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Abstract 

Previous transcriptional profiling of the enteropathogen Yersinia pseudotuberculosis during persistent 

stages of colonisation of mouse cecal lymphoid follicles indicated the possible involvement of biofilm in 

infection maintenance. Not much is known about the mechanisms responsible for biofilm formation by 

this pathogen, and most current knowledge is based on results of experiments conducted using the re-

lated Y. pestis pathogen that forms biofilm in the flea gut. In this study, we performed transcriptional 

profiling of Y. pseudotuberculosis in biofilms from different biofilm-inducing conditions, bile exposure, 

amino acid deprivation and in vivo mimicking conditions with and without oxygen. The comparison of 

differential expression of genes in biofilm versus planktonic bacteria showed a set of 54 core genes that 

were similarly regulated, independent of inducing condition. This set included many genes that were 

previously shown to be associated with biofilms, such as hutG, hsmF, hmsT and cpxP that were upreg-

ulated and other genes such as hmsP and rfaH that were downregulated. There were also novel biofilm-

associated genes, including genes encoding hypothetical proteins. To identify the genes involved in in-

ducing biofilm formation, the gene expression of bacteria during an early initial phase when biofilm 

starts to form after induction by bile or amino acid depletion was determined. Comparisons of the re-

sulting gene expression profiles with the profiles of non-induced bacteria incubated for the same period 

of time showed a set of core genes associated with early biofilm formation. This set included genes in-

volved in quorum sensing, pili biogenesis and genes indicative of a potential metabolic shift involving 

nitrogen utilisation. Genes encoding components of sugar phosphotransferase systems were also up-

regulated during biofilm induction. Assays of biofilm formation by bacteria deleted of some of these 

core genes showed that strains lacking hpr and luxS, which are known to be important for functional 

sugar phosphotransferase systems and quorum sensing, as well as glnL encoding a sensory histidine 

kinase were most negatively affected. Most of the deletion mutant strains tested were affected, but the 

effect was less severe, suggesting high levels of redundancy in the pathways involved in biofilm for-

mation by this pathogen. 

Introduction 

Bacterial biofilm formation, which is evolutionarily conserved and widespread among pathogenic bac-

teria, is leading to increasing concerns due to its strong connection to chronic bacterial infections 1. 

Biofilm infections are a major cause of  antibiotic overuse in humans as well as in animal husbandry, 

and contributes to development and spread of antibiotic resistance genes among bacteria 2. A major 

feature of bacterial biofilms is the presence of a self-producing extracellular matrix in biofilms com-

posed of extrapolymeric components, such as polysaccharides, proteins, extracellular DNA, lipids and 
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other biopolymers 3-5. Bacteria in biofilms are protected by this matrix and are usually much more re-

sistant to antibiotics; in the infection situation, this results in prolonged antibiotic treatments that are 

commonly associated with increased morbidity and mortality 6-8. Examples of infections involving bio-

films are chronic wounds, cystic fibrosis, otitis media, osteomyelitis, prostatitis, chronic pulmonary in-

fections and various nosocomial infections as well as chronic infections caused by bacteria in biofilms 

on transplanted medical devices 9-12. 

In recent years, comprehensive studies have been conducted to understand the regulation of biofilm 

formation in different types of bacteria, for example in Pseudomonas aeruginosa, Salmonella enterica 

serovar Typhimurium, Escherichia coli, Vibrio cholera and Serratia marcescens 13-17. However, despite 

many approaches, it is still not clear how biofilms are regulated, and a specific set of core genes that are 

characteristic of the biofilm state is still lacking 18. Studies of different bacteria have shown that patho-

genic species can employ different strategies for biofilm formation regarding utilisation of surface struc-

tures such as pili, flagella, LPS and exopolymeric substances under specific conditions 19,20. The molec-

ular mechanisms that regulate biofilm formation vary among bacterial species, and they involve alter-

native or multiple pathways, which can also vary between different strains of the same species. Hence, 

bacteria show great complexity in terms of regulatory pathways for biofilm formation where environ-

mental influences are expected to have an impact. This complicates the development of new drugs that 

can hinder or weaken bacterial biofilms and contribute to treatment of bacterial infections. Increased 

understanding of molecular pathways that are important for biofilm formation in different environ-

ments is therefore urgently needed. 

