with a sterile 200l micropipette “yellow” tip. 

The colony sample was resuspended in 1ml of PBS. Subsequent dilutions in the same buffer were 

performed to an approximate concentration of 500 cells/ml. Given the similar growth rates, absorbance 

values and viable counts during growth in LB of E. coli NCTC12241 and S. marcescens NCTC1377, 

the CFU to OD600 conversion growth curves obtained in Section 3.1 were used here. The calculated 

CFU/ml were multiplied by 1.27 (1 ml/0.78 mm2) to convert to CFU/mm2. Aliquots of 200 µl aliquot from 

the resulting dilution were spread on different TSA plates, allowed to dry and incubated at 37oC for 16 

hours. The objective of this “high volume over high area” plating was to maximise the opportunities to 

recover a sufficient number of colonies from both species to enable at least a two logarithmic units 

dynamic range difference between both species. The discrimination of Escherichia or Serratia colonies 

was based initially on colony morphology, white/cream and red, respectively. 

To discriminate whether the white morphology characteristics of the single colonies on TSA plates may 

be a reversible physiological adaptation, which has been observed in certain strains of Serratia or were 

maintained in subsequent generations, 5 single white colonies and 5 single red colonies from each of 

the previous plates above, were re-streaked on fresh TSA plate and incubated for 16 hours at 37oC. As 

a control to study the colony morphology characteristics of S. marcescens NCTC1377 growing as a 

monoculture on different agar media (Table 2.2) in conditions resembling those of the bipartite species 

co-culture, 1µl drops containing 105 cells from an exponentially growing culture inoculum of S. 

marcescens NCTC1377 in LB were placed on the corresponding media, placed in the 37oC and 26oC 

incubator with controlled humidity (adapted from Čepl et al., 2019388) and colony characteristics were 

monitored and imaged daily for 7 days.  

2.3.2 Liquid co-culture growth dependence for S. marcescens and E. coli for “bull’s eye” 
pattern distribution 

The dependence of the formation of the “bull’s eye” pattern on TSA from joint growth of E. coli 

NCTC12241 and S. marcescens NCTC1377co-cultures in liquid preceding the deposition on solid agar 

medium was determined as follows. Exponentially growing independent culture inocula of E. coli 
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NCTC12241 and S. marcescens NCTC1377 were prepared as previously described (Section 2.1.5.3). 

The cultures were mixed  at a 1:1 ratio to a final combined cell density of 108 cells/ml. Immediately, 10ul 

drops containing 106 combined number of total cells from the culture mix were placed on TSA plates, 

allowed to to dry and then incubated at 37oC for 16 hours. 

2.3.3 Mono-/co-culture conditioned medium effect on “bull’s eye” pattern formation 

The possibility of an extracellular signal released by E. coli NCCT12241 in response to growth in the 

presence of S. marcescens NCTC1377 and vice-versa mediating “bull’s eye” pattern formation process 

when in co-culture was considered. To test whether conditioned medium (CM) from the co-culture of S. 

marcescens NCTC1377 and E. coli NCTC12241 can lead S. marcescens NCTC1377 to form the “bull’s 

eye” pattern, the co-culture was grown from pre-inoculum/inoculum process in TSB (as the pattern was 

observed in TSA plates but not in LBA) for 24 hours (37oC, 200 rpm). 1 ml samples were collected every 

hour after inoculation of the test culture and centrifuged at 13,000 rpm for 1 minute. The pellet was 

discarded. The supernatant, which corresponded to the CM, was collected and filtered sterilized with 

0.22 µM pore filter (StarLab). This filtered CM (fCM) added to a PBS-washed pellet of exponentially 

grown S. marcescens NCTC1377 as described above. The S. marcescens pellet was gently 

resuspended in the fCM and plated on TSA plates at a volume and total cell number known to form the 

pattern, i.e., 10 µl containing 106 cells. The drops were dried at RT and incubated at 37oC for 16 hours. 

To determine whether the CM from either or both of the mono-cultures of E. coli NCTC12241 and S. 

marcescens NCTC1377 may also contain a possible extracellular signal leading “bull’s eye” pattern 

formation, the same protocol was applied to fCM obtained from each of the mono-cultures. As an 

additional control, the independence from CM on the formation of the “bull’s eye” pattern was also 

assessed as follows. Volumes of 1 ml of exponentially grown E. coli NCTC12241 and S. marcescens 

NCTC1377 co-cultures grown as described in Section 2.1.5.2 were washed by centrifugation (13,000 

rpm,1 minute, RT), the supernatant (i.e., the CM) was removed, and the remaining pellet was then 

resuspended in 1ml of PBS. The same wash operation was repeated resulting cell suspension in PBS 

was plated on TSA at the desired concentration, volumes of 10 µl each containing 106 cells. 

The possibility that an extracellular signal was produced and released by the co-culture on solid media 

(sCM), and may still be remain within the “bull’s eye”-patterned colony, compared to the potential signal 

already be present in the preceding CM resulting from liquid co-culture growth was also assessed. Ten 

“bull’s eye” patterned colonies resulting after 24 hours growth on TSA at 37oC of co-cultures setup as 

previously described (Section 2.3.2) were collected and resuspended in LB, each colony in 1ml, to allow 

any possible extracellular signal to diffuse into the liquid eluent. After centrifugation (13,000 rpm for 1 

min), the pellet was discarded and the liquid filter sterilized through 0.22 µM polyvinylidene fluoride 

sterile filters (StarLab),and labelled as sCM. PBS-washed pellets isolated from exponentially grown 

culture inocula of S. marcescens NCTC1377 as indicated above were resuspended in a range of 

dilutions (in LB) of the resulting sCM, and plated in 10l volumes on TSA plates. Once the drops dried, 

plates were incubated at 37oC for 16 hours  
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2.4 Establishment and characterization of the “bull’s eye pattern” from 
independently grown cultures of S. marcescens and E. coli  

 

2.4.1 Species in-liquid contact dependence for “bull’s eye” pattern formation 

I have shown the formation of a bull’s eye pattern on TSA after 16 hours at 37oC from a 1:1 inoculum 

with 105 to 106 cells of S. marcescens NCTC1377 and E. coli NCTC12241 obtained after growth in LB 

for 8 hours at 37oC and 200rpm. To determine whether such joint growth in liquid preceding the plating 

is necessary for the “bull’s eye” pattern to form, independent exponentially grown cultures of E. coli 

NCTC12241 and S. marcescens NCTC1377 as described in Section 2.1.5.2 were produced. The 

cultures were then mixed at a 1:1 ratio to a combined cell density of approximately 1x108 cells/ml. Drops 

of 10 µl, thus containing a combined total from both species of 106 cells were immediately plated on 

TSA, air-dried at RT, and incubated for 16 hours at 37oC  

2.4.2 Time-lapse-based determination of “bull’s eye” pattern formation onset  

To determine the timeframe when the “bull’s eye” pattern first forms, the pattern was allowed to generate 

from independently grown cultures of S. marcescens NCTC1377 and E. coli NCTC12241 that were 

subsequently mixed and immediately plated on TSA and allowed to dry at RT, as indicated above. From 

the time of seeding, periodically for 24 hours a sample was taken from the locations where the sectors 

were predicted to be. Such prediction was based on the area covered by the dried drop and the 

experience accumulated on the reproducible location of where the sectors would be.  Reasonably, the 

sectors of the “bull’s eye” pattern are not visually recognisable during the early hours after seeding. 

Samples were generally taken every 1 to 2 hours except the 14 hours overnight interval with restricted 

access to the laboratory facilities. The analysis of the presence of S. marcescens or E. coli in a given 

sector was based on colony morphology, red and white, respectively. Confirmation of the retained 

phenotype was subsequently obtained by re-streaking of colonies. 

2.4.3 Inocula cell density impact on “bull’s eye” pattern generation 

The “bull’s eye” pattern was identified from equal concentration mixtures of S. marcescens NCTC1377 

and E. coli NCTC12241 plated on TSA at combined initial inoculum cell numbers of 105 to 106 on the 

plate. To test whether overall cell densities or differential concentrations of either species at inoculum 

may affect pattern formation or distribution of the sections, exponentially grown populations of both 

species, were mixed at different cell densities and ratios in a cross-grid that ranged from 10 to 107 cells 

in the 10 l drop that were seeded on TSA plates. The plates were incubated for 16 hours at 37oC to 

reproduce the conditions used in equivalent experiments but using exponential co-cultures of both 

species, as inocula for the plates. 
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2.5 Identification of extracellular factors influencing “bull’s eye” pattern generation 

To complement studies on the role of using CM from spent mono- and co-cultures of S. marcescens 

NCTC1337 and E coli NCTC12241 on “bull’s eye” pattern generation, readily available exogenous 

reagents that may act as nutrients, waste products or signals could be explored. 

2.5.1 Role of growth medium and selected nutrients “bull’s eye” pattern production 

The “bull’s eye” pattern formed by co-cultures of S. marcescens NCTC1337 and E coli NCTC12241 

has thus far been shown on this project as presenting on TSA plates. To determine whether it is a 

medium-specific and in turn nutrient/component-dependent process, the ability to form on other general 

purpose rich solid growth media (LBA, BHIA, and NBA) was also studied. In addition, given the 

heterogeneous composition amongst nutrient media, selected nutrients/components were added to 

inform specific influences in the process, which may simultaneously contribute towards the future 

mechanistic understanding of the process. LBA depleted from salt would inform the lack of NaCl in TSA, 

while LBA supplemented with glucose and/or dipotassium hydrogen phosphate (who may act as a 

buffering agent) at concentrations equivalent to those in TSA may inform their role in the latter.; NBA 

supplemented with glucose enable to approximate to conditions reported by Čepl et al.388 who did report 

the formation of an apparent self-forming similar “bull’s eye” pattern in mono-cultures of a different strain 

of S. marcescens (5965). CLED Agar was used as a differential growth media to potentially highlight 

the differential distribution of the two strains on the agar plate. Inoculation of all these media was done 

in conditions identical to those previously described for TSA, briefly, 10 µl drops containing 106 cells 

from exponential growing liquid (LB) mono-culture of S. marcescens NCTC1377 or E. coli NCTC12241 

or a 10 µl drop of a combined 106 cells from a 1:1 mixture of each species; once plates were dried, they 

were incubated at 37oC for 16 hours.   

2.5.2 Signal-mediated “bull’s eye” pattern formation 

The strain used in my study, S. marcescens NCTC1377, does not form the “bull’s eye” pattern when 

grown by itself on any of the solid growth media assayed. However, the fact that the presence of E. coli 

NCTC12241 in co-culture with S. marcescens NCTC1377 on TSA at 37oC results on the formation of a 

“red and white” geometric pattern suggests that there must be a mediator or set of mediators produced 

either or both strains leading the process. It may be a nutrient/s, a waste product/s, or an intra-/inter-

species extracellular signal/s. CM experiments suggested that no extracellular signal was involved, that 

it was labile, or that I may involve close cell-to-cell contact for release and receipt. 

AAs, such as methionine (Met) and cysteine (Cys) have been shown to play a role in synchronizing 

activities within bacterial populations, for instance as either signals or precursors of signalling molecules 

in QS mechanisms 389. Therefore, we have considered to determine whether the presence of those AAs 

on the growth medium may affect the patterning of S. marcescens NCTC1377, E. coli NCTC12241, E. 

coli NCTC10418 and their respective co-cultures. 
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Based on the values found in the literature and the concentration present in CLED growth medium, we 

have supplemented our TSA plates with 2 mM Cys (L-cysteine 98+% Fisher Scientific, 11488643) and 

50 µM Met. Co-cultures of S. marcescens NCTC1377 or E. coli NCTC12241 prepared in conditions that 

lead to the “bull’s eye” pattern on the media indicated above fail to generate the same pattern in CLED. 

CLED is supplemented with 2 mM Cys. Supplementation at the concentrations indicated was provided 

from filter-sterile liquid stocks of these AAs that were added to warm (60oC) TSA and gently mixed 

before pouring into Petri dishes.  

2.6 S. marcescens NCTC1377 growth partners influencing the formation of the “bull’s 
eye” pattern  

The “bull’s eye” pattern noticed in S. marcescens NCTC1377 on TSA does not occur when this Serratia 

strain grows by itself but when it grows in the presence of E. coli NCTC12241. It is important to 

determine whether other species and strains are able to lead the same pattern development. 

2.6.1 Impact of E. coli NCTC1224 neighbouring bodies on S. marcescens NCTC1377 
prodigiosin expression and colony patterning 

Liquid cultures of S. marcescens NCTC1377 have revealed a reduction of prodigiosin production when 

Serratia is in the presence of E. coli NCTC1224 (Section 4.1.7). To inform whether the presence of E. 

coli matrices (well-developed colonies) in the vicinity from S. marcescens colonies influence space 

distribution and/or colony’s morphology as well as prodigiosin gene expression in the latter, the following 

experiment was conducted. 

Exponentially growing E. coli NCTC12241 in LB at 37oC (200rpm) was streaked on three TSA plates 

as a broad streak encompassing the width of the plate, with a 10 µl metal Kohle loop. Simultaneously, 

a S. marcescens NCTC1377 exponential growing LB culture was serially diluted in PBS. Four 10 µl 

drops, each containing respectively 5, 500, 5.000 and 500.000 cells were seeded in the vicinity of E. 

coli matrices at different distances from 0.5 to 3 cm. Once the drops air-dried, plates were incubated at 

37oC, with controlled humidity, for 6 days. Macroscopic pictures were taken every 24 hours. 

2.6.2 S. marcescens NCTC1377 in co-coculture with strains other than E. coli NCTC12241 

As previously described S. marcescens NCTC1377 was grown jointly with a set of bacterial strains, 

including the strain leading the appearance of the “bull’s eye” pattern, E. coli NCTC12241. Namely, 

Proteus vulgaris NCTC4175, Klebsiella aerogenes NCTC10006, Pseudomonas aeruginosa PA01, 

Lactobacillus plantarum NCTC6376, Streptococcus salivarius NCTC8618 or Enterococcus faecalis 

NCTC775). None of those co-cultures led to the formation of a similar pattern. To see whether the effect 

was E. coli-species specific, we have grown S. marcescens NCTC1377 with another E. coli strain (E. 

coli NCTC10418) available in the strain collection in conditions that replicate those used for the co-

culture and plating of E. coli NCTC12241. 
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2.6.3 Addition of a third strain in the co-culture S. marcescens NCTC1377 - E. coli NCTC1224 

The discovery of the “bull’s eye” pattern resulting from a bipartite combination of strains (S. marcescens 

NCTC1377 or E. coli NCTC12241) and potentially mediated my nutrients, waste products or signalling 

molecule led the consideration of whether the presence of an additional strain, potentially able to 

consume those nutrients, release the same or different waste products and/or produce/use signals may 

interfere with pattern development. Two frequent colonizers of the enteric system were independently 

added to the bipartite combination the S. marcescens NCTC1377 / E. coli NCTC1224 to see whether 

they may alter interplay between these two species, specifically, the Gram-negative, E. coli 

NCTC10418, and a Gram-positive, E. faecalis NCTC775. 

Following the protocol previously described, a 10 µl drop containing 106 bacterial cells of the 

exponentially grown cultures of E. coli NCTC12241 and S. marcescens NCTC1377 plus either E. coli 

NCTC10418 or E. faecalis NCTC775, at a ratio of 1:1:1, were mixed and immediately plated on TSA. 

Once air-dried, plates were incubated at 37oC for 16 hours. Mono-cultures of each of these bacterial 

species were processed in a similar manner as controls.  

2.7 Structure-function implications of the “bull’s eye” pattern: virulence 

The phenotypic characteristics of bacterial colonies on growth medium can be observed as the 

macroscopic manifestation of morphogenes and can be accompanied by genome-wide changes. In our 

case, the formation of the “bull’s eye” pattern may grant changes in genes expression in S. marcescens 

NCTC1377 and/or E. coli NCTC12241 which may lead an alteration of bacterial physiology, virulence 

or pathogenesis, as seemingly occurring with prodigiosin expression. Hence, we have assessed, i.e., 

antibiotic resistance, motility, haemolysis, proteolysis, biofilm formation and infection capacity, to 

identify any changes on these variables in co-culture cells from a “bull’s eye” pattern compared to cells 

isolated from mono-culture colonies or in conditions which do not lead the formation of such a geometric 

pattern. 

2.7.1 Antibiotic sensitivity and resistance of cells in the “bull’s eye” pattern 

Serratia marcescens strains are typically multi-resistant to antibiotics, including natural resistance to 

extended spectrum -lactamases, macrolides, first generation cephalosporins, and they seem to be 

displaying increasing resistance to aminoglycosides. Quinolones appear to be highly active against 

Serratia and are the drug of choice in infections due to multidrug-resistant gram-negatives. 

Sensitivity to the quinolone levofloxacin (LFX) was evaluated. Samples of approximately 1x106 cells 

collected from each of the 3 zones of the “bull’s eye” pattern (centre, middle and edge) as described in 

the Section 2.3.1 with the following modifications. The resuspension of the bacterial paste obtained 

from the colony was done in LB, not in PBS, and the concentration of cells was 1x106 cells/ml 

(extrapolated from an OD600 measurement of 0.01). Independent 1 ml aliquots of the ultimate bacterial 

suspension in LB were exposed to a range of LFX concentrations (0-20 µg/ml) that were incubated in 

microfuge tubes (37oC, 200rpm, 16 hours). To control for the sensitivity or resistance of the mono-
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cultures of both species, an identical protocol was applied, including the selection of bacterial paste 

samples from the centre, middle and edge of mono-culture colonies. Subsequently, samples were 

serially diluted in PBS and viability on TSA plates assessed through cell counting (CFU/ml). 

Similarly, the sensitivity of these strains in liquid medium was also assessed. Samples were also 

collected from mono- and co-culture experiments grown in LB for 8 hours at 37oC and 200rpm, which 

are the conditions used on the bacterial growth dynamics and competition experiments (see above). 

The cultures were diluted in LB to adjust the cellular concentration to 1x106 cells/ml as above Samples 

collected from a colony of S. marcescens NCTC1377 or E. coli NCTC12241 as mono-cultures, grown 

at identical conditions were used as controls.  

The same protocol was applied to evaluate the resistance against ampicillin and vancomycin, to which 

Serratia is expected to be resistant to. To the former because of its natural resistance to -lactamases 

and to the latter because of the impermeability of the outer membrane of gram-negatives. The range of 

concentrations investigated ranged from 0-100 µg/ml for ampicillin and 0-50 µg/ml for vancomycin. 

To test whether the increase in antibiotic resistance in the S. marcescens NCTC1377 embedded in the 

centre and edge sections of the “bull’s eye” pattern could be explained by a physiological adaptation 

compared to a genetic change of the strain. The ability of the resistant colonies from cultures exposed 

to antibiotics to transfer the resistance to subsequent generations was evaluated. Briefly, surviving 

single colonies on TSA plates coming from liquid cultures that had been exposed to LFX were 

independently resuspended in PBS. Their sensitivity to LFX was again assessed, by seeding serial 

dilutions of those cell suspensions on TSA plates containing increasing concentrations of LFX  (0-1 

µg/ml) and incubated at 37°C for 16 hours. Single colonies isolated from S. marcescens NCTC1377 or 

E. coli NCTC12241 mono-cultures followed the same processing and were used as controls. Plates 

were observed after 16 to 48 hours to establish the number of viable counts.  

2.7.2 Oxidative stress-mediated modulation of antibiotic susceptibility and “bull’s eye” 

pattern formation 

2.7.3 Motility: swimming and swarming 

To test motility of the strains, TSA plates with conventionally accepted 0.3% and 0.7% agar for 

swimming and swarming motility assays, respectively were used. 1µl drop containing 105 cells from 

exponential growing LB cultures of E. coli NCTC12241, E. coli NCTC10418, and S. marcescens 

NCTC1377 as mono- or co-cultures were placed onto the 0.3% and 0.7% agar plates. Plates were 

allowed to settle at RT to be then incubated at 37°C for 24 hours. After incubation, the diameter of each 

grown colony was measured to compare the bacterial ability to swim or swam in these conditions. Also, 

the resulting plates with grown co-cultures were then left at RT (20-22°C) for further 8 hours to enhance 

red pigmentation due to prodigiosin production. Prodigiosin maximum expression is reached between 

22 and 27oC390,391. Samples of different colour in the colonised area of the plates were collected and 

re-streaked on conventional LBA plates followed by 16-hour incubation at 37oC to assign and quantify 

species-specific bacterial cells grown on the soft agar plates. 
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2.7.4 Multi-species biofilm 

Bacterial biofilm formation relies on a complex cell-to-cell communication system. The putative 

signalling-mediated space distribution into a “bull’s eye pattern” between S. marcescens NCTC1377 

and E. coli NCTC12241 may be accompanied by an alteration in biofilm formation properties and 

therefore in the virulence of each species. The ability (or lack thereof) S. marcescens NCTC1377 to 

form a biofilm may be influenced by the presence or absence of E. coli NCTC12241.   

Bacterial biofilm growth was supported on Nunclon 96-well plates (Termo Fisher Scientific, UK). 200 µl 

of sterile distilled H2O was added to the external wells of the 96-well plates to keep humidity constant. 

The media selected for growing the mono-species bacterial biofilm were LB and LB supplemented with 

2% glucose. The growth media with appropriate supplements were added to the wells.  

Pre-inoculum and inoculum were prepared as described above in the bacterial dynamics setup protocol. 

A total of approximately 1,000 cells from exponentially growing bacterial cultures of S. marcescens 

NCTC1377, E. coli NCTC 12241, E. coli NCTC 10418 and the S. marcescens & E. coli NCTC12241 

co-culture, was placed in the wells in a 96-well plate, except liquid medium alone contamination 

controls. The 96-well plate was incubated for 24 hours at 37°C in a humidity chamber (Tupperware® 

box with lid not sealed tight to allow oxygen circulation and wet tissues to keep humidity).  

To determine biofilm growth each well was gently rinsed with PBS 3x, then 0.1% CV solution was added 

to each well and allow to stain for 10 minutes before further washing with sterile distilled H2O. The 

remaining liquid was removed by gently tapping the inverted plate on a tissue. Once the plate dried at 

room temperature for approximately 20 minutes the wells are observed with an optical microscope 

(Nikon ECLIPSE E200 Microscope, 40x objective). Macroscopic pictures were taken. 

Another 96-well plate set up and grown as a above and processed in parallel was used to enumerate 

the viability counts of the planktonic bacterial suspension and of the biofilm mass. Samples of 100 µl of 

the liquid suspension were collected for each condition, serially diluted in PBS, and plated on TSA as 

per the Miles and Misra method. Incubation was carried out at 37°C for 16 hours. To ascertain the viable 

counts in the biofilm, the LB suspension was transferred to a fresh tube, and each well was gently rinsed 

100 µl with PBS buffer once.  The biofilm mass was thoroughly scratched in 100 µl of PBS added to 

each well. The resulting suspensions were collected and again serially diluted in PBS, plated in 3x10 µl 

drops on TSA plates and incubated at 37°C for 16 hours. The viability test was not done for the co-

culture E. coli NCTC12241 & E. coli NCTC10418 as colonies are not distinguishable based on colony 

morphology (smooth white round colonies for both strains). 

2.7.5 Host-pathogen interactions: infection assay 

In the same manner that several features studied above potentially connected to pathogenesis may be 

altered upon formation of the “bull’s eye” pattern by S. marcescens NCTC1377 or E. coli NCTC12241 

co-cultures, it was of value to explore changes on adherence or invasion of human tissue cells.  We 

have set-up a bacterial/cell culture-based infection model. The following experiments have been 
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conducted in collaboration with Matthew Allott (MA) in the laboratory, who prepared the cells for the 

infection assays. 

2.7.5.1 Infection assay: adherence 

MDCK cells were seeded in a 24-well plate containing 1 ml DMEM supplemented with 4 mM L-

glutamine and 10% FBS at cell numbers to obtain 80% confluency and incubated at 37°C, 

5%CO2 for 20 hours. Empty wells were filled with 1x PBS to provide humidity. Supplemented media 

was removed from MDCK cells 2 hours prior to infection and replaced with non-supplemented DMEM 

to induce cell starvation to ideally maximize adherence and internalization.  

Samples were collected from the outer edge of bacterial colonies on TSA (37oC, 18 hours) of (i) S. 

marcescens NCTC1377, (ii) E. coli NCTC12241 and (iii) the “bull’s eye” pattern resulting from S. 

marcescens NCTC1377 & E. coli NCTC12241 co-cultures. Samples were collected with a Gilson P10 

pipette loaded with a 200l yellow tip, resuspended in 1 ml of LB and washed with 1x PBS (pH 7.4) 

after harvesting by centrifugation (13,000 rpm, 1 minute). After removal of the supernatant the pellet 

was resuspended in 1 ml LB, and cell density was standardized to an OD600 of 0.5 corresponding to 

108 CFU/ml. A total of 2x105 bacterial cells of each sample type were put in contact for 30 minutes at 

37°C with the MDCK cells in the wells, resulting in a final multiplicity of infection (MOI) of 1. As an 

exception, given the 1:10 ratio between E. coli NCTC12241: S. marcescens NCTC1377 at the edge of 

the co-culture patterned colony, the mono-culture assay control for E. coli NCTC12241 was also 

performed at an MOI of 0.1. Each condition was tested in duplicate.  Supernatants were harvested and 

immediately placed on ice. MDCK-containing wells were washed 3x with 300 µl of PBS. Bacterial cells 

adhered to the tissue were resuspended via mechanical scraping in fresh 1 ml PBS that was 

subsequently serially diluted and plated to determine the number of CFU/ml. Viable counts of bacteria 

in the supernatant were also determined. Scraping and plating on agar plates induced lysis of epithelial 

cells, with no need of using lysis agents392. 

2.7.5.2 Infection assay: internalization 

The determination of the number of bacterial cells internalized by the MDCK cells was accomplished 

with an experimental setup identical to the adherence assay above, but with the addition of gentamicin 

(an antibacterial agent unable to penetrate the host membrane). Only bacteria internalized inside of 

MDCK cells would be protected from the bactericidal activity of gentamicin. After the 30 minutes contact 

time between the bacteria and the tissue culture cells a 100ug/ml of gentamicin were added to each 

well and allowed to act for 45 minutes at 37oC. Bacterial cells were harvested, and supernatants 

dispose. The pellets were washed 3x with 300 µl PBS and internalized cells resuspended via 

mechanical scraping in fresh PBS. The viability of bacterial cells was assessed through CFU counting. 
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2.8 In silico tools 

2.8.1 Genomic comparison of E. coli NCTC12241 and E. coli NCTC10418 

We have shown that the “bull’s’ eye” pattern formation only appears with S. marcescens NCTC1377 in 

contact with E. coli NCCT12241 and not with E. coli NCTC10418. Such disparity offers the opportunity 

for an in silico comparison of both E. coli genomes to identify differences that may provide an insight as 

to the mechanisms underlying the morphogenetic and functional differences in the S. marcescens 

NCTC1377 being in contact with E. coli NCCT12241.  

Full genomes and annotations of E. coli NCTC12241 and E. coli NCTC10418 were downloaded from 

ATCC database393 and imported in Geneious Prime®2021.1.1. Comparative genome analyses of the 

two genomes were constructed through a Mauve alignment – a multiple genomic alignment and 

visualization software based on an algorithm to identify Locally Collinear Blocks (LCB) with conserved 

segments, to expeditiously study genome-wide evolutionary dynamics clearly illustrating orthologous 

and xenologous regions recognisable at a glance. 

Following the Mauve-identified differences between both genomes, all genes in both species were 

translated to their AA sequences also using the Geneious Prime®2021.1.1. Sequences were extracted 

in FASTA format and analysed in Protein BLAST394. Our search set in Protein BLAST consisted in non-

redundant protein sequences as a database only within the organism Escherichia coli ATCC25922. 

General Algorithm parameters were the following: Max target sequence (100), Expected threshold 

(0.05), Word size (6), Max matches in a query range (1). Results were downloaded as .cvs file. They 

included: Name of the sequence (Query), Accession codes (or sequence ID) of the matched Subjects, 

identity (%), Query Coverage(%), Length, Gap, Query start and end, Subject start and end, E-value, 

score bites. To obtain the descriptions (names) of all access codes, a detailed search in the NCBI 

website under the section ‘Protein’ was conducted; NCBI Reference sequences and results including 

the accession codes protein sequence and related protein name, were collected as FASTA files. Protein 

names were added to the relative downloaded data resulted from the BLAST analyses. The full 

translations list was imported and analyses in Geneious Prime®2021.1.1 and Microsoft Excel. The 

output consisted on the percentage of proteins with a certain degree of conservation for both full 

genomes. 