Enteric Yersinia species infect the ileocecal area in humans 21, sometimes causing long-lasting persis-

tent infections, which in some cases are associated with development of reactive arthritis 21-23. Accord-

ingly, the enteric Yersinia pseudotuberculosis YPIII strain was previously shown to be a preferred 

model organism for studies on persistent bacterial infections in mice where it persists in lymphoid fol-

licles in cecum 24. Interestingly, in this context, the persistent stage of the Y. pseudotuberculosis infec-

tion was found to involve transcriptional reprogramming with upregulation of genes associated with 

different stress responses, including biofilm-associated genes 25. Current knowledge of molecular mech-

anisms responsible for biofilm formation in Y. pseudotuberculosis is however limited. Most of the 

knowledge about the genes involved comes from studies of its genetically very similar relative, the 

plague-causing Yersinia pestis. Many Y. pestis genes known for their biofilm-causing properties are 

conserved and have been found to have similar functions in Y. pseudotuberculosis where, for example, 

the Hms system has been shown to play a role 26. There are, however, also differences between these 

species. For example, Y. pestis can form biofilm in the flea gut, which requires the murine toxin Ymt, 

that is encoded on its pMT1 plasmid and is not present in Y. pseudotuberculosis 27. It also forms biofilm 

in the nematode mouth 28, and the Y. pseudotuberculosis YPIII strain is one of very few Y. pseudotu-

berculosis strains that can do the same – a property suggested to be a result of the inactivation of the 

regulatory phoP gene 26. Further, the genes encoding the biofilm repressors Rcs and NghA are inactive 

in Y. pestis but functional in Y. pseudotuberculosis 27,29. All these variations suggest the existence of 

complex regulation of biofilm formation in Yersinia species. In addition to the biofilm formation asso-

ciated with infection of mammalian hosts, the spread of Y. pseudotuberculosis through carrots, lettuce 

and raw milk as well as its environmental maintenance has been suggested to require biofilm formation 
30-33. Although some biofilm regulatory elements in Y. pseudotuberculosis are known, more are to be 

identified. Additionally, many downstream target genes are yet to be characterised, and therefore, the 

functional core for the biofilm circuit is yet to be elucidated. 

Genome-wide transcriptomic analysis by RNA sequencing (RNA-Seq) is becoming a favoured tool to 

study regulation in biofilms and the planktonic state of bacteria. Several studies highlight a significant 

number of genes that are differentially expressed in the biofilm state 34-39. However, comparative tran-

scriptome studies of biofilms formed by pathogenic bacteria under different environmental conditions 

are rare. To fill this gap and reveal biofilm formation circuits in Y. pseudotuberculosis, we aimed to 

identify genes associated with biofilm formation induced by different stresses. We could identify a set 

of core genes that were similarly regulated in bacteria in mature biofilms independent of the inducing 

environment. The mature biofilm core genes included both known biofilm regulators and associated 
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genes as well as novel genes not previously reported as biofilm-associated genes. We also identified 

pathways activated in the early phases of biofilm induction. Potentially interesting genes were mutated, 

and their importance for biofilm formation was systematically evaluated. 

Results and Discussion 

Influence of environmental factors on biofilm formation by Y. pseudotuberculosis 

In order to obtain a general view of biofilm formation by Y. pseudotuberculosis, we first investigated its 

ability to form biofilms in different environments. Since this strain of Y. pseudotuberculosis has lost the 

cellulose synthesis operon bcsQABZC 40, its biofilm was expected to be partly distinct from what is com-

monly seen, such as in the case of S. Typhimurium and P. aeruginosa. Cellulose production contributes 

to a wrinkled phenotype on agar plates, a classical assay for biofilm formation for many bacteria. When 

comparing the colony phenotype with cellulose producing bacteria such as the related enteropathogens 

E. coli, S. Typhimurium and P. aeruginosa, it was obvious that this phenotype was absent in Y. pseudo-

tuberculosis (Figure 1A). However, the utilisation of other methods such as crystal violet staining of 

biofilm material on glass tube walls showed that this Y. pseudotuberculosis strain indeed formed bio-

film (Figure 1B). Electron microscopy of the biofilm showed accumulations of bacteria with some of 

them growing in chains (Figure 1C). Biofilm formation by Y. pseudotuberculosis was also obvious with 

ECtracerTM 41, a fluorescent tracer molecule that binds cellulose and curli in the extracellular matrix 

(Figure 1D). Moreover, WGA-staining of Caenorhabditis elegance larvae exposed to Y. pseudotubercu-

losis showed bacterial biofilm in the larvae mouth (Figure 1E) as previously shown for both Y. pestis 

and Y. pseudotuberculosis 42.  

Hence, Y. pseudotuberculosis forms biofilms on different surfaces and under different conditions. The 

exact composition of the biofilms is not known, but extracellular DNA, polysaccharides, proteins, and 

as indicated by the EC-tracer staining also curli materials are likely to contribute. 

To determine the most suitable conditions for global transcriptomic studies of biofilm bacteria, we set 

out to explore conditions and agents influencing Y. pseudotuberculosis YPIII biofilm formation. Biofilm 

formation could be detected during growth at 26°C, but was more prominent at 37°C, both in rich and 

minimal media (Supplementary Table S1). Applying known inducing conditions, such as the addition 

of bile or depletion of amino acid (AA-), resulted in increased biofilm formation, which was especially 

extensive at 37°C. Moreover, the addition of Triton X-100 and growth under anaerobic conditions at 

37°C were associated with a high amount of biofilm formation. Some agents or treatments, such as high 

concentrations of divalent ions, glucose or depletion of iron, had a suppressive effect on biofilm for-

mation (Supplementary Table S1).  

To get a broader picture of biofilm formation, we also wanted to include conditions that were more 

relevant to host infection. For this purpose, we utilised the media used for culturing mammalian cell 

lines – in this case, MEM supplemented with glutamine, serum and bile. We found that Y. pseudotu-

berculosis also formed biofilm when incubated in this in vivo mimicking medium (IVM) at 37°C under 

an atmosphere of 5% CO2, and that it also did so under anaerobic conditions (IVM-An) although to a 

lower extent (Figure 1; Supplementary Table S1). 

RNA-extractions from biofilm bacteria require optimised protocols 

From the initial experiments, bile and AA- as well as IVM and IVM-An were chosen for the planned 

transcriptomic analyses of Y. pseudotuberculosis biofilms. To get data sets from these conditions that 

were comparable with each other, it was important to determine optimal conditions and time points for 

sampling. For this purpose, we considered two important points: one was the viability of the biofilm 

and planktonic bacteria at the time of sampling, and the other was the stability of the biofilm. Viability 

assays of biofilm bacteria showed that prolonged incubation time, which resulted in an increased 

amount of biofilm mass, commonly showed a high extent of dead bacteria, which could be rescued by 

changing media at certain time points (Figure S1A-C). The different conditions required different sam-

pling times to obtain a stable biofilm with viable bacteria. A concentration of 0.5% bile in Luria Broth 
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(LB) at 37°C was found to be suitable to induce high amounts of biofilm with viable bacteria after 48 

hours (Figure 2A). For AA-, we aimed for an amino acid depletion condition that did not significantly 

affect growth but provided stable biofilm. By testing the different combinations of deleted amino acids, 

we found that depleting three amino acids from different amino acid classes (tyrosine, histidine and 

tryptophan) resulted in a high amount of biofilm formation after 30 hours at 37°C with a necessary 

change of media after 18 hours (Figure 2B and Figure S1A). For IVM and IVM-An, it was necessary to 

change media after 24 hours and sample after 36 hours (Figure 2C C-D and Figure S1B-C). 

The preparation of bacterial RNA from the collected biofilm material required several modifications 

and optimisations of the conventional protocol. One important step was to get rid of DNA, indicating 

extracellular DNA as one major component of the biofilm matrix. For this purpose, we included a step 

for prolonged DNase treatment in the RNA extraction protocol (see details in “Materials and methods”). 

It was also obvious that AA- and IVM-An biofilm bacteria required alternative lysis protocols to obtain 

RNA of good quality. 