2.8.2 Translational analysis of methionine-related proteins between E. coli strains 

The impact of a micromolar concentration of Met on “bull’s eye” pattern formation on S. marcescens 

NCTC1377 grown as a mono-culture led to consider the preliminary in silico study of genes/gene 

products connected to Met metabolism and indirectly to QS regulation (MetR and MetE) we ran a 

translational comparative analysis of proteins involved in Met metabolism, of both E. coli strains.  

metR and metE from both genomes, E. coli NCTC12241, E. coli NCTC10418 were identified, extracted, 

and translated. The translated sequence of MetR and MetE from both E. coli were aligned performing 

a Pairwise Global Geneious alignment (Alignment type: Global alignment with free end gaps; Cost 

Matrix: Blosum62). Alphafold2395 (Jumper et al., 2021a) was used to determine the 3D structure of MetR 
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and MetE proteins. Alphafold2 generates .pdb files which were then visualized in Geneious 

Prime®2021.1.1 or RCSB PDB. The 3D protein structures were aligned in Geneious Prime® 2022.1.1.1 

to search for differences that may potentially underpin differences between both strains able to explain 

the differential effect they have in the formation of the “bull’s eye” pattern by S. marcescens NCTC1377. 

AA sequence conservation across MetR and MetE protein sequences amongst E. coli strains using as 

a template the corresponding proteins in E. coli NCTC12241 and E. coli NCTC10418 was conducted in 

BlastP (Organism: Escherichia coli (taxid:562); Max target sequences within Algorithm parameters set 

at 1000) was undertaking to determine the predictive value of strains that may or not lead to changes 

in S. marcescens NCTC1377 when present within the same organism. 

2.8.3 A mathematical model simulating the “bull’s eye” pattern 

A mathematic model able to explain the formation of a “bull’s eye” pattern was performed by Čepl 

Jaroslavi, Scholtz Vladimirii and Jirina Scholtzovaiii and undertaking as part of a collaborative initiative. 

Pictures of mixed colonies of E. coli NCTC12241 and S. marcescens NCTC1377 grown on TSA for 16 

hours with different cell density at a ratio 1:1 were used to build a mathematical model for simulating 

the “bull’s eye” pattern formation.  The model was based on the reaction–diffusion model used to a 

bacterial colony growth modelling described by Cepl at al. in a previous study243. C-programming 

language was used. The Petri dish was represented by hexagonal net of cells in which the bacteria 

proliferation occurred, and the diffusion of nutrients and of signalling substances was considered. The 

simulation performs on a square dish consisting of net of 200×200 (absolute value used in the 

programming language) hexagonal cells, where the mixture of S. marcescens cells (red) and E. coli 

cells (white) were inoculated at the ratio of 1:1 in the middle of the dish. The growth of each bacterial 

species was described by the Fisher–Kolmogorov equation: 

 

dxi/dt is the overall change of number of each bacterial species in time. For indicating the two bacterial 

populations, x1 and x2 were used, where 1 is E. coli (white cells) and 2 is S. marcescens (red cells). The 

term Dx ·∇2xi expresses the bacteria flow between cells of the dish (hexagon), ai · xi · n the replication. 

Bacterial growth/replication was determined considering: (i) replication coefficient of white cells, (ii) 

replication coefficient of red cells, (iii) diffusion of white cells, (iv) diffusion of red cells. The amount of 

nutrients subjected to diffusion and consumption proportional to the number of bacteria, was also 

considered (Petri dish nutrient coefficient) as a factor influencing the bacterial growth and space 

distribution in the dish and factored in as. Signalling substances (e.g.; metabolites, waste products and 

other signals) were all factored in a single coefficient. The diffusion simulation was replaced by an 

analytic function of cos2 to streamline the process. 

 
i University of Live Sciences, Prague, Czech Republic 
ii University of Chemistry and Technology, Prague, Czech Republic 
iii Czech Technical University, Prague, Czech Republic 
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3 CHAPTER 3 

Human microbiota in vitro co-culture competition experiments 

The human gut microbiome is a complex ecosystem of microorganism-host-metabolites interactions. 

The behaviour of a given bacterial species will vary depending on the ecological context. The microbiota 

is a complex ecosystem, made up of thousands of bacterial species. Understanding the contribution of 

each of these species and their members as well as the interplay amongst them using in vitro models 

has inherent limitations.  The principle underpinning this doctoral research is to ascertain the population 

dynamics of combinations of a restricted number of species. Using models of two or more bacterial 

strains growing on conventional microbiological growth media (in vitro co-culture competition 

experiments) is the first step to approach the fundamental questions regarding competitive mechanisms 

among bacteria inhabiting the human gut microbiota. These advances could be used in the future as a 

building block for upscaled ecosystems. To study the properties of bacterial species in co-culture it is 

essential to first determine their capabilities and fitness growing as single organisms.  

3.1 Mono-culture growth in typical bacteriological nutrient media of a range of 

microbiota and pathogenic bacterial species 

The growth dynamics of a range of common bacterial species in the human gut microbiota were 

determined in conventional bacteriological rich growth media (LB and TSB) in aerobic and anaerobic 

conditions. All species were able to productively grow in these media (Figure 3.1 and Figure 3.2) as 

determined by viability and absorbance.  

In TSB, while a subset of species, E. coli NCTC12241, E. coli NCTC10418, S. marcescens NCTC1377, 

P. aeruginosa PAO1, P. vulgaris NCTC4175, K. aerogenes NCTC10006 and S. aureus NCTC12981 

(Figure 3.1A-G) showed similar dynamics by both detection methods, two of the Gram-positive cocci, 

E. faecalis NCTC377 and S. salivarius NCTC8618 seemed to display an initial lag phase by OD600 that 

was not reflected by the apparent exponential growth seen by CFU (Figure 3.1H and I). While most 

species entered the stationary phase after 6 hours of growth (E. coli, S. marcescens, K. aerogenes, S. 

aureus, and S. salivarius), P. aeruginosa and P. vulgaris reached it a bit later after 8 hours of growth. 

Oppositely, E. faecalis and L. plantarum entered the stationary phase earlier, after 5 and 2 hours of 

growth respectively. All species reached the stationary phase at a cell density of approx. 1x108 cells/ml 

(Figure 3.1A-I) apart from L. plantarum who left exponential growth at approx. 1x106 cells/ml (Figure 

3.1J). 

Unlike TSB, when growing in LB each strain displayed similar dynamics by both detection methods 

(Figure 3.2 A-J). However, there were noticeable differences on the time to enter the stationary phase 

by the various species. It was not until after 8 hours of growth that P. aeruginosa reached the stationary 

phase (Figure 3.2 D). In contrast, both E. coli did it after 7 hours, while S. marcescens, K. aerogenes, 

P. vulgaris, and S. salivarius became stationary after 6 hours (Figure 3.2 A,B,E,F,I). Finally, S. aureus 
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and E. faecalis left the exponential phase of growth after only 4 hours (Figure 3.2 G,H).. Interestingly, 

all Gram-positive strains entered the stationary phase at a cell density of 1x108 while the Gram-negative 

strains entered at a higher density, approx. 109 cells/ml. Of note, LB medium did not support the growth 

of L. plantarum NCTC6376, with cell density constant between 1x104 and 1x105 cells/ml (Figure 3.2 J) . 

In fact, L. plantarum is a fastidious organism which requires specific nutrients, glucose and minerals, to 

support growth. We have therefore developed a specific medium (LBEAP1) rich in glucose, manganese 

and magnesium, which can support the proficient growth of the L. plantarum. The addition of glucose 

and minerals in conventional LB enabled the growth of L. plantarum to achieve similar dynamics to the 

other strains, reaching a stationary phase 6 hours at a cell density of 1x107 (Figure 3.3).  

To define the increase in the number of bacteria in a population, we calculated the growth rate (h-1) 

during the exponential phase. Growth rates values (Table 3.1), defined as the rate of bacterial 

population increase per hour, showed, as expected, slightly faster rates for each species in TSB than 

in LB. This is consistent with TSB being richer growth medium than LB, including the presence of 

glucose. Gram-negative bacteria grew faster than Gram-positive strains in both growth media, TSB and 

LB. The average growth rate of Gram-negative bacteria was 1.63 h-1 (SD. ± 0.04), with the exception 

of K. aerogenes which grew noticeably more slowly in LB, 1.45 h-1 (Table 3.1). The growth rates were 

similar for each Gram-positive strain whether grown in TSB or LB, and also similar across the strains, 

with an average growth rate of 1.27 h-1(SD. ± 0.09). These values exclude L. plantarum NCTC6376, 

which although able to grow in TSB, its growth rate was distinctively lower (growth rate of 0.75 h-1) and 

it was altogether unable to grow in LB. As indicated above, L. plantarum was able to grow in modified 

LB medium (LBEAP1) with a growth rate of 1.19 h-1, not dissimilar from the rest of Gram-positive 

bacteria. When considering the results from co-cultures of L. plantarum with other strains in LBEAP1, 

it is important to factor in the differences in this medium compared to conventional LB. Nonetheless, we 

demonstrated that our selected strains reached an OD600 after 24  hours of growth in LBEAP1 equivalent 

to that in LB. However the exponential phase growth rate remains to be determined. 

The determination of growth conditions which allowed selected bacterial strains to grow at similar 

growth dynamics was a critical step to enable population selection for the subsequent co-culture 

competition experiments, clearly demonstrating that the growth medium was not a limiting or selecting 

factor. 

Ultimately, the study of mono-culture growth in conventional media enabled us to determine the 

correlation between OD600 and CFU/ml, essential step for downstream experiments. 
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Figure 3.1: Bacterial growth aerobically in TSB at 37oC and 200rpm. A. Escherichia coli NCTC12241; B. Escherichia coli 
NCTC1418; C. Serratia marcescens NCTC1377; D. Pseudomonas aeruginosa PAO1; E. Proteus vulgaris NCTC4175; F. Klebsiella 
aerogenes NCTC10006; G. Staphylococcus aureus NCTC12981; H. Enterococcus faecalis NCTC377; I. Streptococcus salivarius 

NCTC8618; J. Lactobacillus plantarum NCTC6376. (⚫) CFU/ml, (o): OD600. X axis: Hours of growth from the inoculation at t0; 

Left Y axis: CFU/ml; Right Y axis: OD600. Results and error bars indicate mean ± SD of three technical replicates. 
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Figure 3.2: Bacterial growth aerobically in LB at 37oC and 200rpm. A. Escherichia coli NCTC12241; B. Escherichia coli 
NCTC1418; C. Serratia marcescens NCTC1377; D. Pseudomonas aeruginosa PAO1; E. Proteus vulgaris NCTC4175; F. Klebsiella 
aerogenes NCTC10006; G. Staphylococcus aureus NCTC12981; H. Enterococcus faecalis NCTC377; I. Streptococcus salivarius 

NCTC8618; J. Lactobacillus plantarum NCTC6376. (⚫) CFU/ml, (o) OD600. X axis: Hours of growth from the inoculation at t0; 

Left Y axis: CFU/ml; Right Y axis: OD600. Results and error bars indicate mean ± SD of three technical replicates 
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Figure 3.3: Lactobacillus plantarum NCTC6376 growth aerobically in LBEAP1 at 37oC and 200rpm. (⚫) CFU/ml, (o) OD600. X 

axis: Hours of growth from the inoculation at t0; Left Y axis: CFU/ml; Right Y axis: OD600. Results and error bars indicate 
mean ± SD of three technical replicates. 

Table 3.1: Bacterial growth rates (h-1) determined from growth curves. The colour gradient in grey stands out the values of 
the growth rates, from lower values in light grey, to higher values in dark grey. Results indicate mean of three technical 
replicates. 

 

Bacterial strains in the gut microbiota are exposed to a (micro)anaerobic environment. Hence, it seemed 

reasonable to investigate how the microbiota and pathogenic bacterial strains from our selection grow 

in anaerobic conditions. As a slower growth than in aerobic condition was expected, bacterial growth in 

anaerobic conditions was monitored over time for three days, measing OD600 after 8, 24, 48 and 72 

hours. Values reported in Table 3.2 showed that E. coli NCTC12241, S. marcescens NCTC1377, K. 

aerogenes NCTC10006 and E. faecalis NCTC775 reached OD600 between 0.4 and 0.7 after 8 hours, 

corresponding to a late exponential phase, and OD600 values between 0.8 and 1.0 after 72 hours of 

growth, hence indicating a good tolerance for anaerobic conditions. Contrarily P. vulgaris NCTC4175 

and L. plantarum NCTC6376 and S. salivarius NCTC8618 displayed a slower growth than the strains 
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mentioned above, with OD600 between 0.1 and 0.3 after three days. Ultimately, P. aeruginosa PAO1 

and S. aureus NCTC12981 did not show good growth rates in anaerobic conditions, at least within 72 

hours, with OD600 values no greater than 0.1.  

Overall, we showed that the selected bacterial species can grow in bacteriological nutrient media (LB 

and TSB) in both, aerobic and anaerobic conditions, even if more slowly in the latter.   

Table 3.2: Bacterial growth in anaerobic conditions in LB, at 37oC, static condition. Optical density values for bacterial 
species growing anaerobically in liquid LB, statically, for 72 hours. The colour gradient in grey emphasises the values of the 
growth rates, from lower values in light grey, to higher values in dark grey. LBEAP1 was used for L. plantarum. Results indicate 
mean of three technical replicates. 

 

3.2 Zinc tolerance changes in different growth conditions 

The micronutrient Zn was selected as a potential switch, able to shift bacterial population selection and 

dynamics, an effect most likely mediated by its regulatory role. To ensure that any effect of Zn in our 

assays was not mediated through its toxic effect, each bacteria species was grown with an increasing 

concentration of ZnCl2 (0-4 mM) aerobically at 37°C, in LB or TSB, evaluating the impact of Zn on 

bacterial growth during time (up to 8 hours). While most bacterial strains were not affected by high ZnCl2 

concentrations (4mM) when growing in a rich medium (TSB) as shown in Figure 3.5, they were robustly 

impacted in LB (Figure 3.4). Specifically, 4 mM of Zn had a bactericidal effect for E. coli NCTC12241, K. 

aerogenes NCTC10006 and S. aureus NCTC12981 (Figure 3.4, A, E, F) after only 1 to 2 hours of growth 

and for S. salivarius NCTC8618 and L. plantarum NCTC6376 after 6 hours (Figure 3.4, H,I), while it 

displayed a bacteriostatic effect for S. marcescens and P. vulgaris (Figure 3.4, B, D) Strikingly, E. faecalis 

NCTC775 was able to grow, even if slightly slower, with 4 mM of Zn (Figure 3.4,G). A concentration of 

2.5 mM had a bacteriostatic effect for K. aerogenes, S. aureus, S. salivarius and L. plantarum; in 

contrast, the same concentration resulted in a reduced growth rate in the rest of the strains except for 
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E. faecalis, which in fact was not affected by any of the tested concentrations of Zn in LB or TSB. 

Ultimately, we showed that none of the Gram-negative strains were impacted by 1 mM of Zn, while S. 

salivarius and L. plantarum seemed to still be able to grow, but more slowly than in the absence of Zn, 

displaying lower growth rates (Table 3.3). 

In TSB with 4 mM Zn, only the Gram-positive S. aureus NCTC12981, S. salivarius NCTC8618 and L. 

plantarum NCTC6376 displayed a slower growth than in TSB alone. 
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Figure 3.4: Aerobic bacterial growth in LB at 37oC and 200rpm with increasing concentrations of ZnCl2 . A. Escherichia coli 
NCTC12241; B. Serratia marcescens NCTC1377; C. Pseudomonas aeruginosa PAO1; D. Proteus vulgaris NCTC4175; E. 
Klebsiella aerogenes NCTC10006; F. Staphylococcus aureus NCTC12981; G. Enterococcus faecalis NCTC377; H. 
Streptococcus salivarius NCTC8618; I. Lactobacillus plantarum NCTC6376. LBEAP1 was used for L. plantarum (I). (⚫) No 

supplemented Zn; (o) 1mM Zn; (◼) 2.5mM Zn; (❑) 4mM Zn. X axis: Hours of growth from the inoculation at t0; Y axis: 

CFU/ml. 
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Figure 3.5:  Aerobic bacterial growth in TSB at 37oC and 200rpm with increasing concentrations of ZnCl2 . A. Escherichia 
coli NCTC12241; B. Serratia marcescens NCTC1377; C. Pseudomonas aeruginosa PAO1; D. Proteus vulgaris NCTC4175; E. 
Klebsiella aerogenes NCTC10006; F. Staphylococcus aureus NCTC12981; G. Enterococcus faecalis NCTC377; H. 

Streptococcus salivarius NCTC8618; I. Lactobacillus plantarum NCTC6376. (⚫) No supplemented Zn; (o) 4mM Zn. X axis: 

Hours of growth from the inoculation at t0; Y axis: CFU/ml 
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Table 3.3: Growth rates (h-1) determined from growth curves. The colour gradient in grey stands out the values of the growth 
rates, from lower values in light grey, to higher values in dark grey. Results indicate mean of three technical replicates. 

 

3.3 250 µM Zinc does not affect bacterial growth  

Considering that in the intestinal lumen we may have a postprandial Zn concentration of around 100 

µM, which varies according to many factors, the ideal micronutrient concentration for our subsequent 

investigations was set at 250 µM, an amount likely to be high enough to play a role in gene expression. 

In fact, 200 to 250 µM of Zn have been found to modulate QS-system, motility and biofilm formation in 

S. typhimurium335,396 and in E. coli397. To confirm that such a concentration of Zn would not affect 

bacterial growth, we grew bacterial strains with 250 µM Zn. Growth rates in Table 3.4 displayed that the 

presence of 250 µM Zn did not affect the bacterial growth for any of the strains tested, hence 

representing a good concentration to use for downstream experiments. 
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Table 3.4: Growth rates determined from bacterial growing in LB with 0 or 0.25 mM of Zn aerobically at 37oC and 200rpm. 
The colour gradient in grey stands out the values of the growth rates, from lower values in light grey, to higher values in dark 
grey. Results indicate mean of three technical replicates. 

 

3.4 In vitro co-cultures competition experiments  

3.4.1 No differential prevalence between most of the bacterial species in co-culture 

Having shown that the bacterial strains had similar growth rates under the selected test conditions, we 

set-up pairwise bacterial co-culture competition experiments to test for any potential differential 

prevalence over time. We observed that, overall, most of bacterial species can co-habit and grow 

together, with no differential prevalence or competitive advantage over each other, (in green in Table 

3.5) with Zn not influencing the selection of competing bacterial populations. For example, the co-culture 

between P. aeruginosa PAO1 and E. faecalis NCTC775 is shown in Figure 3.6D.  

3.4.2 P. aeruginosa is taking over Gram-positive cocci 

A competitive advantage over time was observed for P. aeruginosa when growing with two Gram-

negative cocci, S. salivarius or S. aureus (Figure 3.6). S. salivarius in mono-culture reached a cell 

density of 107 CFU/ml after 24 hours of liquid growth, less compared to P. aeruginosa which reached 

109 CFU/ml, indicating a better fitness for the latter compared to S. salivarius. When they both grew 

together, a significant decrease of S. salivarius after 24 or 48 hours was observed, indicating that P. 

aeruginosa negatively impacted its growth, probably due to competition for nutrients in favour of P. 

aeruginosa or the release of antimicrobial substances which may limit the growth of the Gram-positive 

(Figure 3.6). Gram-staining observation after 48 hours of liquid growth confirmed that exclusively pink 

rods (typical of P. aeruginosa and other Gram-negative enterobacteria) were present (data not shown 

as photographs at the microscope not taken). Similarly, we observed this competitive advantage for P. 
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aeruginosa when growing with S. aureus (Figure 3.6). The selective medium MSA was used to confirm 

that S. aureus growth was significantly inhibited when growing with P. aeruginosa. The mechanisms 

underpinning the apparent competitive advantages of P. aeruginosa on S. salivarius or S. aureus need 

to be evaluated.  

3.4.3 The micromolar concentration of Zinc seems to mediate bacterial selection in P. 

aeruginosa and S. marcescens co-culture 

Interestingly, based on colony counts, S. marcescens was significantly decreased when growing in co-

culture with P. aeruginosa for 48 hours in LB supplemented with 250 µM Zn (Figure 3.5), hence 

indicating that Zn mediates or facilitates the competitive advantage of P. aeruginosa on S. marcescens. 

Actually, a slightly decrease of S. marcescens was also observed in the absence of Zn after 48 of liquid 

growth, suggesting that P. aeruginosa may be able to prevail on S. marcescens even without Zn, but 

the latter significantly enhanced the bacterial selection. However, semi-quantitative analyses with PCR 

indicated that both strains co-existed in liquid LB after 48 hours, with or without Zn (discussed later in 

Section 3.6.2), suggesting that the S. marcescens advantage over P. aeruginosa may only occur on a 

solid plate, or even that the absence of S. marcescens colonies is only apparent and may be a by-

product of S. marcescens losing the ability to produce prodigiosin.  

3.4.4 The probiotic L. plantarum inhibits potential pathogens 

Another interesting observation arose from the co-cultures between L. plantarum with E. coli and P. 

aeruginosa (Figure 3.7). In fact, in those conditions, L. plantarum seemed to substantially prevail based 

on the determined CFU. As L. plantarum appears as purple rod-shape long cells at Gram-staining, while 

E. coli and P. aeruginosa are pink rod-shape cells, the Gram-stain colouration was used for further 

evaluate the bacterial prevalence after 24 ad 48 hours of growth in co-culture. In contrast with the colony 

viability results, the Gram-staining of the liquid co-culture between L. plantarum and E. coli and likewise 

the co-culture between L. plantarum and P. aeruginosa, showed that both strains prevailed after 24 or 

48 hours (Appendix I). This suggests that L. plantarum may inhibit the ability of the other strains to grow 

as colonies on the growth media, hence inducing them into a dormient state, but may not kill them. 

Those data, although very promising, are anyway not conclusive and due to time restriction, we could 

not further investigate these phenomena.  

  



86 
 

Table 3.5: Pairwise bacterial co-cultures competition experiments. Bacterial strain on top row (blue) combined with 
bacterial strains in the first column (yellow). Green cells indicates that both strains prevailed over time based on CFU 
determined by the miles misra method. Blue cells indicates that the bacterial strain in blue (top row) prevailed; yellow cells 

indicates that the bacterial strain in yellow (left column) prevailed.  
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S. marcescens 
NCTC1377 

        

P. aeruginosa 
PAO1 

        

K. aerogenes 
NCTC10006 

        

P. vulgaris 
NCTC4175 

  Ndii      

E. faecalis 
NCTC775 

        

S. salivarius 
NCTC8618  

NDii   NDii NDii NDii   

L. plantarum 
NCTC6376 

      Ndii  

S. aureus 
NCTC12981  

      Ndii  

i Not distinguishable (Ndi) 
ii Not determined (NDii) 
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Figure 3.6: Bacterial liquid co-cultures with or without Zn. A) Bacterial liquid co-culture between P. aeruginosa and S. 
salivarius. B) Bacterial liquid co-culture between P. aeruginosa and S. aureus. C) Bacterial liquid co-culture between P. 
aeruginosa and S. marcescens. D) Bacterial liquid co-culture between P. aeruginosa and E. faecalis.  Bacteria from 
independent exponential growing culture were co-cultured in LB with 0 (top) or 0.25 mM (bottom) ZnCl2 and incubated at 
37ºC, 200rpm. Sample for colony counting were collected at the time of inoculation (time 0), after 24 and 48 hours (X axis). 
Y axis indicates CFU/ml over time. Results and error bars indicate mean ± SD of three technical replicates. Graphs show 
representative data from three independent experiments. Data analysis was performed with a two-way analysis of variance 
(ANOVA) using Prism (GraphPad 9.3.1,2021). P-values less than 0.05 were considered significant and indicated with asterisks. 
0.049-0.033(*), 0.032-0.002(**), 0.0019-0.0002(***), 0.0001(****).  
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Figure 3.7: Bacterial liquid co-cultures with or without Zn. A) Bacterial liquid co-culture between P. aeruginosa and L. 
plantarum. B) Bacterial liquid co-culture between E. coli and L. plantarum. Bacteria from independent exponential growing 
culture were co-cultured in LB with 0 (top) or 0.25 mM (bottom) ZnCl2 and incubated at 37ºC, 200rpm. Sample for colony 
counting were collected at the time of inoculation (time 0), after 24 and 48 hours (X axis). Y axis indicates CFU/ml over time. 
Results and error bars indicate mean ± SD of three technical replicates. Graphs show representative data from three 
independent experiments. Data analysis was performed with a two-way analysis of variance (ANOVA) using Prism (GraphPad 
9.3.1,2021). P-values less than 0.05 were considered significant and indicated with asterisks. 0.049-0.033(*), 0.032-0.002(**), 
0.0019-0.0002(***), 0.0001(****). 

All the remaining results related to bacterial co-culture competition experiments, with no differences in 

prevalence over time, are included in Appendix II. 

3.5 Molecular tools for species-specific identification 

16s rRNA genes represent the most popular target for qualitative and quantitative analyses of bacterial 

diversity in environments since 1980398. Indeed, what makes the 16s rRNA gene a good target for 

bacteria identification, is (i) its universality, (ii) poorly affected by horizontal gene transfer, (iii) its 

abundancy, i.e., the number of copies varies among species, (iv) the presence of variable regions 

flanking the universal conserved short sequences. In fact, the full 16s rRNA is roughly 1500 bases in 

length and consists in 9 hypervariable regions separated by the 9 conserved regions277 (Figure 3.8). 

Normally, primers for qualitative analyses are built against the constant regions, enabling bacterial 

amplification of phylogenetically distant species, while the sequencing of hypervariable region through 

sequencing techniques399 allows a broad bacterial differentiation and characterization. The 16S rRNA 

gene amplification through PCR for qualitative single-species bacterial detection and qPCR for 

quantitative analyses is not commonly used and may represent an incipient novel technique for single-

species bacterial detection and quantification in bacterial population. Hence, for our research, we 

identified species-specific primer pairs that anneal to the variable regions of 16s rRNA in order to 

discriminate single bacterial strains through the amplification of a limited region of genes (200-800 

bases) for qualitative and semi-quantitative examination for single species. 
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Figure 3.8: Graphical representation of the 16s rRNA gene on E. coli genome. V1-V9 represent variable regions (grey), C1-
C8 represent constant regions (blue) and E. coli genomic DNA (orange)/ Built based on the sequenced identified in Geneious 
Prime on E. coli NCCT12241 

3.6 16s rRNA genes library preparation and species-specific primers design 

As it was difficult to identify appropriate primer pairs identification, we needed to undertake an in-depth 

bioinformatics analysis. Table 3.6 shows that the 16S rRNA sequences are extremely similar between 

various species and pairwise identity percentage among all strains were calculated with Geneious 

Prime® 2021.1.1 varied from 73 to 97%. As a result of an iterative process of analysis, primer pairs 

were identified (Section 2.2.2.1). 

 

Table 3.6: Identity percentage calculated from pairwise alignment in Geneious Prime® 2021.1.1.  Colour gradient, from 
light grey to dark grey, is an indication of the increasing percentage identity. 

3.6.1 Qualitative examination: most of the designed 16s rRNA primers may represent an 

innovative tool for bacterial detection 

First, we wanted to test whether the designed primers can be used to amplify the DNA. The use of all 

the 16s rRNA primer pairs, except oligonucleotides for Klebsiella aerogenes, resulted specific DNA 

products of expected length indicating that they bound specifically. Of note, S. aureus and L. plantarum 

both required three cycles of freeze-boiling for DNA extraction. Moreover, L. plantarum primer pairs 

specifically bind to L. plantarum when annealing temperature was decreased from 50 to 48oC. 