Quorum sensing and altered expression of membrane transporters characterise bacteria 

in mature biofilm 

The resulting RNA-Seq data were processed and analysed by ProkSeq, an optimised data analysis pipe-

line for prokaryotic organisms 43, unless otherwise mentioned in materials and methods. Given the het-

erogeneous nature of biofilms, we put extra emphasis on checking the quality of the data, including 

filtering to reduce noise due to technical artifacts such as PCR duplicates. This was especially required 

for the IVM-An data set, which also showed lowest genome coverage (Figure S2). After removing the 

PCR duplicates, the average library depth of anaerobic bacteria was still in the range of ~ 1.5 million 

reads per library. 

For comparisons of the different data sets, the cut-off for fold change was set to ≥ 1.5 and the P adjusted 

value to ≤ 0.05. For each condition, a robust transcriptomic change between planktonic and biofilm 

bacteria was observed (Figure 3A). It was noted that a significant number of genes were not detected in 

IVM-An, neither from biofilm nor planktonic bacteria. The reason for this can be a suppressed gene 

expression rather than an effect of too shallow sequencing, which is an assumption supported by the 

high abundance of PCR duplicates in the raw data set. Nevertheless, differential expression analyses 

showed that there were many genes that were differentially expressed under this condition, but the fold 

changes were generally lower (2- to 4-fold) compared to what was seen for bile, AA- and IVM aerobic 

(Figure 3A). 

A comparison of differential gene expression by bacteria in the different biofilms showed a large varia-

bility (Figure 3C and Supplementary Table S2). Given the nature of the gene products of the differen-

tially expressed genes, it was obvious that this, to a great extent, reflected responses to the environment 

per se. This was particularly obvious for samples from bacteria in the anaerobic environment where the 

number of genes only regulated during this condition was as high as 849. To reveal the eventual com-

mon molecular functions that are active in biofilm bacteria under the different conditions, data from 

differential expression analyses were subjected to KEGG pathway enrichment analyses. These analyses 

showed 10 KEGG pathways that were enriched in all conditions even though the number of genes found 

in the pathways and the significance of the enrichment differed between conditions (Figure 3B).  

Among the enriched KEGG pathways, ABC transporters, quorum sensing, chemotaxis and bacterial 

motility were found in all conditions. Genes involved in these pathways have also been observed in other 

transcriptomic and experimental studies. IVM-An biofilm bacteria showed the highest expression of 

genes encoding different ABC transporters, which suggested that these bacteria might be less metabol-

ically active compared to bacteria in aerobic biofilms 44. This assumption was further supported by the 

lower expression of genes involved in ribosome organisation, indicative of a lower growth rate of IVM-

An biofilm bacteria. Nevertheless, despite high divergence in gene expression between bacteria in the 

different biofilms, there were common functional signatures, which suggested the existence of key de-

terminants that are critical for the formation of biofilm. 
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Core genes for mature biofilm 

Although differential expression analyses showed divergence in the gene expression profiles reflecting 

the different conditions, there was also a set of 94 genes that were differentially regulated between 

planktonic and biofilm bacteria in all conditions used (Figure 3C). Among these genes, 58 showed sim-

ilar regulation where the majority (53 genes) were upregulated in biofilm bacteria (Figure 4A). This 

gene group was named “core genes for mature biofilm” (Table 1). Some of the genes in this group that 

were upregulated in biofilm bacteria, such as hmsF, hmsT, cpxA and cpxP, are known regulators of 

biofilm, and some other genes, such as genes involved in curli/pili production and c-di-GMP signalling, 

have also been associated with biofilms. However, there were many other genes that have not been 

previously associated with biofilm, including 14 genes encoding hypothetical proteins whose functions 

are yet to be characterised (Figure 4A and Table 1). Further, among the four genes that were downreg-

ulated in biofilm bacteria, there were genes that have been previously associated with the negative reg-

ulation of biofilms, such as hmsP and rfaH 45,46. 

Due to the limited number of genes, Gene Ontology (GO) network enrichments were used instead of 

KEGG pathway enrichments to reveal functional linkages between the core genes for mature biofilms. 

This analysis showed two distinct clusters of genes: one with genes encoding DNA binding proteins 

including many transcription factors and another with genes encoding membrane-associated proteins 

with a distinct subgroup of ABC transporters (Figure 4B). 

 In addition to these, there were multiple genes encoding proteins not connected to one particular GO 

class; instead, many of the genes belonged to multiple GO classes, suggesting functional diversity (Fig-

ure 4B). These core genes were also subjected to analysis using experimentally validated protein-protein 

interaction data from the string database 47. However, this did not show any obvious clusters, but some 

of the core gene products could interact with each other, or with multiple proteins (Figure S3). Hence, 

these core genes might represent genes from different pathways, thereby reflecting a diversity of path-

ways involved in biofilm formation. 

Crucial genes for early biofilm 

The 58 core genes identified for bacteria in mature biofilms do not necessarily play important roles in 

the early phase of biofilm formation where bacteria encounter the initial stress, which leads to the acti-

vation of the pathways that are essential for the initiating formation of biofilm. It was not obvious how 

to identify such genes but given that bile and AA- induce more biofilm compared to non-induced bac-

teria when incubated at 37°C (Figure 1 and Supplementary Table 1), it should be possible to distinguish 

between these two groups at the transcriptional level. Further, since these two conditions involve dif-

ferent initial stresses, with envelop stress for bile 48,49 and stringent responses for AA- 50, these biofilm-

inducing conditions can allow determination of core determinants involved in the initiation of biofilm 

formation independent of the initial stress. Therefore, we first analysed the time point at which the 

biofilm could be detected for bacteria induced by bile or AA-, while there was none or neglectable 

amounts of biofilm formed by non-induced control bacteria. Induction by bile and AA- were found to 

follow a similar pattern during the first hours where biofilm formation started to be detectable after 2–

3 h, while almost no biofilm was seen for non-induced bacteria (Figure 5A).  

 

These results indicated that it should be possible to extract information about early biofilm-associated 

gene expression by comparing the global gene expression of bacteria induced using bile or AA-for 3 

hours with that of non-induced control bacteria. 

Analyses of differential gene expressions by comparing the transcriptional profiles of control and bio-

film-induced bacteria (planktonic and biofilm bacteria recovered together) revealed a set of genes dis-

tinctly regulated by bile or AA- induction. For bile induction, there were more than 300 differentially 
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expressed genes, and for AA-, there were more than 500 differentially expressed genes (Figure 5B, Sup-

plementary Table S3). Comparisons of the two groups showed that more than 80 genes were commonly 

regulated in the two conditions (Table 2). In this set of early biofilm core genes, only seven were found 

among the group of core genes for mature biofilm. The reason might be that core genes for mature 

biofilm may not be expressed during the early stages of biofilm formation but can instead be required 

for the maintenance of the biofilm. Further, in accordance with what was shown for the core genes for 

mature biofilm (but not the same genes), there were genes encoding proteins involved in pili/curli bio-

genesis and c-di-GMP signalling in this group of core genes commonly regulated at the early phase. The 

upregulation of pili/curli-associated genes was more pronounced compared to that in the mature phase, 

suggesting roles of these gene products both in adhesion and extracellular matrix formation. Interest-

ingly, in addition to the genes involved in c-di-GMP signalling, a gene encoding the ABC transporter 

PstA, previously reported to constitute the receptor for c-di-AMP was upregulated 51,52. This bacterial 

second messenger system have been implicated to be involved in sensing DNA-integrity, cell wall me-

tabolism, fatty acid synthesis and potassium transport 51. Other genes of the same operon, pstB and 

pstC, that together with pstA make up a phosphate transfer system responding to low levels of phos-

phate, were also found in this core group. Additionally, quorum sensing genes encoding proteins in-

volved in the production of autoinducer-2, were in this core group. Quorum sensing has previously been 

shown to be important for biofilm formation, as it plays a role in the initiation phase in particular, which 

requires the presence of a certain amount of bacteria. Further, also in this group, there were many genes 

encoding hypothetical proteins whose roles are yet to be determined. 

Initiation of biofilm formation involves induction of the sugar phosphotransferase sys-

tem and quorum sensing and is associated with a potential metabolic switch 

Analyses of potential functions of the genes in the group of early biofilm core genes by utilising KEGG 

pathway enrichments showed five distinct KEGG pathways that were overrepresented (Figure 5C). 