Once showed that each designed 16s rRNA primer pairs amplified a region of expected length for each 

bacterial strains, except for K. aerogenes (Figure 3.9), we wanted to test whether each primer primers 

annealing was effectively species-specific, as expected from the in silico analyses conducted to the 

primers designed. Results showed that primers designed for S. marcescens NCTC12241 and P. 

aeruginosa PAO1 were not binding exclusively to the expected species (Figure 3.10). In fact, the 

following results were observed: (i) S. marcescens primers specifically bound to S. marcescens 16s 

rRNA gene as expected, but also resulted in an amplicon from K. aerogenes DNA. When those primers 

were tested on K. aerogenes NCTC1006 genome on Geneious Prime® 2021.1.1, they did not bind, 

hence predicting a specificity only for S. marcescens 16s rRNA gene among the selected ones. 

Considering that K. aerogenes NCTC1006 primer pairs did not bind to our K. aerogenes NCTC1006 
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strain as expected, we do not exclude the possibility of a misleading nomenclature of the collected 

strain.  (ii) P. aeruginosa PAO1 primers specifically bound P. aeruginosa 16s rRNA gene, but a very 

fine band was also observed for P. vulgaris, suggesting that the primers pairs were able to bind and 

amplify a region on P. vulgaris nucleic acid. All the other pairs of primers showed a species-specific 

binding exclusive to the expected bacterial DNA. In fact, 16s rRNA gene primer pairs built for E. coli, E. 

faecalis, L. plantarum, S. salivarius, P. vulgaris, S. aureus, specifically bound the single bacterial DNA 

among the tested ones (Figure 3.11). Although primers built against S. marcescens and P. aeruginosa 

16s rRNA genes will require some troubleshooting methods, for instance testing the primer binding 

using an extended range of annealing temperatures of in order to increase the specificity, or design 

new primer pairs with a few bases different based on the in silico analyses of the species-specific 16s 

rRNA genes, our findings displayed that 16s rRNA primer-pairs may represent our an innovative, time 

and cost-efficient tool for bacterial strain detection. 

Primer pairs built against prodigiosin genes and some of the selected housekeeping genes were also 

tested successfully, binding to the expected species (Appendix III). Cross-reactivity among multiple 

species was not tested. 

 

Figure 3.9 : Species-specific 16s RNA gene amplicon obtained with standard PCR protol as described in the methods. 100 
bp Gene Ruler and DNA Ladder were used. 
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Figure 3.10: S. marcescens and P. aeruginosa 16s RNA gene primer pairs tested over nine bacterial strains applying  
standard PCR protocol as described in the methods. Where P.aer: P.aeruginosa PAO1, Smar: S. marcescens NCTC1377, Efae: 
E. faecalis NCTC775, Ecol: E. coli NCTC12241, Pvul: P. vulgaris NCTC4175, Ssal: S.salivarius NCTC1886, Saur: S. aureus 
NCTC12981 , Lpla: L. plantarum NCTC6376 indicates the species-specific extracted DNA. Amplicons expected length and DNA 
ladder as described in Figure 3.9 
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Figure 3.11: 16s RNA gene primer pairs tested over nine bacterial strains applying standard PCR protocol as described in 
the methods. (P.aer) P.aeruginosa PAO1, (Smar) S. marcescens NCTC1377, (Efae) E. faecalis NCTC775, (Ecol) E. coli 
NCTC12241, (Pvul) P. vulgaris NCTC4175, (Ssal) S. salivarius NCTC1886, (Saur) S. aureus NCTC12981 , (Lpla) L. plantarum 
NCTC6376 indicates the species-specific extracted DNA. Amplicons expected length and DNA ladder as described in Figure 
3.9 
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3.6.2 Semi-quantitative analyses of bacterial DNA using conventional PCR 

In order to effectively use 16s rRNA primer pairs to quantitatively detect bacterial strains growing in co-

cultures, we first did a semi-quantitative analyses of single species DNA serially diluting the DNA 

products by 10-fold and applying the protocol for conventional qualitative PCR. Results in Figure 3.12 

shows that the more diluted the DNA samples were, the less intensely the band was visible, i.e., less 

amplified product was obtained. The amount of extracted DNA could be estimated based on the number 

of the cells (108 cells/ml) that were initially processed for DNA extraction through freeze-thawing, hence 

allowing to the approximate determination of the relationship between the band intensity and the actual 

extracted DNA for each bacterial strain.  

 

Figure 3.12: Semi-quantitative PCR results obtained for each species. Bacterial samples were standardized to a cell density 
of 108 cells/ml prior DNA extraction. For each species, bands on the gel correspond to less diluted (10-fold dilution) to more 
diluted (4x 10-fold dilutions) samples from left to right. Expected amplicon length and DNA ladder as described in Figure 3.9. 

The semi-quantitative analyses of bacterial DNA using species-specific 16s rRNA primer pairs seems 

to be an effective tool for quantitively differentiating the bacterial species in co-culture competition 

experiments. Figure 3.13 illustrates the semi-quantitative PCR results for P. aeruginosa and S. 

marcescens co-culture after 24 and 48 hours in the presence or absence of Zn. The bands on the gel 

provide evidence that both strains co-exist over-time, independently from the presence of Zn. 

Nonetheless, those results are in contrast with what we observed from viable colony counts, Figure 

3.6C, where we described a significant prevalence of P. aeruginosa PAO1 on S. marcescens 

NCTC1377 after 48 hours of growth in the presence of Zn. As S. marcescens is known for losing the 

ability to produce prodigiosin in certain conditions30, it is conceivable that P. aeruginosa PAO1, when in 

contact with S. marcescens NCTC1377 and in the presence of Zn, may induce a de-repression of 

prodigiosin genes. If this is the case, it is likely that S. marcescens NCTC1377 colonies could have 

been “masked” by P. aeruginosa PAO1 which is characterized by large, green, “fried-egg” shapes 

colonies. The phenomenon and mechanisms need to be further elucidated. 
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Figure 3.13: Semi-quantitative PCR results for P. aeruginosa and S. marcescens co-culture with or without Zn. Bands on 
each gel, from left to right, correspond to less diluted (10-fold dilution) to more diluted (4x 10-fold dilutions) DNA templates. 
100 bp Gene Ruler and DNA Ladder was used. A) Amplicons generated using P. aeruginosa 16s rRNA primers; positive control: 
P. aeruginosa as a mono-culture; negative control: S. marcescens as a mono-culture. B) Amplicons generated using S. 
marcescens 16s rRNA primers. Positive control: S. marcescens as a mono-culture; negative control: P. aeruginosa as a mono-
culture. Expected amplicon length: 224 bp for P. aeruginosa 16s rRNA primers, 417 bp for S. marcescens 16s rRNA primers. 

3.6.3 Quantitative analyses of single bacterial species 

The most effective and commonly used for quantitative analyses of nucleic acids is real-time 

amplification (qPCR). Designed 16s rRNA primer pairs were used to assess their efficacy for future 

quantification of each bacterial species in co-culture experiments. We plotted the Ct values against the 

species-specific serially diluted DNA template (Figure 3.14). The non-diluted sample or 10-times diluted 

were not accurate probably due to the amount of DNA being too high400. Most of the primer pairs (E. 

coli, P. aeruginosa, E. faecalis, P. vulgaris and L. plantarum 16s rRNA primer pairs) produced signals 
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even with the control (no DNA template), suggesting the amplification was due to a primer dimer that 

we did not identify with conventional PCR being less accurate and sensitive.  

On the other hand, S. marcescens, S. salivarius and S. aureus 16s rRNA primer pairs produced 

amplification curves that could be used in further analysis, as the Ct value increased with a decreasing 

amount of template. 

Therefore, the qPCR protocol for the primer pairs which did amplify with no DNA template needs to be 

adapted and improved, for instance trying with a range of different annealing temperatures, or 

considering more dilutions for the DNA templates, or again considering the re-design of slightly different 

primers with an extremely low chance of forming hetero- or homo- dimers. 

 

Figure 3.14: 16s rRNA genes quantitative amplification plots. Bacterial samples were standardized to a cell density of 108 
cells/ml prior DNA extraction. For each species, X axis indicates the dilution factor for the DNA templates, from non-diluted 
(1) to 3x 10-fold dilution (0.001); Y axis indicates the Ct values. The threshold Ct was automatically set based on the 
amplification curves. 

 

3.7 Conclusion CHAPTER 3 

To study the behaviours of bacterial species in co-culture, we have first determined bacterial fitness 

growing as single organisms and established the conditions for setting up in-vitro co-culture competition 

experiments, selecting rich growth media that allowed the growth of all bacterial strains (LB and TSB). 

For L. plantarum, a fastidious microorganism, we have developed a novel growth medium (LBEAP1) 

which contained specific micronutrients and high glucose concentration essential for this bacterial 

species to growth at a growth rate similar to the other bacterial strains selected for our project. Then, 

we have determined that 250 µM of Zn was the ideal concentration to use for fulfilling our aims without 

being toxic for the selected bacterial strains.  
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To discriminate the bacterial strains when in co-culture, besides the use of selective and differential 

media, we have designed a subset of primers against 16s rRNA genes which can allow the rapid and 

efficient strain-specific detection of the selected bacteria. 

Among the pairwise co-cultures, we have found that:  

i) P. aeruginosa prevailed on S. aureus and S. salivarius - findings which are also supported by 

published work. Mechanisms that lead to potential selective advantage of P. aeruginosa in our 

settings need to be determined. 
ii) L. plantarum can inhibit the growth of E. coli and P. aeruginosa on solid plates, a cutting-edge 

finding which may have potential implication in healthcare and food industry. 
iii) P. aeruginosa led to a potential obliteration or phenotypic changes of S. marcescens in the 

presence of Zn. Again, the phenomena need to be further explored with follow-up experiments. 

Ultimately, although no differential prevalence in the co-culture between E. coli and S. marcescens 

was found, we have observed the formation of a geometric pattern on solid TSA plates after 

overnight incubation. The characterization of this pattern is described and discussed in the following 

chapter. 
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4 CHAPTER 4 

Escherichia coli and Serratia marcescens co-culture: The “bull’s 

eye” pattern 
To determine if micromolar concentrations of Zn play a role in bacterial population selection and 

dynamics in in vitro co-culture competition experiments, we set pairwise liquid co-culture for a selection 

of GI bacteria including S. marcescens NCTC1377 and E. coli NCTC12241. As discussed in Section 

3.4.1, this pairwise co-culture, did not lead to any selection of competing bacterial populations over 

time, as shown in Figure 4.1 and Figure 4.2. We initially measured the CFU resulting from the co-culture 

(Figure 4.1) which showed that both, E. coli and S. marcescens, co-existed in liquid medium (LB), with 

the latter displaying 10-fold more cells after 48 hours of growth independently from the presence or 

absence of E. coli, and with Zn not affecting the bacterial competitive growth. Results from semi-

quantitative PCR (Figure 4.2) confirmed the presence of both strains after 24 or 48 hours of growth in 

liquid co-culture, with or without the micronutrient Zn.  

 

 

Figure 4.1: Bacterial liquid co-culture between E. coli and S. marcescens with or without Zn. Bacteria from independent 
exponential growing culture were co-cultured in LB with 0 (top) or 0.25 mM (bottom) ZnCl2 and incubated at 37ºC, 200rpm. 
Sample for colony counting were collected at the time of inoculation (time 0), after 24 and 48 hours. Results and error bars 
indicate mean ± SD of three technical replicates using Prism (GraphPad 9.3.1,2021). Graphs show representative data from 
three independent experiments.   
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Figure 4.2: Semi-quantitative PCR results for S. marcescens and E. coli co-culture with or without Zn. Bands on each gel, 
from left to right, correspond to less diluted (10-fold dilution) to more diluted (4x 10-fold dilutions) DNA templates. 100 bp 
Gene Ruler and DNA Ladder was used. A) Amplicons generated using E. coli 16s rRNA primers; positive control: E. coli as a 
mono-culture; negative control: S. marcescens as a mono-culture. B) Amplicons generated using S. marcescens 16s rRNA 
primers. Positive control: S. marcescens as a mono-culture; negative control: E. coli as a mono-culture. Expected amplicon 
length: 572 bp E. coli 16s rRNA primers, 417 bp for S. marcescens 16s rRNA primers. 
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4.1 The “bull’s eye” pattern characterization 

Despite no differential prevalence observed between E. coli NCTC12241 and S. marcescens 

NTCTC1377 in co-culture, we observed the existence of a striking geometric pattern in some of the 

colonies resulting from the liquid co-culture. Specifically, when 10 µl drop containing roughly 105 to 106 

cells from a liquid co-culture of E. coli NCTC12241 and S. marcescens NTCTC1377 was seeded in 

TSA plates, dried and incubated for 16 hours at 37oC, we could consistently observe a colony 

characterized by a geometric concentric pattern, with a red outer edge, approximately 1 to 1.5 mm thick, 

a white middle ring with a thickness of approximately 1.2 to 1.5 mm, and a central red spot with a 

diameter of 3 to 4.5 mm roughly (Figure 4.3). Due to the white-red concentric pattern, we have named 

it the “bull’s eye” pattern. Of note, we observed that the red pigmentation due to prodigiosin production 

by S. marcescens NCTC1377 was boosted if plates were left at RT, consistent with the fact the 

maximum pigmentation production occurs between 22 to 27oC401; pictures of S. marcescens colonies 

or related co-cultures were taken after incubation at 37oC for 16 hours and further 2 hours at RT, unless 

otherwise indicated. 

. 

 

Figure 4.3: The “bull’s eye” pattern formation:  E. coli and S. marcescens co-culture was grown for 8 hours in LB, 10 µl drops 
resulted from 10-fold serially diluted samples in PBS from the liquid co-culture were added on a TSA plate, where each sector 
specifically corresponds to a dilution. The plate was allowed to dry and incubated. After 16 hours at 37oC, we could observe 
the “bull’s eye” pattern from the high cell density-colonies with 3x105 or 3x106 cells at the time of seeding (numbers have 
been calculated multiplying by 10-fold from the more diluted sector, containing 3 cells per drop)   

In order to characterize the “bull’s eye” pattern formation and investigate the conditions that led such a 

geometric pattern to appear, a number of experiments were conducted. Firstly, to verify that the strains 

involved did not form this pattern when growing as a mono-culture. Secondly, to determine if the pattern 

changed over time if incubated for longer than 16 hours at 37oC.  Thirdly, to define the species identity 
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(qualitatively and quantitatively) on the “bull’s eye” pattern. The conditions of growth, i.e., nutrients on 

the solid surface, time of contact between the two strains in liquid, cell density ratio between the two 

strains, size of the seeding drops, were investigated to figure out possible conditions required for the 

pattern to form. The “bull’s eye” pattern growth during incubation time was also monitored to describe 

its formation. The involvement of a different strain and also the presence of a third bacterial species in 

the co-culture were considered. Eventually, the presence of a signal-mediating the pattern formation 

was evaluated by testing the “bull’s eye” formation with CM and in the presence of micronutrients. 

4.1.1 The “bull’s eye” pattern is maintained over time 

Firstly, we showed that S. marcescens NCTC1377 or E. coli NCTC12241 did not form a pattern when 

growing alone compared to the co-cultured bacteria and that the pattern did not change over time, with 

the three areas well-defined even after one week of incubation (Figure 4.4 and Figure 4.5). White rings 

of an increasing width over time surrounded the “bull’s eye” pattern and the S. marcescens NCTC1377 

colony, while the E. coli NCTC12241 was characterized by the formation of emerging spots at the outer 

edge. 

 

Figure 4.4: Differential presentation of grown colonies of S. marcescens NCTC1377 and E. coli NCTC12241:  Colonies grown 
for 16 hours at 37oC on TSA plate resulted from 106 cells/10µl drop inoculation from exponential growing culture in LB at 
37oC, 200rpm, of each strain. 
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Figure 4.5: Differential presentation of grown colonies of S. marcescens NCTC1377, E. coli NCTC12241 and both together 
over time.  Colonies grown for 7 days at 37oC on TSA plate resulted from 106 cells/10µl drop inoculation from exponential 
growing culture in LB at 37oC, 200rpm, of E. coli NCTC12241 and S. marcescens NCTC1377 

4.1.2 The “bull’s eye” pattern is a result of bacterial space distribution 

S. marcescens red pigmentation is due to the production of prodigiosin; some Serratia strains are known 

for losing the ability to produce prodigiosin, resulting the white colony appearance. We had therefore 

considered the possibility that the white area in the pattern may be due to S. marcescens NCTC1377 

with no prodigiosin production. 

In order to investigate this further, we re-streaked samples from the three different areas, i.e., red outer 

edge, white middle ring and red central spot, to see if the colony characteristics were maintained over 

time. Results showed that the ratio  of red cells:white cells from the outer edge and the central spots 

were roughly 10:1, vice versa, in the middle ring the ratio was 1:10, and that any single colony re-

streaked maintained its characteristics, i.e., colour and morphology, (Figure 4.6, A) suggesting that the 

red was always S. marcescens NCTC1377 and the white was always E. coli NCTC12241 (Figure 4.6, 

B). To further support the consideration above, we extracted DNA from multiple colonies resulting from 

the re-streaking from the three different areas and amplified with species-specific oligonucleotides built 

against S. marcescens NCTC1377 or E. coli NCTC12241 16s rRNA genes. Results confirmed that the 

red colonies were S. marcescens and the white ones were E. coli (Figure 4.6, C). 
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Figure 4.6: Bacterial species in the “bull’s eye” pattern identification: A) Samples from the “bull’s eye” pattern were 
collected, diluted and plated for single colony isolation. B) A single white colony and a single red colony resulted from each 
section of the pattern were re-streaked to confirm colony features maintenance. C) Single white colonies and single red 
colonies were collected and DNA extracted through freeze-boiling protocol; primers built against 16s rRNA gene of E. coli 
NCTC12241 and S. marcescens NCTC1377 were used for DNA amplification (PCR) and molecular identification of the white 
and red cells. 

Also, to quantify the differential distribution of the two species within the “bull’s eye” pattern, we collected 

the bacteria grown on the agar for each sector (i.e., red outer edge, white middle ring, red central spot) 

separately, resuspended in liquid and quantify through serial dilution and further plating. Results 

demonstrated that the bacterial species were differentially distributed on the agar surface, with S. 

marcescens NCTC1377 establishing mainly at the outer edge and centre of the colony, while E. coli 

NCTC12241 in the middle ring. The ratio between E. coli NCTC12241 and S. marcescens NCTC1377 

was impressively constant, 10 times more of S. marcescens NCTC1377 in the red area, and 10 times 

less of Serratia compared to E. coli NCTC12241 in the white area, as shown from the table 4.1.  
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Table 4.1: Bacterial species-specific numbers of the “bull’s eye” pattern. A) cell numbers showed in the table resulted from 
the resuspension of each sector of a “bull’s eye” pattern (red edge, white middle ring and red central spot) in 1 ml LB followed 
by serial dilutions in PBS and samples plating for counting (CFU/ml). B) Same protocol was applied for S. marcescens 
NCTC1377 and E. coli NCTC12241 independent growing colonies. Mean (±SD) of three technical replicates is shown. 

 

Semi-quantitative analyses also confirmed a prevalence of E. coli NCTC12241in the middle ring white 

area compared to S. marcescens NCTC1377 in the outside and centre area of the “bull’s eye” pattern 

(Figure 4.7). 

 

Figure 4.7: Semi-quantitative PCR results.  Bacterial samples from the outer edge, middle ring or central spot of a grown 
“bull’s eye” pattern was collected, resuspended in liquid media and were standardized to a cell density of 108 cells/ml prior 
DNA extraction. Species specific 16s rRNA primer pairs for each strain were used for semi-quantitative analyses of extracted 
bacterial DNA, serially diluting of 10-fold the DNA products and applying the protocol for the convention qualitative PCR. 
Bands on each gel correspond to less diluted (10-fold dilution) to more diluted (4x 10-fold dilutions) samples from left to 
right. 

To observe any possible microscopic morphological changes in bacterial cells, the morphology of 

bacterial cells from samples from the three areas of the “bull’s eye” pattern (outer edge, middle ring, 
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centre) was studied through Gram-stain coloration followed by microscopical observation. Results 

showed that most of the bacterial cells from the outer edge or central spot of a “bull’s eye” pattern were 

morphologically very similar to the cells isolated from any sector a S. marcescens-colony. On the other 

hand, most of bacterial cells from the middle ring of a “bull’s eye” pattern displayed a longer rod shape, 

likewise the bacterial cells isolated from any sector a E. coli-colony (Figure 4.8). Hence, the microscopic 

observation of bacterial cells, consistently with what shown above (in Figure 4.6 and Figure 4.7), 

demonstrated that the outer edge and the central spot of the “bull’s eye” pattern were mostly colonies 

by S. marcescens, while the middle ring mainly by E. coli. 

 

 

Figure 4.8:  Microscopical observation of bacterial cells the “bull’s eye” pattern. Samples were collected from the three 
sectors (outer edge, middle ring and central spot) of a “bull’s eye” pattern (top row) or colonies grown from respective mono-
cultures as controls. Optical microscope: Nikon ECLIPSE E200 Microscope, 40x, 1.000x magnification. Gram-staining 
colouration.  

4.1.3 A time-lapse of the “bull’s eye” pattern formation 

We showed that a “bull’s eye” pattern arose from the growth at 37oC, for 16 hours on TSA, of a 10 µl 

drop containing 106 cells of mixed E. coli NCTC12241 and S. marcescens NCTC1377. Consequently, 

we demonstrated that both E. coli NCTC12241 and S. marcescens NCTC1377 were present in all three 

sectors, with the density of S. marcescens NCTC1377 being higher in the central spot and outer edge 

and of E. coli NCTC12241 in the middle ring, and the difference between the higher and lower density 

strains in any of the sectors being always 10-fold higher. It was conceivable to question at what stage 

the pattern starts forming and how E. coli NCTC12241 and S. marcescens NCTC1377 cells differentially 
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grow or move toward an area of the solid surface rather than another. To answer those questions, we 

seeded 10 µl drop with 106 of 50:50 E. coli NCTC12241 and S. marcescens NCTC1377 from 

exponential growing cultures in TSA, allowed the drop to dry and incubated the plate at 37oC for 24 

hours collecting samples from the three area of the colony (outer edge, middle ring, central spot) every 

1 to 2 hours until 10 hours and then after 24 hours. The different frequency of E. coli NCTC12241 or S. 

marcescens NCTC1377 in the sectors of the colonised solid surface over time was assessed in order 

to determine the potential differential growth or migration of the two strains over time on the solid 

surface. 

The time-lapse experiment demonstrated that S. marcescens NCTC1377 in the middle ring reduces 

growth rate apparently initiating stationary phase after 5 to 7 hours of growth (Figure 4.9, A), while, in 

the central spot or the outer edge S. marcescens NCTC1377 keep growing at a growth rate equivalent 

to that in early exponential phase (Figure 4.9, B and Figure 4.9,C). On the other hand, E. coli 

NCTC12241 growth rate was the same across all three sectors during the exponential phase of growth 

(Figure 4.9, E). S. marcescens NCTC1377 had an almost identical growth rate to E. coli NCTC12241 

for the first four hours. After that, S. marcescens NCTC1377 at the outer edge and central spot of the 

colonised area grew at a faster rate than E. coli NCTC12241. These data suggest that the “bull’s eye” 

pattern originated from changes connected to S. marcescens NCTC1377 physiology. A migration of a 

subset of cells of S. marcescens NCTC1377 from the middle ring toward the central spot and outer 

edge after 5 to 7 hours could also be considered. Notably, the cumulative number of E. coli NCTC12241 

or S. marcescens NCTC1377 cells across all three sectors in each timepoints for the observed 10 hours 

period was identical for both strains (Figure 4.9, F), therefore most likely excluding a cidal effect between 

the two strains. Considering that S. marcescens NCTC1377 at the outer edge and the central spot grew 

faster than E. coli NCTC12241, while the latter had a constant growth rate over the three sectors, it is 

likely that the “bull’s eye” pattern derives from changes connected to S. marcescens NCTC1377 

physiology. 

A model of the bacterial species growing and distributing across the space leading to the “bull’s eye” 

pattern formation over time is shown in Figure 4.10. 
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Figure 4.9: Species-specific space distribution into a “bull’s eye” pattern of S. marcescens NCTC1377 and E. coli NCTC12241 
on TSA over time. A) cells/mm2 of S. marcescens NCTC1377 in red and of E. coli NCTC12241 in cream-white at the edge of 
the colonies area. B) cells/mm2 of S. marcescens NCTC1377 in red and of E. coli NCTC12241 in cream-white at the middle 
ring of the colonies area. C) cells/mm2 of S. marcescens NCTC1377 in red and of E. coli NCTC12241 in yellow/cream-white at 
the centre of the colonies area. D) cells/mm2 of S. marcescens NCTC1377 from the three sectors. E) cells/mm2 of E. coli 
NCTC12241 from the three sectors. F) cumulative number of E. coli NCTC12241 or S. marcescens NCTC1377 cells across all 
three sectors in each timepoints for the observed 10 hours period was identical for both strains. 

 

Figure 4.10: “Bull’s eye” pattern model of a developing “bull’s eye” pattern. On the left, numbers (cell/mm2) of E. coli 
NCTC12241 or S. marcescens NCTC1377 growing at the edge, middle or centre or the growing colony. Samples were collected 
over time, reported in within the column “Time(hours)”. On the right, a model of E. coli NCTC12241 (white) and or S. 
marcescens NCTC1377 (pink) was designed resembling the growing “bull’s eye” pattern. 
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4.1.4 S. marcescens NCTC1377 does not form a pattern in the absence of E. coli NCTC12241 
in the liquid co-culture 

 

A Serratia marcescens strain (5965) has been found to form a pattern very similar to the “bull’s eye” 

pattern even when grown on its own but in specific growth conditions (NB agar supplemented with 5% 

glucose after 5 to 7 days of incubation at 27oC)244. To confirm that our strain S. marcescens NCTC1377 

did not form the “bull’s eye” pattern when growing alone, we cultured the bacterial species in multiple 

solid agar plates and at different temperatures. We demonstrated that S. marcescens NCTC1377 did 

not form the “bull’s eye” pattern in the absence of E. coli NCTC12241 in any of the different growth 

media over time (Figure 4.11). 

However, different S. marcescens NCTC1377 phenotypes appeared based on the growth media. An 

almost white colony phenotype was developed in a medium with high glucose concentration (glucose-

supplemented NBA, TSA, BHIA) over time. Differently, red colonies (with just a thin white rim) appeared 

in a non-buffered medium lacking glucose regardless of the presence or absence of NaCl (LBA). In 

CLED, where the sugar substrate is lactose, the colonies were red, most likely due to the poor 

metabolism of lactose in S. marcescens. 

Hence, in our conditions, glucose, more than protein or salt concentrations, seemed to downregulate 

prodigiosin production in S. marcescens NCTC1377. In support of this, glucose-mediating S. 

marcescens pigmentation had been reported in the literature for decades402,403, a process most likely 

mediated by a the acidification of the media404, but still not well understood. 
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4.1.5 Glucose may play a role in the “bull’s eye” pattern formation 

The “bull’s eye” pattern was initially observed on TSA, a growth medium containing glucose, proteins, 

NaCl and K2HPO4 as a buffer. The less rich LBA did not support the formation of the “bull’s eye” pattern 

and to test which of the components may be responsible for this, LBA medium was supplemented with 

glucose, NaCl or K2HPO4 or a combination of them. We could show that when LB was supplemented 

with glucose alone or glucose and buffer, a “bull’s eye” similar pattern appeared, suggesting that 

glucose was required for the pattern to form. This suggestion was supported by the formation of white-

red rings in BHIA, a medium also rich in glucose. In contrast, such a geometric pattern was not observed 

in NBA, even when glucose was supplemented, most likely associated with a different protein 

composition, an aspect that has not been further investigated. Interestingly, we did not observe any 

“bull’s eye” pattern on CLED, but the co-culture was instead characterized by a substantial repression 

of prodigiosin expression, with a homogenous yellow colony and some red spots at the edge of the 

colony. This may be due to the differential sugar composition or source and the ability of S. marcescens 

or E. coli to metabolize lactose, aspects not further investigated. Of note is that CLED is rich in L-cystine, 

the oxidized derivative of Cys, an intermediary compound in the biochemical pathway leading to the 

synthesis of AHL derivatives used for QS signalling in Gram-negative bacteria; hence, there was scope 

to consider the effect of Cys as a nutrient or a signal, likely to mediate the cell-to-cell (in this case S. 

marcescens NCTC1377-E. coli NCTC12241) communication.  

 

Figure 4.11: S. marcescens NCTC1377 colonies over time in different growth media and at different 
temperature. 1 µl drop of 105 cells S. marcescens in different media incubated at 37oC or at 26oC for 6 days. 
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Figure 4.12: Colony patterning of E. coli NCTC12241 and S. marcescens NCTC1377 co-culture and respective control in 
different growth media. 106 cells in a 10 µl drop from co-culture of S. marcescens NCTC1377 & E. coli NCTC12241 and 
respective controls on different growth media, incubated for 16 hours at 37oC. Other media components besides glucose, 
K2HPO4 or NaCl, were not indicated here as superfluous for the aim of this experiment.   

4.1.6 The ratio of S. marcescens to E. coli cell numbers is critical to “bull’s eye” pattern 

formation 
We initially observed the appearance of the “bull’s eye” pattern when a 10µl drop of E. coli NCTC12241 

and S. marcescens NCTC1377 liquid co-culture with a cell density of 105 – 106 was plated on TSA and 

incubated at 37oC for hours. To study whether the contact-in-liquid between the two bacterial strains 

before plating was essential to enable the pattern formation, the same amount of independent growing 

exponential cultures of E. coli NCTC12241 and S. marcescens NCTC1377 were mixed and immediately 

seeded at the desired concentration. Results showed that the contact-in-liquid was not required for 

leading the bacteria to form the “bull’s eye” pattern (data not shown as pictures not available). 

We then questioned whether cell density of each bacterial species may play a role in the pattern 

formation. The explore that, we seeded 10 µl drops of liquid co-cultures in TSA plates containing an 

increasing range of E. coli NCTC12241 or S. marcescens NCTC1377. Results showed that equal 

seeding densities (at concentrations 1:1 ratio E. coli : S. marcescens) of approximately 104 to 106 cells 

generated an increasingly defined “bull’s eye” pattern (Figure 4.13). Moreover, we observed a further 

alteration of the pattern with cell density higher than 106, with a white rim enclosing a red circle when 

we had 107 cells each. 
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Figure 4.13: Colony patterning of E. coli NCTC12241 and S. marcescens NCTC1377 mixed and plated at different ratios.  We 
mixed a range of number of bacterial cells – from 10 to 107 - for each species and immediately seeded 10 µl drops on TSA 
plates. Incubation for 16 hours at 37oC. Images show representative data from two independent experiments. 

4.1.7 E. coli NCTC12241 influences prodigiosin production in S. marcescens NCTC1377 

Results showed in Figure 4.13 also suggested that the presence of E. coli NCTC12241 in the co-culture 

leads S. marcescens to a reduced prodigiosin production. Specifically, we observed a seemingly 

homogeneous and obviously prevalent distribution of S. marcescens in the colony at 10:1 ratios or 

above of S. marcescens : E. coli and, vice versa, there was a seemingly homogeneous and obviously 

prevalent distribution of E. coli in the colony at 1:10 ratios or below of S. marcescens : E. coli, with an 

apparent downregulation of prodigiosin expression. 

To investigate this further, we grew S. marcescens NCTC1377 colonies in the vicinity of an E. coli 

NCTC12241 smear on solid agar plates, with a variable distance between the two strains, in order to 

see whether the prodigiosin production was connected to the vicinity of E. coli. Results demonstrated a 

downregulation of prodigiosin expression mediated by E. coli NCTC12241 presence, as shown the by 

less intense colour of S. marcescens colony located in proximity of the E. coli smear compared to the 

colony grown a few cm further from the E. coli (Figure 4.14, A).  

Ultimately, prodigiosin production was observed in liquid (LB) cultures. In support of what is displayed 

on solid plates, we observed a lack of prodigiosin production in the liquid co-culture of S. marcescens 

NCTC1377 and E. coli NCTC12241 compared to the respective mono-cultures (controls) (Figure 4.14, 

B). Of note, the downregulation of prodigiosin displayed in LB, a growth medium lacking in glucose, 
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suggested that the E. coli NCTC12241-mediated downregulation of prodigiosin may be glucose-

independent.  

 

Figure 4.14: E. coli NCTC12241 effect on the production of prodigiosin in S. marcescens NCTC1377. A) S. marcescens colonies 
with seeding densities of 105 independently grown cultures in the vicinity of E. coli NCTC12241 matrices, incubated in TSA 
37oC for 16 hours. B) From left to right: liquid cultures grown for 15 hours at 37oC, 200rpm of S. marcescens NCTC1377, E. 
coli NCTC12241 and both strains mixed. 

4.1.8 The “bull’s eye” pattern is unique to S. marcescens NCTC1377 and E. coli NCTC12241 
co-culture 

 

As part of the in vitro co-culture competition experiments (Section 3.4.1) S. marcescens NCTC1377 

was grown in co-culture with a set of bacterial strains, none of which led to a formation a “bull’s eye” or 

similar pattern. To further investigate whether the formation of such a pattern was species (E. coli) – 

specific, we put S. marcescens NCTC1377 in contact with E. coli NCTC10418 under the same 

conditions that led S. marcescens to form the “bull’s eye” pattern when co-cultured with E. coli 

NCTC12241. Strikingly, the contact between S. marcescens NCTC1377 with E. coli NCTC10418 did 

not display any “bull’s eye” pattern, but rather a homogenous red colony surrounded by a very thin white 

rim when the ratio E. coli NCTC10418:S. marcescens NCTC1377 was 1:1, with the rim getting thicker 

with a ratio 10:1. The described results pointed out that the a “bull’s eye” pattern formation was strain-

specific, probably as a result of exclusive signal released by E. coli NCTC12241 and sensed by S. 

marcescens NCTC1377 when in contact on the plate (Figure 4.15). Moreover, when the ratio E. coli 

NCTC10418:S. marcescens NCTC1377 was 10:1 or 100:1, no downregulation of prodigiosin was 

observed, in contrast to what we described in Figure 4.17, where 10 to 100-fold more of E. coli led to 

the appearance of a non-pigmented colony, hence suggesting that E. coli NCTC10418 did not affect 

prodigiosin production on solid plates. 
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Figure 4.15: Colony patterning of E. coli NCTC10418 and S. marcescens NCTC1377 mixed and plated at different ratios.  We 
have mixed a range of number of bacterial cells – from 105 to 107 - for each species and immediately seeded 10 µl drops on 
TSA plates. Incubation for 16 hours at 37oC. Images show representative data from two independent experiments. 

To further investigate the prodigiosin production in S. marcescens NCTC1377 when in contact with E. 

coli NCTC10418 rather than E. coli NCTC12241, we observed colours of the liquid (LB) cultures of each 

E. coli strain mixed with S. marcescens NCTC1377 and respective controls. Results confirmed that 

when S. marcescens NCTC1377 was in co-culture with E. coli NCTC12241, it lost the red colour that 

characterizes the strain growing on its own. On the contrary, when S. marcescens NCTC1377 was 

growing with E. coli NCTC10418, the co-culture appeared as red as the S. marcescens NCTC1377 

growing alone (Figure 4.16), again suggesting that E. coli NCTC10418 did not induce a downregulation 

of prodigiosin production in S. marcescens NCTC1377. 

 

Figure 4.16: E. coli strains-mediating the production of prodigiosin in S. marcescens NCTC1377. Liquid cultures (LB) grown 

for 24 hours at 37oC, 200rpm, of S. marcescens NCTC1377, E. coli NCTC12241, E. coli NCTC10418 and respective co-cultures.  
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4.1.9 The presence of a third strain in co-culture with E. coli NCTC12241 and S. marcescens 
NCTC1377 do not disturb the pattern formation 

 

To determine whether the presence of a third strain in the mix would have disrupted the formation of 

the “bull’s eye” pattern, we added to E. coli NCTC12241 and S. marcescens NCTC1377 co-culture, at 

conditions known to form the pattern, a Gram-positive, E. faecalis NCTC775 , or a Gram-negative E. 

coli NCTC10418, at a ratio 1:1:1. Results showed that the presence of none of them, E. faecalis or E. 

coli NCTC10418, in contact with E. coli NCTC12241 and S. marcescens NCTC1377, changed the ability 

of the latter to distribute in the space, forming the same pattern as they did when only E. coli 

NCTC12241 and S. marcescens NCTC1377 were in the mix (Figure 4.17). 

 

Figure 4.17: Colony patterning of S. marcescens NCTC1377, E. coli NCTC12241, E. coli NCTC10418, E. faecalis NCTC775 and 
respective co-culture. A 10 µl drop containing 106 bacterial cells of E. coli NCTC12241 or S. marcescens NCTC1377 or E. 
faecalis NCTC775 exponential growing cultures (LB) at 37oC were plated on TSA plates. For the pairwise co-cultures, a 10 µl 
drop containing 106 bacterial cells of E. coli NCTC12241 and S. marcescens NCTC1377 or S. marcescens NCTC1377 and E. 
faecalis NCTC775 (at a ratio 1:1), were mixed and immediately plated on TSA. Same was applied for all three strains (S. 
marcescens NCTC1377 and S. marcescens NCTC1377 and E. faecalis NCTC775, ratio 1:1:1). Plates were incubated at 37oC for 
16 hours. 

4.2 The “bull’s eye”-mediating signal  

4.2.1 The removal of the conditioned medium still leads the “bull’s eye” pattern formation 

We have shown that “bull’s eye” pattern only forms when S. marcescens NCTC1377 was co-cultured 

with E. coli NCTC12241. Hence, it was conceivable that an extracellular signal mediating the formation 

of the pattern may be released by this specific strain, or even that S. marcescens NCTC1377 itself 

produced the signal required for the pattern to form only when in contact with E. coli NCTC12241. Any 

of those potential signals may be released in the CM (or supernatant). Hence, to investigate whether 

any molecules produced by E. coli NCTC12241 or S. marcescens NCTC1377 itself facilitated the switch 

that led to the “bull’s eye” pattern formation, we firstly seeded the co-culture after depletion of CM and 

washing the pellet in buffer, removing all soluble potential factors secreted into the media during the 

time of co-culture in liquid. The results showed that the “bull’s eye” pattern was formed independently 

from the CM removal, suggesting that the contact between the cells on the plate, rather than the CM, 

was essential to lead such a pattern (Figure 4.18). Of note, the drop on the right in Figure 4.18 had 

different shape which was a result due to plating rather than a different pattern appearance. 
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Figure 4.18: Colony patterning of S. marcescens NCTC1377 and E. coli NCTC1224 at ratio 1:1 with or without washing. 106 
cells in a 10 µl drop from co-culture of S. marcescens & E. coli plated on TSA with (+) or without (-) washing, incubation at 

37oC for 16 hours. Washing consisted in centrifugation of the liquid culture at 13.000rpm for 1 minute; CM disposal, 
resuspension of cells (pellet) in LB. 

To further exclude any potential signals released in the CM produced by E. coli NCTC12241 or S. 

marcescens NCTC1377, alone or in co-culture, were involved in the formation of the “bull’s eye” pattern, 

we re-suspended CM collected from growing E. coli NCTC12241 or S. marcescens NCTC1377 or co-

cultured species at multiple timepoints, from 8 to 24 hours from the inoculation. These different CM 

were then mixed with S. marcescens NCTC1377 pellets and seeded on TSA plates at density known 

to form the pattern. Results showed that S. marcescens NCTC1377 cells re-suspended in any of the 

CM, was not able to form the “bull’s eye” pattern, but instead appeared as a typical S. marcescens red 

colony, suggesting that the signal leading the space distribution was not in the CM and that the contact 

with E. coli NCTC12241 cells was essential for the pattern to form (Figure 4.19). 

Ultimately, we considered the possibility that a signal may be released only when both strains were on 

the agar plate, in conditions known to form the “bull’s eye” pattern. To test that, bacterial cells from 

grown “bull’s eye” patterns were collected, resuspended in liquid medium, centrifuged and the resultant 

CM was mixed with . S. marcescens NCTC1377 pellet prior plating on TSA. The experiment showed 

that S. marcescens NCTC1377 cells with the collected CM did not lead to the “bull’s eye”  pattern 

formation (picture not shown as photograph not taken), but rather to a typical S. marcescens NCTC1377 

colony. 



115 
 

 

Figure 4.19: S. marcescens NCTC1377 cells in contact with CM isolated from liquid cultures of S. marcescens NCTC1377, E. 
coli NCTC12241 or both mixed. re-suspended bacterial CM collected from growing E. coli NCTC12241 or S. marcescens 
NCTC1377 or both at multiple timepoints from 8 to 24 hours from the inoculation and mixed with 106 cells of S. marcescens 
and seeded on TSA, incubation 37oC for 16 hours. 

4.2.2 Micromolar concentration of methionine dissipates the “bull’s eye” pattern 

Čepl and co-workers have shown the ability of a S. marcescens strain 5965 to form a “bull’s eye” pattern 

on Nutrient Broth medium supplemented with 27 mM glucose after 7 days incubation at 26oC 244. The 

authors proposed growth-death rate, nutrient concentrations, metabolic waste, and signal mediated 

processes as parameters to determine the formation of the pattern. They went onto showing that pH 

changes potentially due to the differential and sequential use of glucose and AAs during growth 

influenced pattern formation. Ultimately, the mechanism, its components and their interplay leading to 

such phenomenon are unknown. The strain used in my study, S. marcescens NCTC1377, did not form 

the “bull’s eye” pattern when grown by itself in any of the solid growth media assayed, (Figure 4.4). 

However, the fact that the presence of E. coli NCTC12241 in co-culture with S. marcescens NCTC1377 

on TSA at 37oC resulted on the formation of such geometric pattern suggested (i) that S. marcescens 

NCTC1377 was likely to have the genetic make-up for the pattern to form and, (ii) that a mediator -in 

this case provided by E. coli NCTC12241 - enabled the activation of this molecular machinery. The 

mediator may be a nutrient, a waste product, or an intra- and inter-species extracellular signal.  

Even though CM from liquid or solid cultures of E. coli NCTC12241, S. marcescens NCTC1377 or both 

in co-culture (Figure 4.19) were unable to lead S. marcescens NCTC1377 to forming the “bull’s eye” 

pattern, the possibility of an extracellular signal mediating the process cannot be excluded. The 

observation shown above (Figure 4.12) that S. marcescens NCTC1377 growing on a Cysteine-rich 

medium (CLED) did not form the pattern compared to its growth on TSA in defined conditions may be 

due to the differential sugar and/or protein composition or source as discussed above. It was also 

possible that the pattern may be there but prodigiosin expression was repressed.  Alternatively, we 

wanted to test whether Cys played a role as a nutrient or a signal. Interestingly, Cys, alongside with 

Met, can work as either signals or precursors of signalling molecules in QS in bacteria. Specifically, Met 

is intermediary compound in the biochemical pathway leading to the synthesis of AHL and A-I2 
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derivatives used for QS signalling in Gram-negative bacteria. It seemed therefore reasonable to explore 

the potential role of Cys and Met in the “bull’s eye” pattern formation.  

First, we wanted to test whether addition of one, Cys or Met, or both of them, on TSA plates may alter 

the “bull’s eye” pattern formation, at conditions normally known to lead its appearance. Selected 

concentration of Cys was based on its concentration on CLED agar medium (2 mM), while for Met we 

used 50 µM, a concentration that, based on the literature, would not affect the bacterial growth but may 

play a role at a molecular level405,406. 

Results showed that the supplementation of TSA plates with 2 mM Cys did not alter growth or the 

absence of a pattern in single cultures of S. marcescens NCTC1377 (Figure 4.20) and similarly it did 

not affect growth of E. coli strains. A similar observation was made when supplementated with Met or 

the combination of both AAs. Colony growth of the co-culture on TSA in the presence of Cys still showed 

the “bull’s eye” pattern suggesting that Cys, at that concentration and in that medium, was not 

influencing the process. The same results were obtained when Met at 50 µM, instead of Cys, was used 

as a supplement in the medium, hence excluding a role for Met in those conditions. Surprisingly, the 

joint addition of Met and Cys led to a dissipation of the “bull’s eye” pattern. The 50 µM of concentration 

of Met was 100-fold lower that the concentration of Cys (2 mM). In fact, the Met concentration 

importantly correspond to a concentration lower that those expected for a nutrient. Consequently, it 

seemed unlikely that Met was playing a role as a nutrient or functioning as an antioxidant, but rather it 

may act as a signalling molecule. 
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Figure 4.20: Colony patterning of S. marcescens NCTC1377 in single and mixed cultures in response to AAs at micronutrient 
concentrations. A volume of 10 µl from LB cultures containing 106 cells was deposited on TSA, allowed to dry and grown for 
16 hours at 37oC. S. marcescens and E. coli LB cultures were independently grown and mixed 50:50 prior to inoculation on 
the plates. 

4.2.3 Structural differences in strain-specific MetR protein in E. coli strains 

Considering that the presence of a micromolar concentrations of Met, an intermediary compound in the 

biosynthesis of QS-molecules in Gram-negative bacteria, led to a change in the pattern formation of S. 

marcescens NCTC1377 in co-culture with and E. coli NCTC12241, but not when in co-culture with E. 

coli NCTC10418, I analysed some of the key players in the interrelated methyl-cycle and QS pathways 

at a genetic and translational level: MetR and MetE. MetR is the main regulator of Met synthesis: when 

the gene metR gene is transcribed, MetR binds to the upstream region of metE, promoting the 

transcription of MetE, a Met synthase B12-independent that catalyses the final step in the biosynthesis 

of Met211. 

We have identified, extracted, and translated the genes metR and metE from both genomes E. coli 

NCTC12241, E. coli NCTC10418. BLAST-based analyses of each translated sequences and the 

phylogenetic analyses within Escherichia coli species showed that both, metR and metE were well 

conserved proteins among Escherichia coli strains. 

A further analysis of the upstream regions of metR and metE in E. coli were 100% identical between 

the two strains. Not surprisingly, phylogenetic analyses of the 117 bp length sequence revealed that 

the region was well-conserved among all Escherichia coli species within BLAST nucleotide database. 

A graphical representation of metR and metE genes and the intercalating region is shown in Figure 

4.21. The metR box, or binding site, for Gram-negative bacteria is a motif containing four symmetrical 

bases interrupted by four variable bases, (5' TGAA----TTCA 3')210. The described motif was identified 

in both our E. coli strains, NCTC12241 and E. coli 10418 in Geneious Prime® 2022.1.1. Of note, I found 
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that the motif 5' TGAA----TTCA 3' was widely spread on both E. coli genomes suggesting a pleiotropic 

role of metR.   

 

Figure 4.21: MetE and metR genes in E. coli. Graphical representation of MetE and MetR genes and the intercalating region 
upstream of both of them in Escherichia coli adapted from E. coli ATCC25922 in Geneious Prime® 2022.1.1 

Even if well conserved among E. coli species, we did not exclude the possibility of minor differences in 

the AA sequences of MetR or MetE between E. coli NCTC12241 and E. coli NCTC10418. To investigate 

this, the AA sequence pairwise alignments for each protein were performed in Geneious Prime® 

2022.1. Alignment resulting from MetR isolated from E. coli NCTC12241 and E. coli NCTC10418, 

displayed a pairwise identity between the two E. coli of 99.37% - where only two different AAs, a Serine 

(Ser) in E. coli NCTC12241 in position 110 replaced by an Asparagine (Asn) in E. coli NCTC10418, and 

an Isoleucine (Ile) in E. coli NCTC12241, position 227, replaced by a Valine (Val) in E. coli NCTC10418 

(Table 4.2). Ser and Asn are both AAs with polar uncharged side chains, while Ile and Val have both 

hydrophobic side chains. Thus, both replacements may be considered conservative changes which, in 

principle, were not expected to cause any difference in the structure of MetR. 

The same analyses for MetE was conducted and revealed differences in 4 AAs between the two E. coli 

strains. For MetE, two of the AA differences represented conservative changes, i.e., Ile to Val and 

Lysine (Lys) to Arginine (Arg). On the other hand, Alanine (Ala), of neutral charge was substituted by a 

polar AA, Threonine (Thr), which contains a hydroxyl group able to form hydrogen bonds with polar 

substrates. Also, in position 38, a Lys, positively charged, in E. coli NCTC12241 was substituted by an 

Asn, uncharged. Those two differences may be implied in a potential differential 3D structure of the 

protein. 

Table 4.2: Amino acids differences between E. coli NCTC12241 and E. coli NCTC10418 in MetR and MetE. Protein alignment 
was conducted in Geneious Prime® 2022.1.1. In bold, conserved amino acidic changes 

Position E. coli 12241 E. coli 10418 

MetR – 317 AAs - homodimer 

110 Serine Asparagine 

277 Isoleucine Valine 

MetE – 753 AAs 

38 Alanine Threonine 

156 Lysine Asparagine 

165 Isoleucine Valine 

466 Lysine Arginine 
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3D structure of the proteins may tell us whether these changes can impact the structure of the proteins 

and therefore the regulatory fitness. To visualize and compare the 3D structures of MetR and MetE in 

both E. coli strains, the protein structure predictor AlphaFold was used. MetR is a homodimer protein 

with each dimer containing 317 amino acids and a molecular weight of roughly 35.6; each dimer has a 

leucin zipper motif between AAs 19 and 40 (four leucine residues spaced seven amino acids apart in a 

helical region of the protein) close to the amino-terminal end of the sequence, highlighted within a red 

box in the Figure 4.22. Most likely, the leucin zipper motif would facilitate the dimerization of the dimers 

or the interaction with adjacent DNA regions. In fact, the DNA-binding site in MetR is located just in the 

proximity of the zipper motifs, as shown in the Figure 4.22. The 3D protein structures of MetR in E. coli 

NCTC12241 and E. coli NCCT10418 displayed  a minor difference (only 1 nm) in the pocket size of the 

proteins, where homocysteine or MetJ may bind, modulating the activity of MetR211,212. It is very unlikely 

that such a minor structural difference in MetR proteins of E. coli NCTC12241 and E. coli NCTC10418 

may result in changes in Met sensing and Met-mediated signalling molecules differential production. 

 

Figure 4.22: Predicted 3D structure of MetR in E. coli NCTC12241 (left) and E. coli NCTC10418 (right). The coloured chains 
in cyan and orange indicate the 2 homodimers. AAs that differ between MetR isolated from E. coli 12241, on the right, and 
from E. coli 10418 on the left, are highlighted in different colours, specifically: green for serine, yellow for Isoleucine, white 
for asparagine and magenta for valine. In red, leucine-zipper motifs  

Despite some AA changed, the structure of MetE for both E. coli was almost identical, suggesting that 

those AA differences were not actually affecting the folding of the of the proteins. Data showed in 

Appendix IV. 

A proteome-broad analyses of E. coli NCTC12241 and E. coli NCTC10418 (restricted to the AA 

sequences) have been conducted to compare the two strains on a large scale. We found that, among 

all 4830 of the translated AA sequences of E. coli NCTC10418, almost 20% were identical (100% 

identity) to proteins in E. coli NCTC12241, more than 50% displayed an identity between 90 and 

99.99%, and a substantial amount (11.2%) were not identified in the E. coli NCTC12241 translated 

sequence (Figure 4.23). Although the two bacterial strains are phylogentically very close, sharing 88% 

identity in the genome (alignment conducted in Geneious Prime, Appendix V), the analyses of translated 

sequences relevaed critical differences for a large amount of proteins. In particular, it is worth 

considering the AA sequences from E. coli NCTC10418 that did not produce any match in E. coli 
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NCTC12241 to evaluate whether any of these may be involved in metabolic or physiological pathway 

connected to the phenomenological differences that we have identified between the two E. coli strains, 

when in co-culture with S. marcescens NCTC1377. 

 

Figure 4.23: Percentage of translated proteins from E. coli NCTC10418 that matches with translated sequenses of E. coli 
NCTC12241. The comparison was conducted in Protein BLAST (NCBI). Search set consisted of Non-redundant protein 
sequences as a database only within the organism E. coli ATCC25922/NCTC12241. General Algorithm parameters were the 
following: Max target sequence (100), Expected threshold (0.05), Word size (6), Max matches in a query range (1). Results 
included: Name of the sequence (Query), Accession codes (or sequence ID) of the matched Subjects, identity (%), Query 
Coverage(%), Length, Gap, Query start and end, Subject start and end, E-value, score bites. The full translations list was 
imported and analyses in Geneious Prime®2021.1.1 and Microsoft Excel. Y axis indicates the percentage of translated 
sequences from E. coli NCTC10418 that match with translated sequences of E. coli NCTC12241 with a certain identity  (x axis) 

4.3 The “bull’s eye” pattern simulation: mathematical model 

A mathematical model able to explain and simulate the differential bacterial distribution of E. coli and 

S. marcescens on TSA plates leading to the appearance of a “bull’s eye” pattern, was performed in 

collaboration with Čepl Jaroslaviv, Scholtz Vladimirv and Jirina Scholtzovavi 

For the simulation, two parameters were considered: (i) replication coefficient for each bacterial 

population (E. coli, white and S. marcescens, red) and (ii) diffusion coefficient, again, for each bacterial 

population. The model is a result of approx. one thousand of iterations (i.e. life cycles). Analytical steps 

were used to streamline the process. 

The model revealed that the white cells preferentially grew in height, while the red grew more in width 

(diffused). One would assume that the white cells would determine the pattern, as the white is confined 

to a certain location while the red continue to grow in width. The reason why the red is excluded in the 

white middle ring may be due to the overgrowth of white on the top of the red. 

 
iv University of Live Sciences, Prague, Czech Republic 
v University of Chemistry and Technology, Prague, Czech Republic 
vi Czech Technical University, Prague, Czech Republic 
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The growth also depends on the diffusion of nutrients and signalling substances. The signal under 

consideration is a product of multiple signals (metabolites, waste products, nutrients etc), combining to 

create a single “signal” for bacteria to change their behaviour as a reaction. At present, the signal acts 

as a threshold for E. coli replication; they stops their growth if, at the particular virtual cell in the dish, 

the signal overgrowth some threshold value. In summary, the pattern is a result of (i) differential growth, 

(ii)sensitivity to the signal. 

The distribution of E. coli and S. marcescens is a function of the differential occupancy in space by 

these strains as they replicate, one growing more in height and one more in width and diffused 

(proliferated), and the presence of a signal that favours the growth of one in a sector and the other to 

continue beyond. 

 

Figure 4.24 The simulation of the colony’s growth. Picture of the real colonies (top row grown for 16 hours at 37oC, and the 
simulation of the colonies (bottom row). White cells are E. coli and red cells represent S. marcescens. Cell density of each 
bacterial strains at the time of inoculation are indicated.  

4.4 Conclusion CHAPTER 4 

In this chapter we have conducted a dissection of the “bull’s eye” pattern that we had initially observed 

when 10 µl drop containing roughly 105 to 106 cells from a liquid co-culture of E. coli NCTC12241 and 

S. marcescens NTCTC1377 was seeded in TSA plates, dried and incubated for 16 hours at 37oC. Our 

experiments revealed that the pattern was a result of bacterial space distribution that happened 

between 5 to 7 hours from the inoculation and incubation at 37oC on the TSA plates, where both E. coli 

NCTC12241 and S. marcescens NCTC1377 were present in all three sectors, and cell density of each 

species was critical to determine the “bull’s eye”. We have found that the growth media also influenced 

the patter formation, with glucose being an essential component for the phenomenon to happen. Also, 

the “bull’s eye” pattern seemed to be strain specific, as it did not appear when S. marcescens 

NTCTC1377 was in co-culture with strains different from E. coli NCTC12241. We hypothesised that a 

potential extracellular signal may enable S. marcescens NTCTC1377 to form the pattern. However, 

results showed that that cell-to-cell contact between the two cultured strains was required, as CM 

isolated from different conditions was not leading S. marcescens NTCTC1377 to form the “bull’s eye” 

pattern in the absence of E. coli cells. We have also tested whether Cys and Met, AAs that can work as 

precursors of signalling molecules in QS in bacteria, can affect the pattern and found that the presence 
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of both AAs together led to a dissipation of the central red sector in the colony pattern, suggesting that 

QS may be involved in the mechanisms leading to the “bull’s eye” formation.  

A mathematical simulation of the phenomenon, built by collaborators from the University of Prague, 

displayed that the “bull’s eye” pattern formation can be attributed to the differential space distribution of 

E. coli and S. marcescens as a function of their replication and the influence of nutrients and/or 

signalling substances - not determined yet. 