These included the quorum sensing and pili biogenesis pathways as well as oxidative phosphorylation 

and the sugar phosphotransferase system (PTS) that were all upregulated, whereas the arginine biosyn-

thesis pathway was downregulated in biofilm bacteria. The upregulation of sugar PTS systems that in-

volve the utilisation of sugar, has previously been shown to play an important role in biofilm formation 
51-54. Among the enriched pili biogenesis genes, most were connected to the type IV class family that 

involves curli production, which can contribute to adhesion and microcolony formation 55-60. Type IV 

pili also contribute to flagellar independent motility, the so-called twitching motility, which has previ-

ously been shown to be important for bacterial attachment to liquid surfaces in association with biofilm 

formation 58,59. The observed upregulation of oxidative phosphorylation activities may be due to a gen-

eral adaptive stress response or play a role in metabolic reprogramming for biofilm development as 

shown in Bacillus subtilis 61. In accordance with the latter, the observed downregulation of arginine 

biosynthesis can indicate metabolic reprogramming. By preventing arginine biosynthesis, bacteria can 

increase catabolism using the nitrogenous bases either for the TCA cycle or for the reciprocal regulation 

to prevent a futile cycle. 

Many of the core genes identified for Y. pseudotuberculosis in early and mature biofilm stages have 

previously been shown to be involved in biofilm formation, whereas other genes are, potentially, novel 

biofilm genes (Table 1 and 2). To reveal their eventual importance for biofilm formation by this patho-

gen, some of the genes were deleted and the resulting deletion mutant strains were tested for their abil-

ity to form the biofilm. The genes selected represented genes known to be involved in biofilm formation 

in other bacteria as well as novel genes (Table 1 and 2), including genes involved in c-di-GMP signalling, 

sugar PTS and quorum sensing. Due to the presence of autoinducer genes in this core group, we also 

created a ∆luxS mutant strain to evaluate the importance of the main autoinducer regulator. Biofilm 

measurements using ECtracer showed that most of the mutant strains had reduced capacity to form 

biofilm compared to that of the parental strain (Figure 5 and Tables 1 and 2). However, for both core 

groups, most of the mutant strains formed some level of biofilm, and with time, many could catch up to 

the level seen for the parental strain. This suggested a high level of redundancy among pathways or 
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mechanisms contributing to biofilm formation in bacteria, which was not surprising considering the 

expected fundamental importance of this function in general. 

For core genes of the mature biofilm, the strain mutated in a gene encoding a hypothetical protein, 

YPK_1705, had a demonstrably reduced ability to form a biofilm. This protein is a putative surface pro-

tein with a glycin zipper domain, potentially leading to fibril formation, and may contribute to adhesion 

and the extracellular matrix. Reduced biofilm formation was also seen for strains lacking genes encod-

ing the periplasmic stress response protein CpxP and the curli assembly/transport component CsgG, 

both of which have been previously shown to be important for biofilm formation in other bacteria. For 

the early biofilm core genes, two mutant strains were more severely affected compared to the others, 

∆hpr and ∆luxS, both representing genes critical for two functions identified in the functional analyses, 

namely sugar PTS and quorum sensing. Accordingly, another strain mutated in a gene involved in 

quorum sensing, lsrK, encoding the autoinducer kinase did also show reduced ability to form biofilm. 

Reduced biofilm formation was also seen for the strains lacking tpbB, a gene encoding a di-guanylate 

cyclase, as well as mprA encoding a transcriptional repressor. 

 

Taken together, our data show that biofilm formation in Y. pseudotuberculosis is complex and involves 

many pathways that can contribute where c-di-GMP and, possibly, also c-di-AMP signalling are in-

volved and that PTS and quorum sensing systems have a central role in initiation of biofilm formation. 

It is also clear that bacteria in biofilm adapt their metabolism and modulate it according to the niche.  