Once defined the conditions that led the bull’s eye” pattern to form, we aimed to gain an insight into 

phenotypic changes in E. coli and S. marcescens in conditions leading to the specific pattern. Results 

of the subset of experiments conducted to explore potential shifts in virulence or antimicrobial resistance 

are described in the following chapter. 
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5 CHAPTER 5 

Characterization of the virulence of the “bull’s eye” pattern 

The phenotypic characteristics of bacterial colonies in growth medium, in our specific case S. 

marcescens NCTC1377 and E. coli NCTC12241 co-culture forming a “bull’s eye” pattern on TSA, at 

37oC, with a seeding cell density of 105 to 106 at a 1:1 ratio, may be correlated to genome-wide changes 

in gene expression profile for each strain. Further investigations in this can be eventually harnessed 

towards the understanding of bacterial virulence and pathogenesis. 

5.1 S. marcescens from the “bull’s eye” pattern is more resistant to levofloxacin 

Antibiotic resistance is an increasing global public health threat, leading to deaths, prolonged illness 

and hospitalization, hence dramatically contributing to national and worldwide economic burden. 

Notably, Serratia sp. is among the major AMR pathogens in the WHO Global Priority Pathogens List 25. 

It is well known that antibiotic resistance of microorganisms can be acquired by mutation or horizontal 

transfer of resistance genes. Furthermore, findings have revealed that environmental factors can also 

lead to a different phenotypic (or physiological) resistance to a number of antibiotics 118,123.  

The phenotypic manifestation we encountered with S. marcescens NCTC1377 and E. coli NCTC12241 

co-culture may be accompanied by a change in antibiotic susceptibility in one or both strains. To study 

that, we tested the susceptibility for a few antibiotics widely used in the clinics and available in our 

setting, i.e., LFX, ampicillin and vancomycin, to S. marcescens NCTC1377 and E. coli NCTC12241 

growing as a “bull’s eye” pattern.  

First, we tested whether the bacteria from the different sectors of the pattern were more or less resistant 

to LFX, by inoculating bacteria grown on agar plates for 16 hours in a liquid culture containing LFX and 

measuring their CFU. The results show that S. marcescens NCTC1377 isolated from different sectors 

of the pattern had a diverse tolerance to LFX compared to S. marcescens growing on its own (control). 

Specifically, S. marcescens NCTC1377 from the outer edge and central red spot of the “bull’s eye” 

pattern, were 2 to 3 log more resistant in comparison to S. marcescens NCTC1377 in the middle white 

ring of the pattern (P-values respectively 0.0212 and 0.0228) and of the control (P-values respectively 

0.0211 and 0.0214) (Figure 5.1). At 0.5 µg/ml LFX, S. marcescens from the outer ring and centre of the 

pattern survived almost as well as S. marcescens from the middle or control with 0.2 µg/ml LFX. 

Consistently, at 0.6 µg/ml LFX, S. marcescens from the outer ring and centre, displayed a 10-fold more 

resistance than the control and approx. 50 to 80-fold more resistance than the cells isolated from the 

middle ring. Interestingly, at 0.8 µg/ml LFX, while no cells from the control or middle of the pattern were 

detected, a few hundred S. marcescens cells from the outer ring and centre survived the antibiotic 

treatment. The antibiotic susceptibility for E. coli NCTC12241 did not vary among samples collected 

from the “bull’s eye” pattern of the control. 
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Figure 5.1: Levofloxacin susceptibility in bacterial samples collected from S. marcescens NCTC1377 (control), E. coli 
NCTC12241 (control) and from the sectors of the pattern (Edge, Middle, Centre). Samples were in contact with LFX for 16 
hours at 37oC, 200 rpm. Cell viability was assessed measuring CFU (Miles Misra method). X axis indicates the LFX 
concentration (µg/ml), Y axis indicates CFU/ml. Results and error bars indicate mean ± SD of three technical replicates. Data 
analysis was performed with unpaired t-test (GraphPad 9.3.1,2021). Asterisks indicate significant values (P-value < 0.05). 
Graphs show representative data from two independent experiments 

Considering that S. marcescens NCTC1377 from the outer edge and central spot of a “bull’s eye” 

pattern showed an increased resistance to LFX compared to the bacterial cells in the middle ring of the 

pattern, we cannot exclude the possibility that this difference is associated purely with the location of 

the bacterial cells on the colonized area, independently from the presence of E. coli NCTC12241 and/or 

the formation of the “bull’s eye” pattern. To exclude that, we collected samples from three sectors (outer, 

middle, centre) in a S. marcescens NCTC1377 colony (control) and tested for antibiotic resistance. 

Results revealed that the sensitivity to LFX did not change among the collected samples (Figure 5.2), 

hence supporting the hypothesis that the increased resistance to the antibiotic is connected to the 

presence of E. coli NCTC12241 in the colony and/or the formation of the “bull’s eye” pattern. 
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Figure 5.2: Levofloxacin susceptibility in bacterial samples collected from S. marcescens NCTC1377 from the sectors of the 
colony patch (Edge, Middle, Centre). Samples were in contact with LFX o/n at 37oC, 200 rpm. Cells viability was assessed 
measuring CFU (Miles Misra method). X axis indicates the LFX concentration (µg/ml), Y axis indicates CFU/ml. Results and 
error bars indicate mean ± SD of three technical replicates (GraphPad 9.3.1,2021).  

The observed increased antibiotic resistance may have resulted from a genetic change, specifically 

from a mutation in genes encoding for the antibiotic resistance. Or the phenomenon seen is due to a 

phenotypic or physiological resistance, such non-inherited characteristics which are only facilitated by 

specific processes or conditions, for instance, in this case, the formation of the formation of the “bull’s 

eye” pattern. To investigate if the resistance carried by S. marcescens NCTC1377 in outer edge or 

central spot of the “bull’s eye” pattern was an inherited, genetic feature or a non-inherited phenotypic 

change, we isolated S. marcescens NCTC1377 samples from the “bull’s eye” pattern, grew them for 16 

hours at 37oC on TSA plates, and then tested the LFX susceptibility for all those samples. If the previous 

observed resistance was a genetic resistance, we would have expected it to be maintained. However, 

results show that S. marcescens NCTC1377 samples deriving from any of the sectors of the pattern did 

not show an increased resistance to LFX compared to the control, meaning that the increased 

resistance is likely to be a physiological or phenotypic non-inherited change, which only occurred in the 

presence of E. coli NCTC12241 and/or the formation of the “bull’s eye” pattern (Figure 5.4). 
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Figure 5.3: Levofloxacin susceptibility in S. marcescens NCTC1377 samples isolated and re-sub-cultured from the sectors 
of a “bull’s eye” pattern (Edge, Middle, Centre). Samples were in contact with LFX o/n at 37oC, 200 rpm. Cell viability was 
assessed measuring CFU (Miles Misra method). X axis indicates the LFX concentration (µg/ml), Y axis indicates CFU/ml. 
Results and error bars indicate mean ± SD of three technical replicates. Data analysis was performed with 2-way ANOVA 
(GraphPad 9.3.1,2021), P value 0.05. Data were not statistically significant. 

We demonstrated that “bull’s eye” pattern was strain specific – at least among our tested strains – 

occurring only when S. marcescens NCTC1377 was in contact with E. coli NCTC12241. To investigate 

whether also the observed increased LFX resistance was exclusive to the presence of E. coli 

NCTC12241 and not of other strain such as E. coli NCTC10418, we tested the antibiotic resistance for 

samples in a colony resulting from S. marcescens NCTC1377 in contact with E. coli NCTC10418.  

As this specific strain did not lead to the “bull’s eye” pattern, it was unsurprising that S. marcescens 

NCTC1377 in the presence of E. coli NCTC10418 was not more resistant to LFX than the control, 

therefore suggesting that the presence of this specific E. coli NCTC12241 strain and/or the formation 

of the “bull’s eye” pattern was required for the phenotypic resistance to happen (Figure 5.5). 

 

Figure 5.4: Levofloxacin susceptibility in bacterial samples collected from S. marcescens NCTC1377 (control) colony, and 
from sectors of a colony resulted from E. coli NCTC10418 and S. marcescens NCTC1377 co-culture. Samples were in contact 
with LFX o/n at 37oC, 200 rpm. Cell viability was assessed measuring CFU (Miles Misra method). X axis indicates the LFX 
concentration (µg/ml), Y axis indicates CFU/ml. Results and error bars indicate mean ± SD of three technical replicates 
(GraphPad 9.3.1,2021). 
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Ultimately, to determine whether the increased LFX resistance in S. marcescens NCTC1377 was 

merely due to the contact with E. coli NCTC12241, rather than the formation of the pattern on TSA, we 

tested the antibiotic sensitivity for E. coli NCTC12241 and S. marcescens NCTC1377 growing in liquid 

co-culture. Results showed that S. marcescens NCTC1377 from the liquid co-coculture with E. coli 

NCTC12241, did not develop any increased resistance compared to the control, hence suggesting that 

the “bull’s eye” pattern was required for the increased LFX resistance in S. marcescens NCTC1377 

(Figure 5.5).  

 

Figure 5.5: Levofloxacin susceptibility in S. marcescens NCTC1377 growing in liquid LB at 37oC, 200rpm, by its own (control) 
or with E. coli NCTC12241. Samples were in contact with LFX o/n at 37oC, 200 rpm. Cell viability was assessed measuring CFU 
(Miles Misra method). X axis indicates the LFX concentration (µg/ml), Y axis indicates CFU/ml. Results and error bars indicate 
mean ± SD of three technical replicates (GraphPad 9.3.1,2021).  

5.1.1 Other antibiotics: ampicillin and vancomycin 

To further explore whether phenotypic changes connected to antibiotic sensitivity and resistance were 

not exclusive to LFX, ampicillin and vancomycin were also tested on the “bull’s eye” pattern and 

controls. Although S. marcescens, and likewise E. coli,407is known for being naturally resistant to 

ampicillin and other beta-lactams, as a carrier of the ampC gene which encode for hydrolytic proteins 

(beta-lactamases) which inactivate the antibiotics116, we did not exclude the possibility of a phenotypic 

or genetic changes in the “bull’s eye” pattern which may have rendered the bacteria sensitive to 

ampicillin. Similarly, vancomycin is known to be ineffective towards Gram-negative strains as it is 

impermeable to the external lipid membrane that characterize Gram-negative bacteria408. Hence, we 

wanted to test whether the co-culture conditions would have led to a change in vancomycin sensitivity 

in S. marcescens and/or E. coli most likely mediated by a change in the membrane composition. 

Results did not show any difference in resistance between S. marcescens NCTC1377 or E. coli 

NCTC12241 growing on their own (control) and bacteria from the “bull’s eye” pattern (Figure 5.6). 

Specifically, both were not sensitive to highest tested concentrations, 100 and 50 µg/ml of ampicillin 

and vancomycin respectively.  
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Figure 5.6: Ampicillin and vancomycin susceptibility in bacterial samples collected from S. marcescens NCTC1377 (control), 
E. coli NCTC12241 (control) and from the sectors of the pattern (Edge, Middle, Centre). Samples were in contact with 
ampicillin (A) or vancomycin (B) for 16 hours at 37oC, 200 rpm. Cell viability was assessed measuring CFU (Miles Misra 
method). X axis indicates the antibiotic concentration (µg/ml), Y axis indicates CFU/ml. Results and error bars indicate mean 
± SD of three technical replicates. Data analysis was performed with unpaired t-test (GraphPad 9.3.1,2021). No significant 
values (P-value < 0.05). Experiments were conducted in collaboration with Ignacio Gabriel Picco, a visiting medical student 
from the University of Buenos Aires. 

5.1.2 Antibiotic resistance may be oxidative stress-mediated 

There is evidence that qnr expression leads to fluoroquinolone resistance competing for the antibiotics 

binding sites144,145. Also, qnr genes are located upstream of the LexA binding site, a well conserved 

sequence among Gram-negative bacteria150–153 and they are regulated through the SOS response in a 

LexA/RecA-dependent manner136. To test whether DNA damages, and  subsequent activation of RecA, 

LexA autocleavage and qnr expression143,146,147 can increase LFX resistance in S. marcescens 

NCTC1377, we have exposed the bacterial culture to H2O2, at a not toxic concentration, but at a 

concentration that may lead to DNA damage-oxidated stress mediated.   

We first identified a concentration and exposure time to H2O2 for S. marcescens not affecting the 

bacterial growth in liquid at 37oC, 200 rpm. We demonstrated that exposure of S. marcescens 

NCTC1377 to a concentration of 0.3 mM H2O2 for 90 minutes did not affect the bacterial growth (Figure 

5.7), whereas higher concentrations decreased the measured OD600, especially above 1 mM. In fact, 
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the growth curves of S. marcescens with no H2O2 and with 0.3 mM H2O2 were almost identical for the 

first 90 minutes of growth, while it slightly decreased at after 120 minutes. S. marcescens growth 

seemed to not be affected by 0.6 mM H2O2 for the first 75 minutes, however, a noticeably slower growth 

was observed from 90 minutes. Similarly, the bacteria displayed a much slower growth with 1 mM H2O2 

compared to control (no H2O2). A concentration of 3 mM H2O2, instead, seemed to have a bacteriostatic 

effect on the bacterial growth after 45 minutes of exposure.  
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Figure 5.7: Exponential culture of S. marcescens NCTC1377 exposed to increasing concentration of H2O2 over time. X axis 
indicates the time of exposure with H2O2, Y axis indicates OD600 measured for the liquid culture. Results and error bars 
indicate mean ± SD of three technical replicates (GraphPad 9.3.1,2021).  

Given those considerations, we exposed S. marcescens NCTC1377 to 0.3 mM H2O2 for 90 minutes 

prior the contact with LFX. Results indicated that the exposure of S. marcescens NCTC1377 to 0.3 mM 

H2O2 induced a 10-fold increased resistance to 0.5 µg/ml LFX (P-value 0.0212) (Figure 5.8). It is 

possible that the increased antibiotic resistance in S. marcescens may be mediated by DNA damage – 

and consequent RecA/LexA and qnr activation – induced by the exposure to H2O2. While our results 

clearly showed that H2O2 influences the sensitivity of S. marcescens to LFX, we do not know whether 

the antibiotic resistance observed for S. marcescens in the “bull’s eye” pattern is elicited by E. coli ROS 

production. Further experiments need to be conducted to have a mechanistic understanding of the 

observe phenomena and confirm whether E. coli can induce LFX resistance in S. marcescens 

producing ROS. 
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Figure 5.8: Exponential growing culture of S. marcescens exposed for 90 minutes to 0.3 mM H2O2 and then to increasing 
concentrations of LFX (0 to 1µg). Cells viability was assessed measuring CFU (Miles Misra method). X axis indicates the LFX 
concentration (µg/ml), Y axis indicates CFU/ml. Results and error bars indicate mean ± SD of three technical replicates. Data 
analysis was performed with unpaired t-test (GraphPad 9.3.1,2021 ). Asterisks indicate significant values (P value < 0.05). 
Graphs show representative data from two independent experiments. 

5.1.3 Oxidative stress not leading S. marcescens to form the “bull’s eye” pattern 

If E. coli NCTC12441-mediating oxidative stress in S. marcescens NCTC1377 may be the cause for an 

increased antibiotic resistance and for leading S. marcescens NCTC1377 to form the “bull’s eye” 

pattern, it is conceivable that the exposure to H2O2 may also lead S. marcescens NCTC1377 to form 

such a pattern. To study that, we have first exposed S. marcescens NCTC1377 to 0.3 mM H2O2 for 90 

minutes, a concentration and exposure time seen to not be toxic for the bacteria (Figure 5.7), and 

subsequently plated S. marcescens NCTC1377 on TSA. Also, an exponentially growing culture of S. 

marcescens NCTC1377 was plated on TSA supplemented with 0.3 mM H2O2.  

Results showed that, in both conditions, S. marcescens NCTC1377 did not form a “bull’s eye” pattern, 

but rather a typical homogeneous red colony pattern in both conditions tested (data not shown as 

photographs of these specific experiment’s results not available). Those data reinforced the hypothesis 

that E. coli NCTC12441 was required on the agar plate for S. marcescens NCTC1377 to form the “bull’s 

eye” pattern and for other phenotypic changes to happen, such as the increased LFX resistance.    

5.2 Swimming motility of S. marcescens NCTC1377 is inhibited in co-culture with E. 

coli NCTC 12241 
Bacterial motility contributes to pathogenesis by facilitating bacteria-host interactions, biofilm formation, 

adherence and invasion409. Moreover, migration may come into play when we consider the possibility 

that a subset of cells of S. marcescens NCTC1377 from the middle ring may move toward the central 

spot and outer edge. Therefore, we aimed to test both swarming and swimming motility in S. 

marcescens NCTC1377 when in contact with E. coli NCTC12241 to investigate whether the motility of 

the strains may change when growing as mono- or co-cultures. The E. coli strain which did not seem 

to play a role in the pattern formation and antibiotic resistance change, NCTC10418, was also assessed 

for motility, again alone or in co-culture. Swarming and swimming motility were assessed by inoculating 

2µl drops of exponentially growing of S. marcescens and both E. coli strains, mono- and respective 
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pairwise co-cultures, in soft agar plates, specifically 0.3 % agar for swimming and 0.7 % agar for 

swarming. 

Results showed that swarming motility was limited for all the tested strains, in mono- or co-cultures- on 

TSA swarm plates (0.7% agar,  Figure 5.9), with diameters ranging from 1.2 (± 0.11)  to 1.4 (± 0.12) cm 

in each colony, while once would have expected the swarmer bacteria colonizing an area of approx. 5 

to 8 cm large on a conventional Petri dish410 . Likewise, E. coli NCTC12241 did not show any motility 

on swim plates (0.3% agar), with a colony of approx. 1.4 cm in diameter (Figure 5.9). In contrast, in 

swim plates, E. coli NCTC10418 and S. marcescens NCTC1377 mono-cultures, displayed a 

remarkable ability to swim, with colonies reaching diameters of approximately 4.3 and 4.6 cm 

respectively. Crucially, S. marcescens NCTC1377 ability to swim in monoculture was significantly 

increased (P-value 0.0025, unpaired t-test) with colony diameter of 4.9 cm (± 0.43), compared to its 

swimming ability in the presence of E. coli NCTC12241, colony diameter of 1.8 cm (± 0.55). No 

difference was observed between S. marcescens NCTC1377 or E. coli NCTC10418 and the co-culture 

S. marcescens NCTC1377 and E. coli NCTC10418 (Figure 5.9), the latter with a colony diameter of  5.0 

cm (± 0.55).
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Figure 5.9: Bacterial cultures (S. marcescens NCTC1377, E. coli NCTC12241, E. coli NCTC10418 mono- and respective co-cultures) grown on swim and swarm plates. A) On top row, cultures 
grown on 0.7% agar to assess swarming, at bottom row cultures grown on 0.3% agar to assess swimming. Images show representative data from three independent experiments. B) 
quantification of the shown colonies in diameter (Y axis) of each grown colony on swarm (top graph) and swim (bottom graph) plates mono- or co-culture (N=3). Bacterial species are indicated 
above the graph and in the legend.  Asterisks indicate significant values; unpaired t-test (P-value<0.05) applied, error bars correspond to Standard Error of measurement (SEM).
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It is known that optimum temperature for prodigiosin production in Serratia is 22 to 27oC401. Consistently, 

we observed that our S. marcescens NCTC1377 increased its red pigmentation when left at room 

temperature (data not shown as pictures not available). It was reasonable that red-white patterns on 

soft agar plates with S. marcescens NCTC1377 and E. coli strains may have appeared. Hence, to 

enhance prodigiosin production on plates and observe putative patterns on swarms and swim plates, 

colonies resulting from S. marcescens NCTC1377 in co-culture with E. coli NCTC12241 or 

NCTC10418, were left at room temperature for further 8 hours. Resulting colonies were characterized 

by concentric white-pink-red rings, which were different to the “bull’s eye” pattern and also differed 

among the growth conditions (agar %) (Figure 5.10). Importantly, no “bull’s eye” pattern was observed 

in the co-culture between E. coli NCTC12241 and S. marcescens NCTC1377, suggesting that variation 

in agar concentration on the solid surface influenced the pattern formation, and strongly supporting the 

fact that motility is involved in the process.   

Next to quantitively and qualitative assess the bacterial species grown on the different coloured sectors 

on swim and swarm co-culture plates, we collected samples of approx. 1 mm2 from each sector, 

resuspended in PBS(1x), serially diluted, plated on TSA plates, and incubated for 16 hours at 37oC. 

Once grown, CFU were determined (Figure 5.10). Results revealed that S. marcescens NCTC1377 

mostly grew in the outer sectors of the colonised area when growing in co-culture with E. coli 

NCTC12241, which was unable to swim or swarm, as shown in Figure 5.9. On the contrary, when in 

contact with E. coli NCTC10418, S. marcescens NCTC1377 mainly occupied the central part of the 

area, most probably due to the ability to swim of E. coli NCTC10418 compared to the strain 

NCTC12241. Additional to these changes in pattern formation, we observed that S. marcescens 

NCTC1377 also partially lost their pigmentation. Noticeably at the outer edge of the 0.7% agar-colony, 

and at both the outer edge and central spot of the 0.3% agar-colony, pigmentation was decreased, 

pointing again towards the negative modulation of prodigiosin production in the presence of E. coli 

NCTC12241. Differently, this lack of pigmentation was not observed when S. marcescens NCTC1377 

is in contact with E. coli NCTC10418 in both swarm and swim plates (Figure 5.10). A summary of the 

described observations is reported in Table 5.1. 

When looking at the distribution of the two different E. coli strains used, it was clear that the non-motile 

E. coli NCTC12241 grew pre-dominantly in the central spot on the colonised agar, in both swim and 

swarm plates (Figure 5.10). On the other hand, E. coli NCTC10418 colonises the outer rings of the 

observed areas, also in both swim and swarm plates, indicating the role of bacterial motility in pattern 

formation (Figure 5.10 and Table 5.1).
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Figure 5.10: Bacterial cells grown on soft agar plates for 24 hours at 37oC and left at room temperature for further 8 hours to enhance pigmentation.  0.7 %, top row, and 0.3%, bottom row. 
Samples (1 to 4) were characterized for bacterial species identification. Images represent examples of three independent experiments and graphs indicate the number of cells/mm2 (Y axis) for 
each sample collected (x axis) on swarm (top graphs) from swim (bottom graphs) plates of co-cultures, error bars indicate SD calculated from three repeated measurements. Bacterial species 
are indicated above the graph and in the legend.
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Table 5.1: Comparison of S. marcescens NCTC1377 behaviours (i) travel distance (ii)prodigiosin expression between S. 
marcescens NCTC1377 growing alone on swarm (0.7%) and swim (0.3%) plates and S. marcescens NCTC1377 in co-culture 
with the E. coli strains 

 

 

5.3 S. marcescens reduces the ability of E. coli NCTC10418 to grow as a biofilm  

Multi-species bacterial biofilms represent almost 80% of microbial infections, often causing nosocomial 

infections411. Bacterial communication and coordination are essential for biofilm establishment and 

bacterial survival. Considering signal-mediating space distribution as a “bull’s eye” pattern between S. 

marcescens NCTC1377 and E. coli NCTC12241 and other phenotypic changes observed, it is also 

reasonable to expect a change in biofilm formation when the strains were growing in co-culture rather 

than by mono-culture. 

To study that, bacterial biofilms of the strains alone (S. marcescens NCTC1377, E. coli NCTC 12241, 

E. coli NCTC10418) and the respective co-cultures were tested in our well-established biofilm formation 

assay in a 96-well plate (Allott et al, unpublished). After 24 hours of incubation, S. marcescens 

NCTC1377 biofilm in LB or LB supplemented with glucose displayed a concentric pattern mainly 

colonizing the outer edge-side of the wells (Figure 5.11). E. coli NCTC12241 formed instead a poor 

biofilm with scattered colonized area in the wells, in both LB or LB with glucose. Surprisingly, on the 

contrary, E. coli NCTC10418 formed a thick biofilm distributed all over the wells in LB. Surprisingly when 

grown in LB with glucose, E. coli NCTC10418 only colonised the plate in a sparse fashion. It seemed 

that the presence of glucose importantly diminished the bacterial biofilm capacity, with a few scattered 

‘dots’ in the wells (Figure 5.11). However, the number of cells resulting from the biofilm-viability assay 

did not show any significant difference between the biofilm formed in LB and LB supplemented with 

glucose (Figure 5.12). 

Biofilms of the co-culture S. marcescens NCTC1377and E. coli NCTC12241, seemed to slightly reduce 

the typical S. marcescens concentric pattern, while bacterial numbers in the biofilm mass did not vary 

(Figure 5.11, Figure 5.12) 
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In the co-culture between S. marcescens NCTC1377and E. coli NCTC10418, the ability of the latter to 

form a biofilm in LB was significantly reduced (unpaired t-test, P-value 0.002). No difference were 

observed when the biofilm was growing in LB with glucose (Figure 5.12). 

We also cultured the two E. coli strains as a biofilm: results showed that the E. coli NCTC10418 biofilm 

mass may be slightly reduced in LB when growing with E. coli NCTC12241.  

 

Figure 5.11: Multi-species biofilm in 96-well plate. S.  marcescens NCTC1377, E. coli NCTC12241, E. coli NCTC10418 and 
respective cocultures were grown in a 96-well plate with LB or LB supplemented with glucose (0.5%), at 37oC for 24 hours in 
static condition and controlled humidity. For staining CV 0.1% was used. Each sphere represents a well of the 96-well plate 
observed at the microscope (40x). 
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Figure 5.12: Assessment of biofilm viability. On top, cells grown in suspension on both condition, LB or LB supplemented 
with glucose. At bottom, cells grown as a biofilm resulting from scratching the bottom of the 96-well plate. In each graph, 
first three columns represent the control (each species growing on its own), the other paired columns indicate the co-
cultures. Results and error bars indicate mean ± SD of three technical replicates. Asterisks indicate significant values; 
unpaired t-test (P-value<0.05) applied (GraphPad 9.3.1,2021). 

5.4 Proteolytic and haemolytic activity 

5.4.1 Proteolytic activity of S. marcescens NCTC1377 is inhibited in co-culture with E. coli 

NCTC12241 
Given the crucial role proteolysis in establishing infections, we tested the protease activity of S. 

marcescens NCTC1377, E. coli NCTC12241, E. coli NCTC10418 and the respective co-cultures, by 

inoculating 10 µl drops of the exponential growing cultures on TSA supplemented with skim-milk (2.5%) 

and incubating at 37oC for 16 hours. 

Results showed that S. marcescens NCTC1377 had a remarkable proteolytic activity, displayed by the 

presence of thick transparent halo surrounding its colony, while both E. coli strains displayed a por 

proteolytic activity (Figure 5.13).  Surprisingly, the proteolytic activity of S. marcescens NCTC1377 was 

inhibited in liquid co-culture with E. coli NCTC12241, as displayed by the almost complete absence of 

halo surrounding the grown colony of S. marcescens NCTC1377 and E. coli NCTC12241 co-culture 

(Figure 5.13). In contrast, when in co-culture with E. coli NCTC10418, S. marcescens NCTC1377 still 

formed a surrounding transparent halo indicating proteolytic activity (Figure 5.13). The quantification of 

the proteolytic activity was achieved by measuring the number of image pixels per mm of transparent 

(proteolytic) area and expressing this as a ratio with the number of image pixels in the growth colony. 

Results indicated a significant (unpaired t-test, P-value 0.0175) reduction of the proteolytic area in the 

co-culture S. marcescens – E. coli NCTC12241 compared to S. marcescens alone (Figure 5.14) 
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Figure 5.13: Proteolytic activity of liquid mono- or co-culture tested on TSA enriched with skim milk (2.5%). 10 µl drops of 
the exponential growing cultures of S. marcescens and both E. coli strains and respective pairwise co-cultures were 
inoculated on the plates and incubated at 37oC for 16 hours. 

 

Figure 5.14: Proteolytic activity of liquid mono- or co-culture quantified by measuring the “transparent” halo. Fiji-ImageJ412 
were used for images quantification (pixels/mm). The ratio indicates the area defined by the proteolytic-halo and the grown-
colony (Y axis). Bacteral sample composition (X axis) is indicated below the graph. Results and error bars indicate mean ± SD 
of three technical replicates. Asterisks indicate significant values; unpaired t-test (P-value<0.05) applied (GraphPad 
9.3.1,2021). Each column was compared with the black column (S. marcescens NCTC1377), and when no significance was 
observed was not indicated in the graph for simplicity.  

Proteolytic activity was also tested for samples collected from a from a “bull’s eye” pattern. Results 

showed a significant (unpaired t-test P-value 0.0358) inhibition of proteolytic activity between the middle 

ring of the “bull’s eye” pattern compared to the middle area of S. marcescens growing on its own 

(control). In contrast, we did not observed differences in the proteolytic activity between samples 

collected from the outer or the centre of the “bull’s eye” pattern and controls (Figure 5.15). In the middle 

ring the “bull’s eye” pattern we expected to have 10-fold less of S. marcescens NCTC1377 compared 

to E. coli NCTC12241, as previously described in Section 4.1.2. It is conceivable that this difference 

between S. marcescens NCTC1377 and E. coli NCTC12241 in favour of the latter in the middle ring, 

may be enough to reduce the proteolytic activity of S. marcescens NCTC1377 on the “bull’s eye 

pattern”. 

One of the most abundant AA in skim milk is Met413,414, whose effect on the “bull’s eye” pattern has 

been addressed in Section 4.2.2. Of note, no difference was observed whether the skim milk powder 

was added on TSA or LBA, including the lack of pattern on both the media, supporting our hypothesis 
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that in the presence of Met, for instance in skim milk agar plates, the “bull’s eye” pattern may be 

disturbed.  

 

Figure 5.15: Proteolytic activity of samples collected from each sector of a “bull’s eye” pattern and controls. Samples from 
the outer edge, the middle ring or the central spot of a “bull’s eye” pattern were collected, resuspended in liquid medium 
and inoculated in 10 µl drops in LBA or TSA supplemented with skim-milk (2.5%). For the control, three samples, respectively 
from the outer, middle or centre were collected from growth colonies of S. marcescens NCTC1377 or E. coli NCTC12241 
(mono-cultures), resuspended and inoculated on the skim-milk plates. 

 

Figure 5.16: Proteolytic activity of samples collcted from a “bull’s eye” pattern (co-culture) or controls,  estimated by 
measuring the “trasparent” halo. Fiji-ImageJ412 were used for images quantification (pixels/mm). The ratio indicates the area 
defined by the proteolytic-halo and the growth-colony. Where OE: Outer Edge, MR: Middle Ring, CS: Central Spot. Bacteral 
samples (X axis) are indicated below the graph. Results and error bars indicate mean ± SD of three technical replicates. 
Asterisks indicate significant values; unpaired t-test (P-value<0.05) applied (GraphPad 9.3.1,2021). 
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5.4.2 Haemolytic activity of S. marcescens or E. coli NCTC12241 does not change between 

mono- or co-cultures 
Next to the proteolytic activity we also wanted to test the haemolytic activity of S. marcescens 

NCTC1377, E. coli NCTC12241 and E. coli NCTC10418 and their respective co-cultures. Haemolysis 

is a critical in clinical strain determination, but also crucial to determine the pathogenicity of bacteria. 

We used TSA supplemented with sheep blood at both 37oC and 26oC to test the haemolytic activity of 

indicated strains. 

S. marcescens NCTC1377 haemolytic activity at 26oC was characterized by the formation of a clearly 

defined transparent rim, typical of beta-haemolysis. Samples from the outer edge and the central spot 

of a “bull’s eye” pattern gave the same results as the control, confirming that S. marcescens NCTC1377 

was prevalent in those sectors of the pattern. In contrast, samples taken from the middle ring, where E. 

coli NCTC12241 prevailed compared to S. marcescens NCTC1377, did not show this transparent ring, 

but, instead, resembled the diffused halo observed in E. coli NCTC12241 alone, typical of alpha-

haemolysin (Figure 5.17, 26oC). 

At 37oC, bacterial samples grown on blood agar plates from both controls and “bull’s eye” pattern, were 

different from what observed at 26oC. S. marcescens NCTC1377 colonies. They were encircled by 

diffused halo of 1.5 cm roughly, which was approx. 10 times bigger than the halo observed at 26ºC; E. 

coli NCTC12241 colonies were also surrounded by a diffuse halo which tended to occupy the whole 

plate. Haemolytic activity for samples collected from the “bull’s eye” pattern showed the same results 

as the S. marcescens NCTC1377 control. However, from the samples collected from the outer edge 

and centre of the pattern, i.e., the areas dominated by S. marcescens NCTC1377, a remarkable unique 

morphopattern was observed, characterized by a fluted edge (Figure 5.17, 37oC). 
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Figure 5.17: Hemolytic activity of samples collected from each sector of a “bull’s eye” pattern and controls. Samples were 
incubated with a seeding density: 107cells/10µl on TSA-blood agar and kept 4 days at 37oC or 26oC. Outer edge (1), Middle 
ring (2), Central spot (3). 

The proteolytic activity of bacteria growing from liquid cultures was also tested: at 26oC S. marcescens 

NCTC1377 as mono-culture and both co-culture colonies were fenced by a well-defined transparent 

rim, suggesting that the presence of other strains in the liquid co-culture with S. marcescens 

NCTC1377, did not affect the haemolytic activity of S. marcescens NCTC1377. At 37oC, similar results 

to what was observed from samples collected from the colonies/pattern were seen. In fact, diffused 

halos for both S. marcescens NCTC1377, E. coli NCTC12241, E. coli NCTC10418 alone (controls) and 

for the co-cultured bacteria appeared. Moreover, the previous described fluted-edge pattern was 

likewise observed for the S. marcescens NCTC1377 and E. coli NCTC12241 coculture. Due to the lack 

of prodigiosin development at 37oC on S. marcescens NCTC1377 together the “bull’s eye” pattern could 

not be observed for the bacteria growing on blood agar plates. However, it is unclear whether the “bull’s 

eye” pattern still formed; further experiments, including the spatial distribution of the two bacteria need 

to be undertaken to address these questions. 
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Figure 5.18: Hemolytic activity of liquid mono- or co-culture at different temperature. Samples were incubated with a 
seeding density: 107cells/10 µl on TSA-blood agar and kept 2 days at 37oC or 26oC.  S. marcescens(1), E.coli 12241 (2), E.coli 
10418 (3), Co-colture S. marcescens-E. coli 12241 (4), Co-colture S. marcescens-E .coli 10418 (5). 

5.5 Infection assay: the role of the “bull’s eye” at the host-pathogen interaction level  

S. marcescens NCTC1377 displayed changes in virulence (i.e., antibiotic resistance (Section 5.1), 

motility (Section 5.2) and proteolytic activity (Section 5.2)) when growing in co-culture with E. coli 

NCTC12241. To test whether any virulence changes may also occur on tissue culture cells, we set up 

a co-culture between the bacterial cells grown in a “bull’s eye” pattern (and appropriate controls) and 

mammalian epithelial cells (MDCK). 

Previous experiments conducted by colleague Matthew Allott (MA) demonstrated that an MOI of 1 was 

enough for S. marcescens NCTC1377 to infect and survive in co-culture with MDCK (data not shown 

as conducted by MA), therefore this infection rate was selected for this experiment.  

Results demonstrated that S. marcescens NCTC1377 collected from the outer edge of the “bull’s eye” 

pattern and put in contact with MDCK with an MOI of 1 for 30 minutes, adhered significantly less (P-

value 0.0211) than to S. marcescens NCTC1377 growing on its own. This reduction in adherence for 

S. marcescens NCTC1377 was accompanied by an increase in adherence for E. coli NCTC12241 

collected from outer edge of a “bull’s eye” pattern compared to the control (Figure 5.19). 
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Figure 5.19: MDCK infection assay: Bacterial cells of S. marcescens NCTC1377 (black),  E. coli NCTC12241 (brown) and outer 
edge of a “bull’s eye” pattern (grey for S. marcescens and yellow for E. coli cells) were inoculated with an MOI of 1 for S. 
marcescens NCTC1377 and the co-culture, and an MOI of 0.1 for E. coli NCTC12241)- as a 1:10 ratio between E. coli 
NCTC12241: S. marcescens NCTC1377 is expected from the outer edge of the pattern – on the top of MDCK (CFU Inoculated 
(Time 0). After 30 minutes, CFU/ml were determined for the supernatant (Supernatant (Time 30)) and adhered bacteria 
(Adhered bacteria (Time 30)). Results and error bars indicate mean ± SD of three technical replicates. Asterisks indicate 
significant values; 2-way ANOVA (P-value<0.05) applied (GraphPad 9.3.1,2021). Graph shows representative data from two 
independent experiments. 

To test whether bacterial cells were internalized by MDCK, gentamicin was added to each MDCK-

bacteria-containing wells in order to kill bacterial cells in suspension or in the biofilm. Gentamicin cannot 

penetrate mammalian cells415 and hence bacterial cells internalized by MDCK, were not affected. 

Results showed a significant (P-value 0.0079) reduction of S. marcescens NCTC1377 cells from the 

outer edge of the pattern compared to the control, meaning that the former were not internalized readily 

as the control cells, suggesting virulence modulation mediated by E. coli NCTC12241. 

Interestingly E. coli in co-culture was slightly increased when compared to their mono-culture, so there 

might also be an effect on E. coli’s pathogenicity in the co-culture. However, these initial findings need 

to be verified with bigger sample numbers and slightly adjusted assay set up, as measurements were 

at the detection limit.  
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Figure 5.20: MDCK infection assay and gentamicin protection: Bacterial cells of S. marcescens NCTC1377 (black),  E. coli 
NCTC12241 (brown) and outer edge of a “bull’s eye” pattern (grey for S. marcescens and yellow for E. coli cells) were 
inoculated with an MOI of 1 for S. marcescens NCTC1377 and the co-culture, and an MOI of 0.1 for E. coli NCTC12241)- as 
a 1:10 ratio between E. coli NCTC12241: S. marcescens NCTC1377 is expected from the outer edge of the pattern – on the 
top of MDCK (CFU Inoculated (Time 0)). After 30 minutes, CFU/ml were determined for adhered bacteria (Adhered bacteria 
(Time 30)). At the same time, gentamicin was added in further MDCK-bacteria-containing wells. After further 45 minutes, 
CFU/ml were determined for internalized bacteria (Internalized bacteria (Time 75)). Results and error bars indicate mean ± 
SD of three technical replicates. Unpaired t-test (P-value<0.05) applied (GraphPad 9.3.1,2021). 

5.6 Conclusion CHAPTER 5 

The “bull’s eye” structure resulted from the co-culture between S. marcescens NCTC1377 and E. coli 

NCTC12241 displayed to be accompanied by changes in bacterial functions. We have demonstrated 

that there was an increase in LFX resistance in S. marcescens from specific sectors of the pattern and 

showed that the increased resistance was a phenotypic change. Phenotypic LFX resistance in S. 

marcescens and other Gram-negative bacteria may be associated with the expression of qnr genes 

activated in response to SOS system, the latter triggered by DNA damages. The exposure to H2O2 also 

led our S. marcescens to an increase in LFX resistance, suggesting that a DNA damage induced by 

oxidative stress may also led to qnr expression and LFX resistance. One could speculate that E. coli 

can trigger oxidative stress - or other DNA damage-mediators - in S. marcescens, therefore increasing 

the antibiotic resistance. Further investigation needs to be done to gain a mechanistic understanding of 

the phenotypic change that accompanied the “bull’s eye” pattern. Other changes in virulence that 

suggested the existence of genome-wide shifts in the co-culture were: i) a significant reduction in 

swimming motility and ii) proteolysis in S. marcescens. Those changes were consistent with the reduced 

ability of S. marcescens to adhere to mammalian cells.  

The discovery of this novel pattern connected to LFX resistance and virulence is critical to underpin 

cutting-edge research aimed to study effective interventions to treat infectious diseases and tackle 

antibiotic resistance.  
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6 DISCUSSION 
If the human body is a machine the microbiota is an essential part of its engine. In fact, the human 

microbiota is essential for the detoxification of harmful chemicals, the generation of metabolic 

precursors from nutrients and non-metabolized components, the fitness-based competitions to fend off 

pathogens and similarly the production of antimicrobial components, and priming of the immune system 

for immediate action before infectious agents. Consequently, microbiota imbalances will impair 

physiological functions (dysbiosis).  

Tremendous advances have been made in understanding the composition of the microbiota in health 

and disease. The human microbiota consists of trillions of bacteria of tenths of thousands of species 

and the accompanying panoply of diverse metabolites, metabolic activities and regulatory signals. 

Studies of mixed bacterial populations in natural environments has been a staple characteristic of 

research since the onset of microbiology from the sea to the human body. In the same manner that 

during the 70s there was a boom in studies of bacterial ecology in aquatic and soil niches, for the past 

twenty years there had been an unparallel growth in the knowledge of the human and animal microbiota. 

However, due to the complexity of these ecosystems, most of that knowledge, even if seminal, had 

addressed a descriptive listing of their members with a few advances on metabolites and other 

components of the microbiome and to a less extent some studies on the interplay between those 

bacterial species and their chemical mediators.  

A fundamental gap of knowledge driving the research questions that underpin this PhD thesis is the 

need for further mechanistic understanding of the interplay between species in vitro level to inform our 

research question: how bacteria in the microbiota may compete among themselves, interplay with the 

host and distribute the space to fend off pathogens and influencing human and animal physiology. 

To address our researched questions, we have studied in vitro bacterial interactions among different 

bacterial strains known to be part of the human gut microbiota and, some of them, potential pathogens. 

Specifically, we aimed to elucidate bacterial population dynamics, competition and selection in 

response to i) an essential micronutrient for both, human and bacterial cells, Zn, which exert regulatory 

role for a range of genes within human and bacterial species; and ii) a potential underrated pathogen, 

Serratia marcescens. 

6.1 Human microbiota in vitro co-culture competition experiments 

6.1.1 Mono-culture growth in rich media 

To study the complex ecosystem that inhabits the human intestine, we selected Gram-negative and 

Gram-positive bacterial species which grow aerobically and anaerobically in rich growth media, 

conditions akin to gastrointestinal physiology.  

Our preliminary studies on the growth characteristics of each of the strains as a mono-culture were 

designed to determine the feasibility of concomitant growth of two different strains in bacterial co-

culture. These studies revealed that all of the bacterial strains tested grew at 37oC in rich media (LB 

and TSB) with agitation. Growth rates were similar among the Gram-negative and among the Gram-
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positive, with the latter growing more slowly (Section 3.1). K. aerogenes in LB and L. plantarum in TSB 

were exceptions, they grew much slower than comparable Gram-negative and Gram-positive bacteria, 

respectively. Growth dynamic differences of each of the species in mono-culture need to be considered 

as part of the competition when grown as co-cultures. However, it is possible that the dynamics in co-

culture may vary from those in mono-culture as a by-product of synergistic or antagonistic processes, 

whether metabolic, antimicrobial or others335. 

The development a modified LB medium (LBEAP1), rich in glucose and minerals (manganese and 

magnesium) allowed the fastidious microorganism L. plantarum to grow at a speed approx. like the rest 

of the strains (Figure 3.3). Also, the modified growth medium LBEAP1 represents a novel cost- and 

time-efficient growth media for multiple bacterial species without being selective (rather than, for 

instance, selective medium MRS conventional used for growing lactobacilli373) hence ideal for the study 

of in vitro co-cultures. The differential fitness between strains in LBEAP1 will need to be considered in 

co-culture experiments. Importantly, L. plantarum is a lactic-acid bacterium of relevance in food industry 

as a probiotic with potential beneficial effects in gut physiology416. Our developed medium, LBEAP1 – 

may be considered as a potential effective growth medium to be used for industrial applications too. 

 

An important microbiological tool is to estimate the CFU from the OD of a growing culture. This was 

very much possible for most strains, as the colony viability curves were consistent with those of turbidity, 

especially when grown in LB (Figure 3.2). However, bacterial growth showed some discrepancy 

between the two methods for two of the Gram-positive cocci, E. faecalis NCTC377 and S. salivarius 

NCTC8618 when growing in TSB (Figure 3.1), with an initial lag phase by OD600 that was not reflected 

by the apparent exponential growth seen by CFU. One may consider that this discrepancy between 

viability and OD600 in these species could derive for instance, from a decreased cell size of daughter 

cells during the early stages of growth that will keep similar OD600 values while the total number of cells 

in the population is actually increasing. Alternatively, it is possible that in the time between measurement 

of OD600 and plating of the sample for the determination of CFU, there may be further rounds of cells 

division within those populations. It may be of value to consider this behavioural difference in the growth 

dynamics of these species when studying their properties in co-culture with other species417. TSB and 

LB have different composition, with TSB considered richer. TSB contains glucose and twice the amount 

of proteins than LB; of note, the protein source is also slightly different. While both of them have tryptone 

(pancreatic digest of casein), TSB has also soybean digest. Another difference are the salts, with LB 

containing twice the amount of NaCl but lacks the K₂HPO₄ present in TSB, that may also offer buffering 

potential. A critical difference, may be the exclusive presence of yeast extract in LB. Therefore, it is 

likely that those difference in nutrient composition may have led to the slight differences observed for 

bacterial growing in LB or TSB, and in particular the enhanced similarity in growth dynamics across all 

the species in LB. Our observations ultimately also suggest that there may be a variability in the 

presentation of the phenomena discovered in this PhD thesis as a function of the growth conditions of 

single and mixed populations of bacteria. The relevance of such consideration is not restricted to an in 

vitro setting but is in fact of paramount physiological importance as it may be a key contributor to the 

switch between health and disease given the variability of our microbiota ecosystem across individuals. 
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Similarly, it may play a role in food spoilage, the colonization of natural environments, the transmission 

of microorganism with pathogenic potential and the expression of virulence factors. The determination 

of rich growth media which allowed all bacterial strains to grow at similar growth dynamics represented 

a critical step to inform the selection of the species likely to lead to productive co-culture competition 

experiments, with the growth medium being possibly influential but not a limiting or selecting factor. 

6.1.2 Zn toxicity is nutrient-dependent 

The micronutrient Zn is an essential mineral for all forms of life including bacteria, playing structural, 

functional and signalling roles. At micromolar concentrations, Zn modulates the expression of genes 

involved in mineral transport, ribosomal proteins, metabolism and even bacterial virulence and 

pathogenesis. Moreover, the physiological intestinal concentration of Zn after a meal has been 

estimated to be around 100 µM290, a concentration not toxic to bacteria, but most likely active at a 

cellular and molecular level. Despite its crucial role in bacterial virulence and the unavoidable interplay 

between Zn and bacteria in the human microbiota, how this micronutrient may affect the bacterial 

population dynamics within niches in the microbiota, is still unclear.  In the light of these considerations, 

we selected Zn, to explore as a potential switch, able to shift bacterial population selection and 

dynamics.  

Yet, Zn is toxic above a certain amount. Zn toxicity to bacteria vary among species and growth 

conditions with MIC ranging from 1 mM to 4 mM for E. coli 418–421 growing in rich medium. In contrast, 

other bacteria such as Lactobacillus spp., Bifidobacterium spp., Streptococcus spp., were found to 

tolerate quite well Zn, surviving at concentrations higher than 4 mM422,423. In our experimental study, we 

found that bacterial strains from our collection, including Streptococcus and Lactobacillus species, were 

not affected by 4 mM ZnCl2 when growing in rich medium (TSB) (Figure 3.5). Critically, bacterial growth 

was instead impacted when grown in nutrient poorer, but still not minimal media - LB even at much 

lower concentrations (Figure 3.4). In fact, we showed that 4 mM was toxic for E. coli, K. aerogenes, S. 

aureus, S. salivarius and L. plantarum, and bacteriostatic for S. marcescens and P. vulgaris. 

Furthermore, 2.5 mM had a bacteriostatic effect for K. aerogenes, S. aureus, S. salivarius and L. 

plantarum. While 1 mM of Zn did not affect the growth of any of the Gram-negative bacteria, the Gram-

positive S. salivarius and L. plantarum grew much slower than the rest, suggesting a higher tolerance 

to Zn in Gram-negative bacteria rather than in Gram-positive species, with the exception of E. faecalis 

which was not affected by any of the tested concentrations of Zn in LB. Isolated E. faecalis strains from 

piglets also exhibited a very high tolerance to Zn and copper424.This high tolerance to Zn in E. faecalis, 

may be connected to the fact that Zn is required for both survival and virulence in this bacterial 

species425, and, indeed,  Zn homeostasis is critically regulated by the adcACB and adcAII system.  

It has been shown that Zn can impact glucose metabolism in bacteria426. Thus, one may consider that 

the presence of Zn may facilitate glucose uptake and metabolism in bacteria, supporting their growth 

rather than acting as a toxicant. It is also plausible that some other micronutrients (minerals or vitamins) 

in TSB may interact and bind Zn preventing its toxic effect, both areas that could have been considered. 

However, as for this project we were interested in micronutrient concentrations of Zn likely to exert 
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regulatory functions of bacterial cells, further experiments to elucidate the high tolerance to Zn in TSB 

for most of the bacterial strains.  

For our system, we selected a micronutrient concentration of 250 µM, 4- to 12-fold below toxic, but high 

enough to play a role in gene expression, as it was shown that 250 µM of Zn disturbed the QS-system, 

motility and biofilm formation in S. typhimurium335,396. 

Furthermore at lower centration, 200 µM, Zn altered the expression of numerous genes involved in 

motility, biofilm formation, stress response and metal homeostasis in E. coli397. Thus, those findings 

supported our choice of working with 250 µM of Zn as a potential switch in bacterial population selection 

and dynamics, however conclusive evidence still remains to be confirmed by undertaking for instance 

gene expression profiling experiments or verification of the regulation of specific genes. 

6.1.3 P. aeruginosa takes over some Gram-positive cocci bacteria 

To study the bacterial population dynamics in a limited number of species, we used models of two 

bacterial strains growing on conventional growth media, in the absence or presence of a potential 

switch, Zn. We showed that the bacterial pathogen P. aeruginosa PAO1 was taking over the Gram-

positive S. aureus NCTC12981 or S. salivarius NCTC8618, based on colony counts (Figure 3.6 A,B). 

P. aeruginosa and S. aureus are major pathogens for respiratory and wound infections427, and they are 

commonly found to grow together in biofilm. The interaction between P. aeruginosa and other 

opportunistic pathogens such as Agrobacterium tumefaciens347, S. aureus348,350,351,353 and Candida 

albicans428, was studied in co-culture experiments. When co-cultured with S. aureus, P. aeruginosa was 

found to disturb the electron transport chain, to compete for micronutrients and to produce antimicrobial 

substances which limited the establishment of S. aureus350. Moreover, Filkins et al. had showed that 

the presence of P. aeruginosa lead S. aureus to switch its’ metabolism from aerobic respiration to 

fermentation350. Also, glucose is the carbon preferred source for S. aureus during infection429. In the 

light of these considerations, it is reasonable that the possible aerobic-to-anaerobic shift and nutrient 

competition may lead P. aeruginosa to take over S. aureus in our co-culture. To test this hypothesis, 

oxygen measurements together with metabolic activity determination, using for instance seahorse 

techniques could be undertaken.  

We showed that S. salivarius NCTC8618 was also obliterated by P. aeruginosa PAO1 when growing in 

co-culture (Figure 3.6). Interestingly, Scott et all had showed that P. aeruginosa limited Streptococcus 

sp. growth through nutrients competition354. Also, when growing in mono-cultures, S. salivarius grew 

more slowly than P. aeruginosa in both growth medium, LB or TSB. Therefore, it is reasonable to 

assume that when in co-culture, S. salivarius is outcompeted by P. aeruginosa due to better ability of 

the latter to use available nutrients. Another possibility to consider is the cidal effect mediated by 

bacteriophages, obligate parasites (virus) of bacteria which can shape bacterial communities through 

changing their abundance, diversity, and virulence and providing a competitive advantage to different 

species. Bacteriophages are the least explored component of the human microbiota, even if they are 

the most abundant biological entity in the world and generally highly bacterial species specific, thus 

enabling targeted bacterial killing or manipulation. In fact, bacteriophages had been proven to control 
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selection of bacterial populations in nature430, evidenced as offering competitive advantages to selected 

human commensal bacterial species431, and considered as a viable alternative to the critical health 

threat problem of antimicrobial resistance AMR432. In various countries bacteriophages have been used 

for therapy, or proposed as therapeutic tools to control bacterial pathogens in humans and animals in 

developing countries433–435. In the light of this, it is worth considering P. aeruginosa-released 

bacteriophages as mediator of this species-dependent advantage controlling bacterial population 

selection and dynamics.  Before exploring these hypotheses further, our findings would need to be first 

confirmed with molecular tools, which we started to develop as described in Section 3.6.2, and 

mechanisms that specifically lead to a potential bacterial selection in favour of P. aeruginosa needs to 

be elucidated.  

6.1.4 The probiotic L. plantarum seems to prevail on potential pathogens  

L. plantarum is a probiotic strain, known for providing health benefits to the gut health, competing for 

niches and nutrients with potential pathogens and producing antimicrobial and anti-inflammatory 

substances436,437.  

Considered the lower growth rate of L. plantarum compared to other Gram-negative, such as E. coli or 

P. aeruginosa, one would expect those ones to prevail when in co-culture with L. plantarum. 

Surprisingly, we found that, in LBEAP1 co-cultures, L. plantarum was significantly prevailing on E. coli 

or P. aeruginosa (Figure 3.7). Colony morphology of the cells on the agar plates were also observed at 

the microscope to confirm their identity, i.e., L. plantarum cells. In support of this, lactobacilli had been 

found to limit the establishment of pathogens through adhesion by fimbriae and release of antimicrobial 

compounds438.  However, with the Gram-staining of the liquid co-cultures (both, L. plantarum with on E. 

coli or P. aeruginosa) we observed the presence of both, Gram-negative and Gram-positive cells, 

suggesting that both strains co-existed in the liquid co-culture (LBEAP1), in contrast we displayed on 

plates. Even if unlikely, it is possible that the observed cells at the microscope were not necessary an 

indication of alive cells in liquid co-culture, meaning that E. coli or P. aeruginosa cells were present but 

dead– live/dead staining needs to be done to confirm this hypothesis. Instead, it is most likely that the 

growth inhibition of P. aeruginosa or E. coli mediated by L. plantarum may happen only on solid surface, 

when the probiotic strain is able to get established and grow competing for niches and nutrients to the 

detriment of the opportunistic pathogens, E. coli or P. aeruginosa. 

Lactobacillus spp. seem to be effective in controlling food spoilage due to their antimicrobial activity 

against pathogenic bacteria common as foodborne pathogens, such as E. coli and Listeria 

monocytogenes439, thanks to their ability to produce bacteriocin and lowering pH440. In support of this, 

a recent study showed that Lactobacillus casei supernatant, rich in lactic acid and bacteriocins, inhibited 

growth of pathogenic E. coli441. In addition, and anti-adhesion properties on epithelial cells against 

pathogens have been also demonstrated442,443. At present, it seems reasonable to use probiotic strains, 

such as L. plantarum, in the field of food industry and public hygiene for control and prevention of 

infections. To confirm the findings in our setting and have a comprehensive understanding of the 

phenomena, further molecular (quantitative and qualitative) analyses need to be done, for instance one 

could use forward and/or reverse genetics to create mutants, testing those in the established co-culture 

assays to determine the genes involved in this process. 
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6.1.5 The micronutrient zinc plays a role in bacterial population selection 

Serratia marcescens is a Gram-negative enterobacterium, widespread in the environment and also 

present in the human gut microbiota. Although outbreaks of S. marcescens have been reported 

frequently in hospitals in UK and many other countries in the last two decades40, the study of this 

opportunistic pathogens infecting humans, rather than insect of plants, is at its infancy. Moreover, in 

2017, S. marcescens was listed by the WHO among antibiotic-resistant "priority pathogens"25, 

representing a crucial health threat. Given the need to understand the bacterial population dynamic and 

selection in response to an underrated opportunistic pathogen, S. marcescens, and the resulting impact 

on the host, we have included this strain among the selected bacteria for the study of pairwise in vitro 

co-culture competition experiments. 