 

Materials and methods 

Bacterial strains and growth conditions 

Strains and plasmids are listed in Table 3. The Yersinia pseudotuberculosis YPIII strain was used for 

evaluation of its biofilm formation in this study. Escherichia coli 17-1 λpir was used for cloning and 

conjugation. Antibiotics were used in the following concentrations: ampicillin (100 µg/ml), kanamycin 

(50 µg/ml) and chloramphenicol (25 µg/ml). All strains were routinely grown at 26°C in LB medium 

containing kanamycin (Km; 50 µg/ml). The media for biofilm formation were LB +/- 0.5% bile, Rich 

MOPS or MOPS depleted of the amino acids tyrosine, histidine and tryptophan (AA-). The IVM medium 

consisted of MEM-Hepes with glucose supplemented with 10% heat inactivated FCS, 200mM gluta-

mine, and 5% sodium choleate (Sigma). 

Strain construction 

In-frame gene deletion mutations in Y. pseudotuberculosis were constructed using the In-fu-

sion HD cloning kit (Clontech) according to the manufacturer’s instructions. Briefly, the flanking re-

gions of the respective genes were amplified by PCR and cloned into the suicide vector pDM4 62. This 

construct was used to transform S17-1 and then transferred into recipient strains through conjugation. 

Conjugants were purified and incubated on 5% sucrose to recombine out the vector together with the 

wild-type sequence. The resulting deletions were confirmed by sequencing. Primers used in this study 

are listed in Table S4.  

Biofilm morphology (Congo red Assay) 

Congo red indicator agar plates were prepared by adding 20 mg/ml Congo red (Sigma) and 10 mg/ml 

Coomassie brilliant blue G (Sigma) to LB agar plates. An aliquot of 100 μl of overnight cultures were 

plated, and colony morphology was observed after three days of incubation at 26°C. 

Crystal Violet in vitro biofilm assay and viability measurements 

Biofilm formation was determined as previously described 63. The overnight culture was diluted to an 

OD600 of 0.05 and grown to an OD600 of 0.5 at 26°C. A 1 ml aliquot of the bacterial culture was pelleted 
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and resuspended in 2 ml of fresh LB media. The suspension was transferred to glass tubes and incubated 

for at 37°C without shaking for different periods of time. After the incubation, the bacterial suspension 

was discarded and the tubes were gently washed three times with PBS and stained with 0.1% crystal 

violet (Sigma-Aldrich) for 15 minutes, followed by successive washing with PBS. Thereafter, the biofilms 

on the tube surface were dissolved in 33% acetic acid for 15 minutes, and the absorbance at 590 nm was 

measured with an Ultrospec 2100 Pro Spectrophotometer (Amersham Biosciences). 

For viability assays overnight cultures in LB were diluted and grown at 26°C from an OD600 of 0.05 to 

an OD600 of 0.5 after which bacteria were pelleted and resuspended in the indicated media. Aliquotes 

of 5 ml in triplicates were dispensed into tilted Petri dishes and incubated at the indicated conditions. 

The medium was collected at indicated time points, then transferred to serial dilutions and plated on 

LB+Km agar plates.  The remaining biofilm was washed three times with PBS, detached with a cell 

scraper, resuspended in 1 ml of PBS and after serial dilutions plated on LB+Km agar plates. Viable cells 

were counted after 2 days of incubation. 

Scanning electron microscope assay 

Samples of Y. pseudotuberculosis biofilm were prepared for scanning electron microscopy. Overnight 

cultures were diluted to an OD600 of 0.05 and grown at 26°C to an OD600 of 0.8. The cultures were har-

vested by centrifuging for 5 minutes at 12,000 rpm and resuspended in LB and transferred to wells of 

12-well plate containing glass coverslips coated with polylysine (Sigma-Aldrich). The plate was incu-

bated at 37°C for 48 hours after which the biofilm specimens were prepared for electron microscopy as 

described by Ochmcke et al. 64 with some modifications. Biofilm clots were fixed overnight with 2.5% 

glutaraldehyde. Samples were washed three times with 0.1 M sodium phosphate buffer (pH 7.3), dehy-

drated with a series of increasing ethanol concentrations (5 minutes in 30%, 5 minutes in 50%, 10 

minutes in 70%, 10 minutes in 90% and two times for 10 minutes in 96% ethanol). The dehydrated 

samples were dried with CO2 using the critical point method with an Emitech dryer as outlined by the 

manufacturer. The dried samples were covered with gold to a 10 nm layer and scanned with a Zeiss 

DSM 960A electron microscope. 