Our initial experiments using CFU determination of non-selective media showed that, based on viable 

counts of colonies, Zn mediated population selection in P. aeruginosa PAO1 and S. marcescens 

NCTC1377 co-culture with a competitive advantage to P. aeruginosa over S. marcescens, probably 

driven by gene expression changes (Figure 3.6 C). This was supported by the findings of Li et al. who 

showed that in co-culture, P. aeruginosa  mediated the upregulation of Zn transporter gene expression 

in S. sanguinis, favouring the latter growth355. Zn exposure significantly promoted the expression and 

secretion of factors involved in QS, motility, biosurfactants and toxins. Hence, we propose  that the 

presence of the mineral may harness the commensal-to-pathogen transition of P. aeruginosa342, 

explaining the dominance of P. aeruginosa. However, with molecular analyses (semi-quantitative PCR) 

we had subsequently observed that both strains (P. aeruginosa PAO1 and S. marcescens NCTC1377) 

co-existed after 24 and 48 hours with or without Zn, in contrast with what we observed from the colony 

counts. As the methods used are highly likely to be an accurate representation of the vitality of the cells 

at the time of co-culture, compared to the CFU determination, i.e., a more indirect measurement of the 

surviving cells after 24 hours of co-culture, we looked into possible explanations for these discrepancies.  

It had been demonstrated that some Serratia strains can lose the ability to produce prodigiosin in certain 

conditions, such as high temperature or low pH30, producing cells appear then white or translucent444. 

Also, spontaneous colour mutants arising after a few generations were characterized by a growth 

advantage compared to red cells of S. marcescens51,75. In the light of this, it is possible that in the 

presence of P. aeruginosa PAO1, Zn enhances the expression of a non-pigmented phenotype in S. 

marcescens NCTC1377, and S. marcescens colonies were counted as P. aeruginosa, which naturally 

would lead to an over-representation in numbers of P. aeruginosa. To our knowledge there is not a 

single selective media that would distinguish white S. marcescens from P. aeruginosa, so alternative 

molecular technologies like 16s sequencing should be applied to verify the preliminary results of our 

study. 

While some evidence exists on P. aeruginosa and S. aureus or Streptococcus spp.348,350,351,353, as 

already described, P. aeruginosa and S. marcescens co-culture seems to represent a novel insight, 

setting the stage towards promising findings in the imminent future. Genome-wide studies will also need 

to be conducted to complement and further elaborate the selective establishment of one bacterial strain 

rather than another.  
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6.2 The “bull’s eye” pattern : a novel discovery  

Despite no differential prevalence was observed for the co-culture between E. coli NCTC12241 and S. 

marcescens NCTC1377, we have encountered a remarkable observation on TSA plates: the 

appearance of a geometric pattern. Further analysis of this revealed that this pattern occurred only in 

certain conditions, in specific when 10 µl drops with 105 - 106 cells from the liquid co-culture were placed 

on TSA plates and grown at 37oC for 16 hours. The observed consistent colony-pattern was 

characterized by a geometric concentric shape, with a red outer edge, approximately 1 to 1.5 mm thick, 

a white middle ring with a thickness of approximately 1.2 to 1.5 cm, and a central red spot with a 

diameter of 3 to 4.5 mm, thus we named it the “bull’s eye” pattern (Figure 4.3).  One may consider that 

the pattern results from a differential bacterial space distribution, where red is always S. marcescens 

and white is always E. coli. However, Čepl and co-authors244 using a different strain of S. marcescens 

(CNCTC 5965), had reported the presence of a similar pattern developed by this strain when growing 

on its own on glucose-supplemented NBA plates at 27oC. Hence, we tested whether S. marcescens 

NCTC1377 would have been able to lead the formation of this pattern in the absence of E. coli 

NCTC12241. 

Using elastic light scattering patterns, circular structures have been identified for a variety of bacteria 

species, including E. coli. However, the technique encodes the micro- and macro-structural morphology 

of the colony onto an interrogating wavefront445. They have been developed to identify bacterial species 

quickly, when growing on agar plates, but as far as we are aware our study is the first to see and 

examine macroscopic centric pattern formation visible by the naked eye due to co-culture conditions.  

6.2.1 Serratia marcescens NCTC1377 alone does not form a “bull’s eye” pattern 

We studied the colony development of S. marcescens NCTC1377 using a variety of different media 

(TSA, LBA, LBA depleted from NaCl, BHIA, CLED, NBA, NBA supplemented with glucose), and 

observed red-to-white colony phenotypes in S. marcescens NCTC1377 growing in media with high 

glucose concentration (NBA with glucose, BHIA, TSA) (Figure 4.11). Initially we hypothesized that the 

appearance of white pigmentation was due to the high glucose content. This observation was also 

underpinned by red colonies (with just a thin white). If this hypothesis was correct, we would have 

expected to obtain white colonies on solid media having lactose as a sugar substrate (CLED), which 

would ultimately result in glucose availability upon degradation.  However, the observation that those 

colonies in CLED agar were actually red would be in agreement with the poor metabolism of lactose, 

characteristic of S. marcescens446. We have hypothesized that during the first two days of growth, the 

bacterial cells on CLED may use the protein sources as the main energy source; only after a number 

of days, lactose degradation may slowly release the mono-saccharides glucose and galactose, and the 

bacterial cells may start using glucose as an energy source and the loss of prodigiosin becomes more 

evident. 

Whether this glucose-mediated regulation occurs directly by glucose, or indirectly through downstream 

metabolites resulting from its degradation, or leading to changes in signalling pathways, remains to be 

determined. It has been known since 1946 that glucose can reduce prodigiosin production403,447.  
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However, evidence had shown that the reduction of prodigiosin is mediated by the acidification of the 

growth medium404,448, but genes involved in the process leading to this reduced expression mediated 

by the pH change were not identified as yet. Although a fall in pH has been implicated in the mechanism 

underpinning prodigiosin downregulation244,449, our results did not support this theory. In fact, a variation 

in the pH, sufficient to reduce prodigiosin expression in such a short time on a growth medium containing 

buffer (TSA), is unlikely to happen. Moreover, if we assume that a pH change in the presence of glucose 

triggered the formation of the “bull’s eye”, we would also have observed the formation of the pattern in 

S. marcescens NCTC1377 alone on TSA at 37oC, which we did not. However, this theory could be 

further explored by the use of pH sensitive additives like phenol red in the agar plates to estimate any 

pH change in the growing colonies.  

Similarly, protein concentration did not seem to influence the production of the pigment. In summary, in 

our conditions, glucose seemed to downregulate prodigiosin production, compared to potential 

differences in pH changes, NaCl, or protein concentration. 

6.2.2 E. coli NCTC12241 is required to lead S. marcescens NCTC1377 to form the “bull’s eye” 

pattern 
We demonstrated that both E. coli NCTC12241 and S. marcescens NCTC1377 were present in all three 

sectors of the “bull’s eye” pattern, the red outer edge, the white middle ring and the red central spot 

(Figure 4.6). The density of S. marcescens NCTC1377 was higher in the central spot and the outer 

edge, and of E. coli NCTC12241 in the middle ring. The difference between the higher and lower density 

strains in any of the sectors was always 10-fold higher (Table 4.1). Moreover, we displayed that the 

differential distribution of space of both strains within the pattern was initiated after between 5 to 7 hours 

of growth in these conditions (Section 4.1.3). Čepl and co-authors, when describing the similar pattern 

developed by S. marcescens CNCTC 5965, referred to pH as the factor leading to such space 

distribution244. It would be reasonable to conceive that a pH variation may be responsible for the bull’s 

eye pattern revealed by our S. marcescens strain (NCTC1377). It was shown that there was a drop in 

the pH in liquid TSB from 7 to 5.6 within 3 hours of growth of E. coli 450. Subsequently, the pH regularly 

increased to a value of 8.5 after 3 days450. This initial pH variation could be attributed to the preferential 

use of glucose as a favoured substrate for energy production and metabolic precursor generation to 

support growth. Ng and co-authors had demonstrated a lack of fluctuation of pH values of E. coli growing 

in LB, which does not contain glucose450. These considerations would be consistent with our 

observation that in media lacking glucose, including LB, NB or CLED, S. marcescens NCTC1377 did 

not form a “bull’s eye” pattern in the presence of E. coli NCTC12241. In contrast, the co-culture of those 

two species in growth media containing glucose (TSA, BHIA and glucose supplemented-LBA) 

supported the formation of the pattern.  

6.2.2.1 pH and glucose as potential mediators of the “bull’s eye” pattern 

Despite the similarity in the colony characteristics between S. marcescens CNCTC5965 and S. 

marcescens NCTC1377, both manifestations could be a product of different processes or variations of 

the same process including different stimuli to trigger the pattern. A critical difference between both 

processes was that while S. marcescens CNCTC5965 was able the form the pattern on its own in 
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certain growth conditions albeit with a significant variability (personal communication Jaroslav Čepl and 

our own experiments with their strain S. marcescens CNCTC5965 and growth media), our strain S. 

marcescens NCCT1377 was able to generate the pattern robustly and reproducibly yet it required the 

presence of E. coli NCTC12241. The consideration of pH as the leading factor for the “bull’s eye” pattern 

formation in our strain, S. marcescens NCTC1377, needed to be re-considered in the light of a few 

observations. My experiments revealed equivalent growth rates for E. coli NCTC12241 and S. 

marcescens NCTC1377 in liquid cultures (TSB and LB), as shown in Section 3.1. It therefore seems 

likely that E. coli NCTC12241 and S. marcescens NCTC1377 have a very similar usage of glucose and 

thus we would reasonably expect similar pH changes of the medium over time. Consequently, if pH 

was the trigger for the “bull’s eye” pattern generation, S. marcescens NCTC1377 should form the 

pattern growing on TSA plates on its own, as this strain would likely be using glucose at a rate not 

necessarily different from that of the co-culture, but that is not the case. Moreover, the formation of the 

“bull’s eye” pattern did not happen when S. marcescens NCTC1377 was concomitantly growing with a 

different E. coli strain (NCTC10418) that has an identical growth rate to the E. coli responsible for 

leading the pattern formation, strain NCTC12241. Therefore, this supports the notion that glucose usage 

from the point of view of pH changes of the medium seems an unlikely reason for the appearance of 

the pattern with S. marcescens NCTC1377. In fact, it is possible that although the pattern formed by S. 

marcescens CNCTC5965 coincides with pH changes, it could be a by-product of other processes 

concomitantly occurring. In any case, it could be possible, even if unlikely, that the co-culture of E. coli 

NCTC12241 and S. marcescens NCTC1377 strains may result in different growth rates for any of these 

strains compared to their growth in monoculture. Therefore, the growth rate of both strains when in co-

culture need to be tested to exclude a metabolic competition effect. pH changes over time on TSA 

supporting the growth of S. marcescens NCTC1377, E. coli NCTC12241 and E. coli NCTC10418 as 

mono- and co-cultures remains to be measured. Related to pH, it may also be of value to determine 

prodigiosin expression during that period as it had been shown that glucose metabolism-mediated pH 

decrease resulted in the reduction of prodigiosin production449. The latter would enable to study a 

putative link between pattern formation which in our system occurs after 5 to 7 hours of growth on TSA 

and the expression of prodigiosin biosynthetic gene or the production of prodigiosin itself. Prodigiosin 

was not only the indicator revealing a differential space distribution in the co-culture of S. marcescens 

NCTC1377 and E. coli NCTC12241, but we demonstrated that it was not expressed in the middle ring 

of the colony despite a high density of S. marcescens NCTC1377 in that section as well as the absence 

of a decrease in apparent prodigiosin presence in liquid co-culture of those two strains. At that stage of 

growth, the TSB would be expected to have an alkaline pH that according to Čepl et al. would lead to 

the expression of prodigiosin and the presence of the pattern. 

Another observation that warrants reflection is that Čepl and co-authors connected the formation of the 

outer rim in a colony of S. marcescens CNCTC5965 to the alkalinization of pH occurring after 5 to 7 

days of growth on glucose-supplemented NBA at 27oC244. Paradoxically, we demonstrated that the 

differential distribution of S. marcescens NCTC1377 in the co-culture colony with E. coli NCTC12241 

occurs mainly after 5 to 7 hours on TSA at 37oC. Moreover, at that stage of growth one would expect 

acidic conditions in the growth medium450. Hence, the “bull’s eye” pattern on both S. marcescens strains, 
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and perhaps others that we have not assessed yet, may be a strain-dependent phenomenon, possibly 

responding to different inducers, such as generic metabolites or dedicated signal molecules, which 

need to be considered. For instance, even if volatile ammonia as put forward by Čepl and co-authors 

as the agent possibly underpinning the alkalinization of pH resulting from protein deamination at late 

stages of growth by S. marcescens CNCTC5965, ammonia was also connected to QS-mediated 

specific signalling processes451.  

The “bull’s eye” pattern could be explained by a situation of S. marcescens NCTC1377 presence and 

of E. coli NCTC12241 absence in the central spot and the outer edge of the colony on TSA revealed by 

apparent prodigiosin presence at both sites. Conversely, the absence of prodigiosin in the middle ring 

could be understood by the presence of E. coli NCTC12241 and absence of S. marcescens NCTC1377. 

Unexpectedly, my experiments with overnight co-culture colonies revealed that actually both E. coli 

NCTC12241 and S. marcescens NCTC1377 were present in all three sectors (Figure 4.9). Even if the 

density of S. marcescens NCTC1377 was higher in the central spot and outer edge and that of E. coli 

NCTC12241 in the middle ring, the difference between the higher and lower density strains in any of 

the sectors was just 10-fold higher (Table 4.1).  

6.2.2.2 Physiology as a reason to the “bull’s eye” pattern formation 

The decrease in number of S. marcescens NCTC1377 cells in the middle ring of the co-culture colony 

could be a result of two different and not mutually exclusive processes. Based on the result of my time-

lapse experiments (Section 4.1.3), first the growth rate of S. marcescens NCTC1377 in the middle ring 

seemed to slow down, seemingly initiating a stationary phase after 5 to 7 hours of growth on TSA. In 

contrast those in the central spot and in the outer edge kept growing at a growth rate equivalent to that 

in early exponential phase. Alternatively, or concomitantly one can propose a cidal effect of S. 

marcescens NCTC1377 on E. coli NCTC12241 in the centre and outer edge, and reciprocally a cidal 

effect of E. coli NCTC12241 on S. marcescens NCTC1377 in the middle ring. However, this is unlikely 

because (i) the total cumulative number of E. coli NCTC12241 or S. marcescens NCTC1377 cells 

across all three sectors in each timepoint for the observed 10 hours period was identical for both strains, 

(ii) E. coli NCTC12241 growth rate is the same across all three sectors during the exponential phase of 

growth. S. marcescens NCTC1377 displayed an almost identical growth rate to E. coli NCTC12241 for 

the first 4 hours. It is reasonable to speculate that the “bull’s eye” pattern derives from changes 

connected to S. marcescens NCTC1377 physiology as S. marcescens at the outer edge and centre of 

the colonised area grew at a faster rate than E. coli NCTC12241. A differential space distribution due 

to nutrient consumption, accessibility and/or waste production needs to be determined. However, it 

seems unlikely that they use nutrients or produce waste differently when they have a virtually identical 

growth rate in liquid, additional to being identical E. coli strains, fitness-wise as far as we have 

determined (NCTC12241 and NCTC10418) lead to a different behaviour in S. marcescens NCTC1377. 

One may consider the existence of oscillatory dynamics in the colony expansion determined by the 

interplay between cell growth and nutrient availability. Period oscillations in biofilm expansion as a 

function of nutrient availability was studied in B. subtilis452. The authors showed that glutamate (nitrogen 
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source) was regulating the population space distribution of bacterial cells in a co-dependence state, 

where the cells colonizing the interior of the biofilm were responsible for  ammonia production, while 

the cells at the outside exploited the produced ammonia, most likely to avoid a rapid diffusion of the 

metabolite if they would had produced it452. Of note, they had shown that when the colony was small, 

this metabolic oscillation did not happen, as nutrients (in this specific case glutamate) were equally 

diffused in the colonized area; in contrast, when the biofilm grew, and glutamate was needed for both 

biomass production and ammonia synthesis, oscillations were generated in order to distribute the 

nutrient availability between the interior and peripheral population designing the optimal survival 

strategy453.  

B. subtilis colony patterning had been studying since early 90s. Golding et al. studied the sectors 

forming in growing bacterial colonies on minimal media, including diffusion, food consumption and cell 

growth rate, as features affecting the branching patterns240. They described, through mathematical 

modelling, branched patterns of Paenibacillus dendritiformis and B. subtilis growing with low levels of 

nutrients in solid agar (1.75-2% agar)240. B. subtilis cells were, in fact, known to produce cells with 

different morphological features based on nutrient availability, agar concentration and population 

density241.  However, considered variables, such as nutrients and waste diffusion, cell growth and death, 

were not sufficient to completely explain the phenomena. The authors pointed out the need to 

understand additional driving forces for such patterns to form, for instance chemotaxis signalling240. 

Similarly, P. aeruginosa colonies formed thin branches in a nutrient‐poor environment454. The authors 

suggested that colonies with branches represent an adaptation of bacteria growing in adverse 

conditions (such as a nutrient-poor environment) and resulted from cell-to-cell communication and 

coordination. Again, three soil bacteria, Azotobacter vinelandii, Bacillus licheniformis and Paenibacillus 

curdlanolyticus, have been used as a model for studying the interspecies interaction among soil 

microorganisms. The researchers found that the spatial structure was associated with the competition 

and interaction within the bacterial community242, and that disturbing the QS-signalling molecules could 

alter the bacterial biogeography. More recently, Martinez-Rabert et al. proposed a model of three 

populations, and studied inter-species interactions181, such as competition, predation, and mutualism, 

as potential factors affecting the biogeography of bacterial communities. However, they have also 

demonstrated that the environment, including the availability of nutrients, pH, temperature and humidity, 

were critical driving forces for the spatial distribution of bacteria181. 

The cited studies evidenced that the spatial organization of bacterial cells is dictated by a complex 

process which involves communication, coordination, and regulation between the cells in response to 

environmental factors, such as nutrient availability. Thus, it is reasonable that “bull’s eye” pattern may 

result from a crosstalk between S. marcescens NCTC1377 and E. coli NCTC12241 mediated by 

potential signals released by one strain or another when in contact and influenced by the presence of 

nutrients on the solid surface. 
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6.2.2.3 Motility may play a role in the “bull’s eye” pattern formation 

Although it is possible to conceive that E. coli NCTC12241 in the middle ring leads to growth inhibition 

or decrease competitiveness of S. marcescens NCTC1377 in that sector, a motility-mediated space 

distribution can also be considered. Indeed, it cannot be ignored that after 5 to 7 hours of growth there 

was a migration of a subset of cells of S. marcescens NCTC1377 in the middle ring toward the centre 

and the outer edge after 5 to 7 hours. Xiong et al. reported the formation a flower-like colony pattern 

derived from the co-culture of E. coli and Acinetobacter baylyi (A. baylyi), the latter much more motile 

compared to E. coli strain used in the study when grown as a mono-culture. Surprisingly, the authors 

found that the co-culture of both strains led to both species growing and spreading rapidly on LB 

medium, forming structures absent when the strains were growing by themselves, in the same 

conditions as the co-culture455. According to their model, the flower-like pattern resulted from a 

combination of motility of A. baylyi, “hitchhiking” of non-motile E. coli with the motile A. baylyi , and 

strong friction from the non-motile strain that adhered to the agar surface455. In swarming conditions, P. 

mirabilis colonies were characterized by a pattern composed of several concentric rings, visible by the 

contrast between high-cell-density zones and less-dense translucent zones, where nutrient availability 

or waste accumulation were not determinative factors for the concentric pattern to form456,457. The 

differentiation into swarmer cells required specific environmental conditions in P. mirabilis , such as 

surface contact, sufficient cell density and cell-to-cell signalling100. It is conceivable that E. coli 

NCTC12241 produces some signals in certain conditions (e.g., certain cell density or presence of 

glucose) which may lead to a motile behaviour displacing S. marcescens from the middle ring of the 

“bull’s eye” pattern colony, a hypothesis supported by the E. coli - S. marcescens interplay shown in 

the motility experiments described in Section 5.2. In fact, we observed a robust decreased in swimming 

motility in S. marcescens NCTC1377 when growing in co-culture with the E. coli responsible for the 

pattern, NCTC12241, but not with E. coli NCTC10418 (described later). 

6.2.2.4 Potential signal-mediating the “bull’s eye” pattern formation  

A downregulation of prodigiosin in S. marcescens was also limited to the presence of E. coli 

NCTC12241, in both liquid and solid growth media, but not mediated by the presence of E. coli 

NCTC10418 (Figure 4.14 and Figure 4.16), further supporting the existence of a strain-specific signal 

able to change S. marcescens phenotypic characteristics. Moreover, our data demonstrated that S. 

marcescens NCTC1377 and E. coli NCTC12241 co-culture plated at conditions that lead to the “bull’s 

eye” pattern on TSA, on CLED agar led to a homogenous yellowish colony, due to a lack of prodigiosin 

(Figure 4.12). CLED is rich in L-cystine, the oxidized derivative of Cys, an intermediary compound, 

together with Met, in the biochemical pathway leading to the synthesis of AHL and AI-2 derivatives used 

for QS signalling in Gram-negative bacteria389,458,459. As AHLs regulates bacterial communication and 

coordination, for instance affecting biofilm formation and swimming motility460,  it seems at hand that 

Met metabolism may trigger the expression of genes involved in bacterial motility, biofilm formation, 

antibiotic production and resistance, affecting bacterial establishment and survival. Also that, in our 

case, the addition of Met and Cys together may influence the crosstalk between the two species, E. coli 
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NCTC12241 and S. marcescens NCTC1377, leading to a different pattern, possibly based on nutrients 

availability or signal-dependent shift. In fact, our results showed that a discrete amount of Cys and a 

micromolar amount of Met led to a pattern characterized by a larger red central spot compared to the 

“bull’s eye” pattern observed on TSA or TSA supplemented with Met or Cys alone (Figure 4.20). A 

similar pattern was observed in LB supplemented with glucose (Figure 4.12). In contrast, in LB alone, 

a conventional growth media rich in Met (5.9 mM) and poor in Cys (0.4 mM)461,  we did not observe the 

“bull’s eye” or similar patterns. It is conceivable that, in LB, Met can be used as a precursor for protein 

synthesis or as a substrate for energy in the lack glucose. However, this would have been compensated 

by the use of high glucose LB. As there was no effect of this media this theory does likely not apply 

Moreover, LB, unlike TSB, contains a discrete amount of yeast extract, rich in vitamin B12; hence, it is 

likely that MetH, B12-dependent, is more active that MetE resulting in an endogenous production of Met. 

The putative Met deficiency condition in TSA may lead to MetR activation supposedly for Met 

production, but eventually also resulting in the modulation of other targets, as demonstrated by its 

pleiotropic role in S. marcescens by Pan et al.84.  

Based on this assumption, it is possible that E. coli NCTC12241 senses the low concentration of Met, 

and the consequent low production of SAM is insufficient to regulate MetJ (repressor) but enough to 

synthesis AI-2, signals senses by S. marcescens NCTC1377, affecting the crosstalk between the 

strains space distribution. The AAs succinate and aspartate were also involved in E. coli and S. 

typhimurium space distribution on agar plates. Tyson et al. reported high-density aggregates arranged 

in geometrical patterns in E. coli or S. typhimurium colonies239. The pattern was influenced by the 

bacterial secretion of succinate and aspartate, the latter functioning as a chemo-attractant, hence as a 

signal rather than a nutrient239. Specifically, S. typhimurium formed concentric rings resulting from low-

density and high-density rings of bacteria in semi-solid medium; at stationary phase, spotted rings 

replaced the continuous rings. In E. coli, the initial swarm ring of cells in semi-solid agar diffused, with 

bacterial cell density constantly increasing; some non-motile bacterial aggregates appeared as bright 

spots, defining a pattern characterized by concentric rings with non-motile bacteria-radial-spots239. 

To further investigate the role of Met in the pattern formations we could test the prodigosin formation 

on agar plates with increasing concentration of Met, hypothesising that the colonies may led to a uniform 

totally red colony. Also further elucidating Met’s role, the determination of colony patterning for our 

strains in Met-deficient media, i.e., minimal media with AAs supplementations, could also be tested – 

however it is unlikely that the “bull’s eye” would form in minimal media as we have previously shown 

that a rich medium is a requirement for the pattern to occur.  

Considering that the addition of Met or Cys or both did not alter the homogenous colony pattern 

observed for S. marcescens NCTC1377 and E. coli NCTC10418, we questioned whether, although 

both E. coli share almost identical genetic sequences (88% identity, determined though pairwise 

alignment on Geneious Primer®2021.1) there may be differences in the translated sequences, or the 

3D structures of MetR and MetE. To visualize and compare the 3D structures of MetR and MetE in both 

E. coli strains, the protein structure predictor AlphaFold was used. The latest version of AlphaFold is a 

novel machine learning approach that combines physical and biological knowledge about protein 
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structure; the software finds homologous sequences to the input,  then extracts and incorporates 

information using neural network architectures, and finally predicts the 3D structures incorporating the 

known evolutionary, physical and geometric constraints of protein structure395,462. Our results revealed 

a minor change in the pocket size which characterizes MetR structure, most likely a pocket for 

accommodating MetJ which modulates MetR activity (Figure 4.21). Whether this apparent change in 

the pocket size of MetR from E. coli NCTC12241 and MetR from E. coli NCTC10418 may be one of the 

reasons for the phenotypic differences observed in S. marcescens NCTC1377, is not conclusive, but, 

given the minor difference in the pocket size of only 1 nm, is very unlikely. However, we can use this 

rational to undertake some point directed mutagenesis and conduct structure function studies, using 

our efficient experimental system. Other point mutations leading to different AA translation between E. 

coli NCTC12241 and E. coli NCTC10418 sequences could be further investigated to better describe 

the phenomenon. Additionally, we can use this approach to investigate further potential proteins which 

may be in involved in the bacterial interplay and influence the “bull’s eye” pattern formation.  

Zinc is also required for the catalytic activity of both Met synthase enzymes463. It is reasonable to test 

whether the addition of Zn can further support the Met-mediating phenotypic variation in S. marcescens 

NCTC1377. Even though we have seen that the addition of 250 µM of ZnCl2 on TSA plate did not lead 

to any substantial variation of the “bull’s eye” pattern (data not shown as pictures not available), we 

cannot exclude the possibility of Zn affecting inter cellular communication between S. marcescens and 

E. coli. 

6.2.2.5 A mathematical simulation of the “bull’s eye” pattern  

Our collaborators Čepl Jaroslav7, Scholtz Vladimir8 and Jirina Scholtzova9 have developed a 

mathematical model of the colony patterning between E. coli NCTC12241 and S. marcescens 

NCTC1377 mixed at increasing cell density with a constant ratio 1:1, from 10 to 107 cells each for 

understanding the behaviours of the bacteria in response to environmental factors (nutrients and 

potential signals) and related changes in fitness of the bacterial cells during growth (Section 4.3). The 

model showed that the “bull’s eye” pattern formation can be attributed to the differential space 

distribution of E. coli and S. marcescens as a function of their replication which is influenced by nutrient 

availability and signalling substances. Thus, the pattern results from a differential growth, with the white 

cells (E. coli) preferentially growing in height, while the red (S. marcescens) grew in width, and 

sensitivity to the signal. However, the simulation represents a simplification of colony growth in real life, 

and has several limitations. For instance, the diffusion of signal was replaced by an analytic function to 

streamline the process; also, the simulation needed to be interrupted after several iterations otherwise 

the outer red edge would have grown infinitely. The formula will need to be optimized introducing, for 

instance, functions that consider the stationary and death phases to limit the infinite expansion of the 

colony. Moreover, the signal considered was an absolute by-product of multiple signals, all factored in 

the same “signal” (metabolites, waste products, nutrients etc); more variables that consider the nature 
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or structure and usage of different signals will need to be considered to validate the actual model or to 

obtain a more accurate one. 

Mathematical models simulating the real processes leading to spatial distribution have been described 

for several bacterial species. For instance, they have been used for showing E. coli colonies growing 

with a constant rate depending on nutrient and oxygen238, or for explaining that cell growth, cell death 

and nutrient consumption240 , or even cell density241, were factors affecting branching pattern in S. 

subtilis. Mathematical models may predict real-life colony patterns and help us to understand 

fundamental aspects that govern the dynamics of microbial life, and eventually harnessed to predict 

and control bacterial growth or to develop new treatment to combat bacterial infections. Overall, our 

presented model fits the morphology of the colonies, setting the stage for the design of more complex 

and advanced simulations. 

6.2.3 The “bull’s eye” pattern and its structure-function relationship  

The macroscopic manifestations of bacterial cells on solid surfaces result, as described, from 

environmental factors, such as nutrients and signalling substances, but seem also to be coupled to 

genome-wide changes, some of which may crucially impact bacterial virulence and pathogenesis. For 

instance, in P. mirabilis, swarmer cells, characterized by concentric colony-pattern456,457, were found to 

increase the expression of some genes involved in virulence, such as urease, haemolysis and protease 

genes compare to non-motile cells100. Listeria monocytogenes colonies had displayed concentric 

opaque and translucent rings on solid agar in response to light exposure464. Importantly, bacterial cells 

in the opaque rings were more resistant to oxidative stress as demonstrated by the higher survival rate 

when exposed to H2O2
  . In our study, we found phenotypic changes in S. marcescens NCTC1377 when 

in contact with E. coli NCTC12241, which are (i) the reduction in prodigiosin production, observed in 

liquid and solid growth media, (ii) inhibition of swimming motility and (iii) a decrease in proteolytic 

activity. Moreover, other phenotypic and virulent changes associated with S. marcescens NCTC1377, 

i.e., an increase in antibiotic resistance (Section 5.1) and changes in epithelial cells infection ability 

(Section 5.5), were displayed for this strain when it was co-cultured on solid agar (TSA) with E. coli 

NCTC12241 in condition leading to the formation of a “bull’s eye” pattern. 

6.2.3.1 E. coli NCTC12241 reduces S. marcescens NCTC1377 motility and proteolytic activity  

Bacteria benefit from proteolysis for degrading protein and using AAs as a source of energy. While S. 

marcescens NCTC1377 in mono-culture displayed a remarkable proteolysis on growth media rich in 

protein (skim-milk agar), when in contact with E. coli NCTC12241 in liquid co-culture proteolytic ability 

of S. marcescens NCTC1377 was significantly reduced (Section 5.2). Samples from the middle ring of 

“bull’s eye” pattern - where we have 10-fold less S. marcescens NCTC1377 compared to E. coli 

NCTC12241 - showed a significant inhibition of proteolytic activity compared to samples collected from 

the outer edge or central spot of the pattern or S. marcescens NCTC1377 grown on its own, suggesting 

the cell density and the ratio E. col i: S. marcescens were crucial for affecting proteolysis in S. 

marcescens.  
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The main protease in Serratia sp. is the metalloprotease serralysin, encoded by prtS gene465. Coulthurst 

and co-authors demonstrated that the protease production in Serratia spp. was regulated by QS-

system, together with other virulent processes74. They had postulated that the SmaI/SmaR (QS) system 

in Serratia sp. may regulate the expression of a pleiotropic factor (not identified) which in turn would 

modulate prodigiosin expression, protease production, swarming motility and biofilm formation. 

Importantly, the whole cascade mechanisms seemed to depend on cell density. Later, it was 

demonstrated that that global regulator 3’,5’-cyclic AMP (cAMP) and its partner cyclic-AMP receptor 

protein (CRP) can regulate many processes in Serratia sp. , including PrtS expression465, flagella 

production required for motility, and prodigiosin production79. Similarly, EepR response regulator was 

found to positively modulate the production protease PrtS and prodigiosin in Serratia80. EepR was found 

to be in turn regulated by HexS, the latter involved in virulence and motility in the plant pathogen Erwinia 

carotovora108. These findings support the possibility that in our system, an inter-species cellular 

communication mediated by potential signals occurred between S. marcescens NCTC1377 and E. coli 

NCTC12241, impacting metabolic functions and virulence.  

Of note, the addition of skimmed milk powder to TSA or LBA resulted in the absence of a “bull’s eye” 

pattern on both the media, supporting our hypothesis that (i) the nutrient content of the solid surface is 

crucial for the pattern to form, and (ii) in the presence of a higher concentration of Met (as occurring in 

skim milk), the “bull’s eye” pattern is not formed. As explained, Met has been shown to play a role as 

either signals or precursors of signalling molecules in QS mechanisms389. The fact that in high 

concentration of Met in the growth media (e.g., TSA supplemented with Met or skimmed milk medium) 

we have observed pattern different from the “bull’s eye” manifested on TSA, may indicate that above a 

certain threshold Met concentrations can influence the crosstalk between the two bacterial species, 

leading to a different pattern. 

As described in Table 1.4 multiple genes known to regulate prodigiosin production, simultaneously 

affect the bacterial virulence, including motility and proteolytic activity. For instance, the negative 

regulator of prodigiosin PigX reduces swarming, most likely repressing the genes involved in  surfactant 

production65,66. In general, non-motile bacteria display less virulence, mainly associated with reduced 

invasion and colonization of the host98. For instance, the differentiation into swarmer cells in Proteus 

mirabilis was correlated with the expression of some virulence genes encoding urease, haemolysis and 

proteases100. Similarly, P. aeruginosa swarmer cells exhibited an increase expression of proteolysis, 

iron transportation and type III secretion system genes, compared to non-motile mutants. Our results 

showed that, in the presence of E. coli NCTC12241, but not of the E. coli NCTC1418, S. marcescens 

NCTC1377 displayed (i) reduced swimming motility (ii) inhibited proteolysis (iii) reduced prodigiosin 

production. Although the reduced motility and proteolysis suggest a reduction in virulence for S. 

marcescens NCTC1377, this is not necessarily true for prodigiosin. In fact, white mutants of Serratia 

seemed to display a growth advantage51,76 compared to pigmented ones. Alternatively,  a decrease in 

prodigiosin production had been associated with increased virulence in both Serratia sp. ATCC39006 

and S. marcescens NCTC137768,444. Likewise, our finding that S. marcescens NCTC1377 in “bull’s eye” 
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pattern exhibited an increased antibiotic resistance, discussed in the following section, does not support 

the hypothesis of a decreased virulence in S. marcescens NCTC1377. 

6.2.3.2 S. marcescens NCTC1377 in the “bull’s eye” pattern has an increased resistance to the 

antibiotic levofloxacin 

Serratia spp. are among pathogens reported by WHO in the list of global priority pathogens with critical 

AR25. Besides its intrinsic resistance to beta-lactamases as a carrier of the ampC genes116, S. 

marcescens isolates displayed resistance to other classes of antibiotics, for instance fluoroquinolones. 

The latter interfere with the binding site of DNA gyrase or topoisomerase IV, involved in bacterial DNA 

topology, consequently interrupting the DNA synthesis130,132,133. DNA damage caused by the exposure 

to the antibiotics lead to the activation of the SOS response system, regulated by LexA and RecA 

proteins 136. LexA, when active, binds to the promoter region of the SOS system, inhibiting its activation. 

In the presence of DNA damage, recA gene is expressed with consequent RecA protein translation, 

and LexA is repressed, hence promoting SOS response pathways and activation of DNA repair 

machinery. Fluoroquinolone resistance has been associated with different mechanisms: (i) mutations 

in genes encoding for DNA gyrase or topoisomerase IV; (ii) an increased expression of MRD efflux 

pumps; and (iii) qnr -mediated resistance, peptides known to confer fluoroquinolone resistance in 

bacteria binding to DNA gyrase and topoisomerase IV, are expressed and hence masking the binding 

site from the DNA144,145. Genes encoding for qnr were initially identified in bacterial plasmids143,146,147. 

Subsequent studies have demonstrated the existence of qnr genes on bacterial chromosome as well148. 

A qnr sequence has also been identified in S. marcescens, sharing 80% AAs sequence identity with 

the qnr sequence in E. coli plasmid149. Qnr expression is regulated through the SOS response in a 

LexA/RecA-dependent manner. In fact, qnr genes are located upstream of the LexA binding site, a well 

conserved sequence among enterobacteria150–153, including our strain Serratia marcescens NCTC1377. 

Moreover, the LexA binding site is not limited to regions flanking qnr genes, but spread over the 

genome: in E. coli more than 30 genes had been found to be regulated by LexA154, suggesting a 

pleiotropic role for this regulator. Therefore, one would expect that the exposure to the antibiotic may 

first lead to RecA activation, then consequent inactivation of LexA, and finally the expression of the qnr 

gene located upstream of the LexA binding site. Encoded Qnr proteins may then induce LFX resistance 

interacting with antibiotic targets. 

The increased resistance to LFX displayed in S. marcescens NCTC1377 cells from the outer ring and 

central spot of the “bull’s eye” pattern is unlikely to be associated with genetic mutations, as we have 

showed that the resistance is not retained from one generation to another (Section 5.1). Instead, it is 

most likely a physiological resistance that only occurs when S. marcescens NCTC1377 is in contact 

with E. coli NCTC12241 in conditions that allow the “bull’s eye” pattern to form. In our S. marcescens 

strain NCTC1377 we have identified the CTGTATAAATAAACAG sequence, identical to the LexA box 

identified by Briales at al. in S. marcescens Db11, upstream of the qnr family pentapeptide repeat 

protein gene144. It is feasible that in conditions leading to the “bull’s eye” pattern formation, S. 

marcescens NCTC1377 cells acquire an increased resistance to LFX due to qnr expression regulated 

through the SOS response in a LexA/RecA-dependent manner. 
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6.2.3.3 Into the mechanistic understanding of the increased levofloxacin resistance in S. 

marcescens: some hypothesis 

What triggers the DNA damage and consequently increases qnr expression in these circumstances? 

We postulated that reactive oxygen species, generated by the exposure to sublethal concentrations of 

H2O2, can induce a stress response which may lead to qnr expression in S. marcescens. Hence, we 

exposed S. marcescens NCTC1377 cells to non-toxic concentrations of H2O2 and tested the resistance 

of the treated cells to LFX. Our results clearly showed that when S. marcescens was exposed to H2O2 

prior the antibiotic, it exhibited an increase in resistance to LFX compared to the control (not exposed 

to H2O2) (Figure 5.8). It is speculative to hypothesise that E. coli-mediating ROS production may also 

elicit the observed resistance to LFX in S. marcescens in conditions leading to the “bull’s eye” pattern 

formation. However, as there is no evidence that E. coli induces oxidative stress in mixed bacterial 

cultures, our hypothesis remains speculative and tenuous. ROS production needs to be measured. 

Another hypothesis (also highly speculative) could be that S. marcescens produces ROS endogenously 

during aerobic respiration466 and the co-culture with E. coli may render S. marcescens less able to deal 

with ROS, resulting in in an up-regulation of the SOS response and subsequent qnr gene expression.  

Also, it is possible that E. coli may induce a metabolic modulation in S. marcescens which in turn lead 

to an increase resistance to LFX. In support of this, the close relationship between bacterial metabolism 

and antibiotic efficacy has been extensively investigated in the last few decades, as summarised in the 

review of Stokes et al.467. Although it is clear that antibiotic exposure affects the bacterial metabolic 

state, it is also true that their metabolic state influences bacterial efficacy467. For instance, it is known 

that bacterial cells in stationary phase or embedded in biofilm can be more resistant to antibiotics. The 

intracellular ATP level has been associated with antibiotic tolerance in E. coli and S. aureus, specifically, 

it has been demonstrated that a drop in the ATP level can lead to an increase in ciprofloxacin 

tolerance468, most likely due to the accumulation of insoluble endogenous proteins in stationary 

phase469.  Also, rates of bacterial cellular respiration have been found to impact bactericidal efficacy in 

E. coli. Lobritz et al. have demonstrated that the inhibition of cellular respiration increased norfloxacin 

resistance, while acceleration of basal respiration potentiated the antibiotic effect470. In biofilm 

conditions, some bacterial cells are characterized by reduced metabolic activity471, dormant variants or 

persister cells, which are more resistant to drugs in E. coli 173 or P. aeruginosa174. It has been showed 

that, while a metabolically active subpopulation in P. aeruginosa biofilm was able to develop increased 

tolerance to colistin, the same subpopulation was more sensitive to fluoroquinolones. On the other 

hand, fluoroquinolones treatment was not effective against the subpopulation with low metabolic 

activity472.  

Other stressors which can increase stress conditions in S. marcescens, such as a nitric oxide generator, 

can be also tested to evaluate that the increased antibiotic resistance in the presence of E. coli 

NCTC12241 is mediated via the activation of the SOS response and downstream pathways. 

Importantly, ROS concentrations will need to be measure in bacterial populations prior to and during 

co-culture and thus pattern formation to confirm that ROS may be the specific agents leading to the 

increased resistance. 
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Phenotypic or physiological resistance mechanisms are poorly described compared to genetic 

mechanisms. It had been demonstrated that bacteria growing as a biofilm rather than as planktonic 

cells carry increased resistance to antibiotics162–165. In E. coli, the exposure to a low concentration of 

ciprofloxacin can induce the differentiation into cells which are more resistant to the antibiotic itself, 

through the activation of the SOS response173. The expression and activation of recA had been also 

associated with other bacterial behaviours, such as motility. In E. coli and S. enterica177–179, the lack of 

recA led to a reduction in swimming and swarming ability. Motile cells of P. aeruginosa, E. coli, S. 

marcescens and B. subtilis displayed an increased resistance to fluoroquinolones and beta-

lactams94,101. In S. aureus, antibiotic resistance had been associated with expression of haemolysin 

genes473. Therefore, it seems that an association between phenotypic changes, for instance alteration 

in motility, and antibiotic resistance in bacteria of clinical significance is emerging. The observed 

increased resistance to LFX in S. marcescens NCTC1377 from the “bull’s eye” pattern, may represent 

an example of a phenotypic change that alludes to a genome-associated shift, induced by the presence 

of signal produced exclusively in conditions that led the pattern to form and that can affect multiple 

features (physiological and virulent) in S. marcescens.  

Ampicillin and vancomycin are other two antibiotics regularly used to treat common bacterial infections 

of clinical significance. Ampicillin is a beta-lactam which acts by interfering with the peptidoglycan 

synthesis and binding to penicillin-binding proteins. We know that S. marcescens and other Gram-

negative bacteria are naturally resistant to ampicillin and other beta-lactam antibiotics as carrier of the 

ampC genes, which encodes for a beta-lactamase, able to hydrolyse and inactivate the antibiotics116. 

In contrast, vancomycin is typically ineffective against Gram-negative bacteria due to its inability to 

penetrate the outer lipid membrane that characterizes Gram-negative species. It has been known since 

the 1970s that the outer membrane of Gram-negative bacteria is subject to change in composition in 

response to the composition of the growth medium and growth temperature474,475. Recently, it had been 

demonstrated that E. coli growing at low temperature became susceptible to vancomycin, an effect 

mediated by a change in the lipid composition of the outer membrane476. Given the observed phenotypic 

changes in S. marcescens in co-culture condition, it was reasonable to consider (i) a possible change 

at a genetic or transcriptomic level which may render S. marcescens susceptible to ampicillin, and/or 

(ii) possible alterations in the bacterial outer membrane composition which could affect vancomycin 

effectivity. However, our results showed that S. marcescens or E. coli from the “bull’s eye” pattern was 

as equally resistant to ampicillin or vancomycin as the bacterial strains growing in monoculture, 

suggesting the co-culture and resulting pattern did not induce phenotypic or genetic changes connected 

to ampicillin or vancomycin effectivity (Figure 5.6).  

In the light of our finding about the increased resistance to LFX in the conditions which led to the 

formation of the “bull’s eye” pattern, it would be appropriate to test further antibiotics to provide 

supporting evidence that the resistance could be qnr-mediated, including other fluoroquinolones and 

other antibiotics commonly used to treat Gram-negative and specifically Serratia spp. infections (e.g., 

kanamycin, gentamicin, or chloramphenicol477. 
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6.2.3.4 Co-culture of mammalian cells and bacteria for investigating host-pathogen 

interactions 

Virulence factors in bacteria are essential for them to invade the host, cause the disease and evade the 

host immune defences. Considered the phenotypic changes we have observed in S. marcescens in the 

“bull’s eye” pattern colony compared to S. marcescens growing on its own (i.e. increased LFX 

resistance, decreased motility and proteolysis), it was conceivable to test the ability of this strain to 

infect mammalian cells when in co-culture with E. coli in condition leading to the pattern formation. We 

have found a remarkable difference between S. marcescens NCTC1377 from the “bull’s eye” pattern 

and S. marcescens growing in monoculture. Results demonstrated that S. marcescens NCTC1377 from 

the outer edge of the “bull’s eye” pattern adhered much less to mammalian cells (MDCK), compared to 

S. marcescens NCTC1377 growing in monoculture (Section 5.5, Figure 5.19). It is reasonable to 

propose that the inhibition of motility (swimming) in S. marcescens when in co-culture with E. coli 

NCTC12241 may be connected with the reduced capacity to adhere to the mammalian cells. In fact 

Josenhans et al. also demonstrated that non-motile mutants of S. typhimurium, S. enteridis, P. 

aeruginosa and other Gram-negative display a reduced ability to invade and colonize the host98. In 

pathogenic E. coli, a reduction in motility and decreased adhesion to epithelial cells was related to a 

reduction in AI-2 molecules, hence showing the crucial role of QS-signalling in the modulation of 

bacterial virulence214. Considering that E. coli NCTC12241 formed a very poor biofilm on plastic 

surfaces compared to S. marcescens NCTC1377 (Figure 5.11), one would expect E. coli to not adhere 

much on MDCK.  However, our results displayed that E. coli cells collected from the outer edge of the 

“bull’s eye” pattern were able to adhere more than the control (E. coli growing alone), suggesting that 

phenotypic changes were also affecting E. coli, even if other differences in any of the previously tested 

behaviours were observed. Serratia’s proteolytic activity is crucial for the bacteria to invade human 

tissues104–106. S. marcescens protease, serralysin, has been demonstrated to facilitate invasion into 

mammalian cells and to cause keratitis in murine models 478. Thus, given the observed reduction in 

proteolytic activity of S. marcescens when in contact with E. coli NCTC12241, it is conceivable that this 

may limit the ability of S. marcescens to infect human cells. 

Although phagocytosis in epithelial cells is typically lower than phagocytosis exerted by macrophages 

and neutrophils, yet the cells can utilise this mechanisms to internalise and kill bacteria479,480. Usually, 

bacterial cells are transported intracellularly after internalisation to the lysosome, where bacterial killing 

takes place.  However, internalization may also represent a strategy for bacterial cells to safely persist 

and replicate within the mammalian cells481,482. In fact, internalized bacterial cells, if not killed, undergo 

adaptive changes in order to survive; for instance, S. aureus invading bronchial epithelial cells and 

internalized, have been found to differentiate into two sub-populations, a replicating and a dormant one, 

with the latter exhibiting increased virulence481. In support of this, it had been demonstrated that bacteria 

internalized by epithelial cells constitute an intracellular population more resistant to antibiotic compared 

to not internalized-cells, indicating that the internalized bacteria may be a reservoir of a more virulent 

bacterial population483. 
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In the light of this, in our study we treated the MDCK-bacteria co-culture with gentamicin in order to kill 

bacterial cells that were not internalized by the mammalian cells and consequently evaluated the 

survival rate of potential internalized bacterial cells. Results showed only a few of the S. marcescens 

NCTC1377 cells from the outer edge survived after gentamicin treatment, much less than S. 

marcescens NCTC1377 control (monoculture), (Figure 5.20), hence suggesting that the bacteria from 

the co-culture were not internalized readily as the control cells.  

Considered the reduced ability to adhere and to be internalized by the mammalian cells, one would 

speculate a reduction in bacterial virulence in S. marcescens NCTC1377 from the “bull’s eye” pattern 

compared to S. marcescens alone, consistent with the reduced motility or proteolysis previously 

observed. To further assist this hypothesis, the ability to get killed need to also to be tested. It would 

also be interesting to know which internalisation pathways are utilised by the bacteria and whether they 

are different, depending on the culture method, working with specific endocytosis / phagocytosis 

inhibitors as well as life microscopy would elucidate the molecular mechanism of adherence, 

internalisation and killing. 

Nonetheless, regardless of the virulence and pathogenic outcomes, i.e., one being more or less virulent, 

the critical aspect is that we demonstrated the existence of a morphogenetic variation, macroscopically 

manifested as the appearance of a pattern, which may also be accompanied by changes in gene 

expression in two bacterial strains, E. coli NCTC1221 and S. marcescens NCTC1377, as suggested by 

changes in antibiotic resistance and other virulence in one or the other strains; molecular and genetics 

aspects will need to be investigated. 

6.3 Conclusion 

6.3.1 Summary of our main findings and future implications 

The dynamics of microbial communities relies on multi-species interaction, communication and 

coordination in response to the surrounding environment. Using models of mixed bacterial species on 

agar plates, we have addressed fundamental questions regarding the selection, dynamics and spatial 

competition of bacteria, which may have, in turn, implications for the health of the host. The identification 

of species-specific 16s rRNA primer-pairs for a number of bacterial species of clinical significance may 

represent an innovative, time and cost-efficient tool for bacterial strain detection in microbial 

communities. We have obtained evidence from in vitro co-culture competition experiments that the 

micronutrient Zn, at micromolar concentrations, led to a differential physiological or competitive 

advantage to P. aeruginosa over S. marcescens, setting the stage towards promising advances 

regarding the regulatory role of Zn on bacterial physiology and virulence. Also, the probiotic 

Lactobacillus plantarum inhibited the growth potential pathogens, E. coli and P. aeruginosa on agar 

plates, preliminary findings need to be confirmed with molecular analysis. We have discovered that S. 

marcescens and E. coli differentially distribute the space as function of cell density, nutrients and a 

potential signal which seems to strain-specific, a novel phenomenon in microbial ecology. The resulting 

bacterial pattern may accompany genome-wide changes in genes involved in physiological and virulent 

factors in S. marcescens, hence representing the foundation for understanding bacterial species 
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interaction and identifying structure/function relationships in bacterial pathogens. The most critical value 

is the discovery and characterization of an innovative phenomenon connected to antimicrobial 

resistance, a global human threat and a strategic priority within international health systems and 

governments. 

6.3.2 Limitations of the study and future work 

While the research study described above provides valuable insights into the dynamics of a bacterial 

community, it also has some limitations that should be considered: 

1. Simplified model: the co-culture experiments involved a limited number of bacterial species and 

do not account for the diversity and complexity of the human gut microbiota; the interactions 

observed may not accurately represent the dynamics in a bacterial community of trillions of 

species. We will consider to incorporate a broader range of commensal and pathogen bacteria 

and to investigate how these interactions relate to the development of diseases and the efficacy 

of interventions, such as antibiotic treatments or probiotics supplementation. In addition, other 

factors besides the micronutrient Zn may play equally or more significant roles in bacterial 

dynamics. The use of advanced bioinformatics and omics approaches (metagenomics, 

transcriptomics, proteomics) will be considered to gain a deeper understanding of microbial 

communities, their functional potential, and their responses to external factors. 

2. Lack of comprehensive mechanistic insights into the observed phenomena: we acknowledge 

that the reasons behind the differential distribution patterns and their impact on health are not 

fully clarified. Further experiments employing molecular biology and genetic techniques will 

need to be conducted to elucidate the underlying mechanisms responsible for the observed 

microbial interactions, such as the potential cidal effect of P. aeruginosa on S. marcescens or 

the mechanistic understanding of the "bull's eye" pattern. 

3. In vitro setting: the study primarily relies on in vitro co-culture experiments, which may not fully 

replicate the complex environment of the human gut; findings from those experiments may not 

directly translate to real-life interactions within the human body.  

4. Applicability to animal/human models: while the study explores in vitro microbial interactions 

and their potential implications, it lacks evidence of the applicability of the findings to animals 

and human models. Gut microbiota can differ significantly between species, and what works in 

one in vitro model may not apply directly to other in vivo models. Conducting in vivo experiments 

using animal models to investigate how the observed microbial interactions and patterns 

translate to a more complex living system will help to bridge the gap between in vitro 

observations and real-life gut microbiota dynamics. We aim to explore the potential clinical 

applications of the findings, such as developing targeted interventions for infectious diseases 

and antibiotic resistance in clinical settings. 

Addressing these limitations and conducting further research can enhance the study’s scientific validity, 

applicability to human health, and potential contributions to our understanding of the gut microbiota's 

role in health and disease. 
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APPENDIX 

I. Microscopic observation of samples from liquid co-culture (48 hours) of L. 

plantarum with Gram-negative bacteria E. coli and P. aeruginosa 

 

Appendix Figure 1: Microscopical observation of bacterial cells from liquid co-culture of L. plantarum with Gram-negative 
bacteria. Samples were collected from the liquid co-culture of L. plantarum and E. coli (left) or L. plantarum and P. aeruginosa 
(right) after 48 hours of growth at 37oC, 200 rpm with or without zinc. Gram-negative bacterial (E. coli or P. aeruginosa) are 
pink rods, while cells of the Gramp-positive L. plantarum are purple rods as a result of the Gram-staining colouration. Optical 
microscope: Nikon ECLIPSE E200 Microscope, 40x, 1.000x magnification.  
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II. Bacterial co-culture competition experiment results 
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Appendix Figure 2: Bacterial liquid co-cultures with or without Zn. Bacterial liquid co-culture between A) P. vulgaris and E. 
coli; B) E. coli and P. aeruginosa; C) E. faecalis and E. coli; D) K. aerogenes and E. coli. E) S. marcescens and P. vulgaris; F) K. 
aerogenes and S. marcescens; G) E. faecalis and S. marcescens; H) S. salivarius and S. marcescens; I) L. plantarum and S. 
marcescens; J) S. aureus and S. marcescens; K) S. aureus and E. coli; L) K. aerogenes and P. aeruginosa; M) E. faecalis and K. 
aerogenes; N) P. vulgaris and K. aerogenes; O) L. plantarum and K. aerogenes; P) S. aureus and K. aerogenes; Q) E. faecalis 
and P. vulgaris; R) L. plantarum and P. vulgaris; S) S. aureus and P. vulgaris; T) L. plantarum and S. aureus; U) E. faecalis and 
S. aureus; V) L. plantarum and E. faecalis. Bacteria from independent exponential growing culture were co-cultured in LB 
with 0 (top) or 0.25 mM (bottom) ZnCl2 and incubated at 37ºC, 200rpm. Sample for colony counting were collected at the 
time of inoculation (time 0), after 24 and 48 hours (X axis). Y axis indicates CFU/ml over time. Results and error bars 
indicate mean ± SD of three technical replicates. Graphs show representative data from three independent experiments. 
Data analysis was performed with a two-way analysis of variance (ANOVA) using Prism (GraphPad). P-values less than 0.05 
were considered significant and indicated with asterisks. 
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III. Housekeeping genes and prodigiosin genes amplification 
 

 

Appendix Figure 3: S. marcescens prodigiosin genes amplicons obtained with standard PCR protol using primers built 
agains pordigiosin genes PigA – PigD. 100 bp Gene Ruler and DNA Ladder were used. Name of the gene and expected 
length of the amplicon described in the figure. 

 

Appendix Figure 4: Housekeeping genes amplicons obtained with standard PCR protol. Target Housekeeping genes were 
the following: Adk, gyrB, mdH, recA for S. marcescens; ampC, fabD, rpoD for P. aeruginosa; fymC for E. coli; ldhL and recA 
for L. plantarum. 100 bp Gene Ruler and DNA Ladder were used. Name of the gene and expected length of the amplicon 
described in the figure. 
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IV. MetE 3D structure 

 

Appendix Figure 5:  Predicted 3D structure of MetE in E. coli NCTC12241 (left) and E. coli NCTC10418 (right). The coloured 
chains in cyan and orange indicate the 2 homodimers. AAs that differ between MetR isolated from E. coli 12241, on the 
right, and from E. coli 10418 on the left, are highlighted in different colours, specifically: - for MetE E. coli NCTC12241: 
green for alanine, yellow for lysine (position 156), magenta for isoleucine and cyan for lysine (position 466) - for MetE E. 
coli NCTC10418: green for threonine, yellow for asparagine (position 156), magenta for valine and cyan for the arginine 
(position 466). 
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V. E. coli strains alignment 

 

Appendix Figure 6: Alignment of genomes of E. coli NCTC12241 and E. coli NCTC10418. Sequences of E. coli NCTC12241 (1) 
and E. coli NCTC10418 (2) were downloaded from ATCC database and imported in Geneious Prime®2021.1.1. Comparative 
genome analyses of the two genomes were constructed through a Mauve alignment. Green sections indicate 100% , 
identity, while gaps indicate differences bases between the two genomes. The figure is a representation of a section 
(38,000 bases) of the full genomes. 

 

 

 

 

 

 

 

 

 