Staining of biofilm on coverslips with ECtracer 

For staining of biofilm with ECtracerTM680  (EBBA biotec), 2 coverslips (12x12 mm) were attached with 

agarose to the bottom and inclining the walls of one well of a 24-well plate. Overnight cultures 

in LB+Km were diluted in to an OD600 of 0.1 and grown at 26°C until an OD600 of 0.8. Thereafter, bac-

teria were pelleted and re-suspended in MOPS and 0.6 ml aliquots of the suspension were transferred 

to the wells and incubated further at 370C for various periods of time. The coverslips were thereafter 

rinsed in PBS and wiped on the backside with a cotton swab. The biofilm on the coverslips was fixed in 

4% PFA for 30 minutes, washed in 70% ethanol and then in 30% ethanol for 5 minutes each, then 

stained for 30 minutes with ECtracer (1000x dilution in PBS) and counterstained with DAPI. The co-

verslips were mounted on glass slides, and the biofilms were analysed using a fluorescent microscope 

at 100x magnification using DAPI and TRITC filters.  

Spectrophotometric monitoring of biofilm formation in bacterial cultures with ECtracer 

   

Overnight bacterial cultures grown at 26°C in LB +Km were diluted to an OD600 of 0.1 and grown for an 

additional period of 4h. Samples equivalent to an OD600 of 0.8 were pelleted and resuspended in 1ml 

MOPS + Km. Aliquots of 320ul were mixed with 4.8 μl of 10x diluted ECtracerTM680 (EBBA  biotec) and 

thereafter 100 μL were dispensed to a Greiner Flat Black 96-well plate in triplicat-es. The assay was 

run in kinetic mode at 37°C in a Tecan SparkControle reader using a humidity cassette. Data were col-

lected every hour in  Fluorescence Top Reading mode with Excitation wavelength 535 nm, Excitation 

bandwidth 25 nm, Emission wavelength 680nm, Emission  bandwidth 30 nm, and a Gain of 65. 

In vivo biofilm assay on C. elegans 
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Nematode growth media agar plates were seeded with the Y. pseudotuberculosis YPIII strain expressing 

the tdTomato gene. The plates were incubated overnight at room temperature (RT). L4 larvae and 

young adults of C. elegans (15–20 individuals) were transferred from Nematode growth media agar 

plates seeded with E. coli OP50 strain to the Yersinia seeded plates and incubated overnight at room 

temperature. Thereafter, the worms were picked from the plates and washed three times with Milli-Q 

water to remove unattached bacteria. A fluorescence stereoscope (Nikon SMZ800 stereomicroscope) 

was used to observe the worms and identify attached fluorescent bacteria. 

RNA sequencing and data analysis  

For isolation and purification of total RNA from Y. pseudotuberculosis biofilm and planktonic bacteria 

the Trizol method (Ambion Life Technol-ogies, Carlsbad, CA) and the Direct-zol RNA kit (Zymo) were 

used.  For the AA- samples, cell lysis was done using a bead beater and for the IVM-An samples, lyso-

zyme was used.  To remove DNA, samples of biofilm bacteria were treated with DNAse in column for 

30 minutes at room temperature, except samples from AA- induced biofilms, which were subjected to 

2x30 min column DNAse treatments at 37°C.  RNA quantity was measured by Cubit (Nordic biolab). 

For sequencing, cDNA libraries were prepared using the ScriptSeqTM Complete Kit (Epicentre, Madi-

son, WI, USA) according to the manu-facturer’s instructions. Ribosomal RNA was depleted from total 

RNA using Ribo-Zero rRNA Removal Kit for Bacteria (Epicenter, Madison, WI, USA) following the 

manufacturer’s protocol. The resulting cDNA libraries were purified using AMPure XP and quantified 

using an Agilent 2100 Bioanalyzer. Sequencing was done by Illumina MiSeq and Nova-Seq.  For bioin-

formatic analysis, Prokseq 43, a complete RNA-Seq data analysis package was used for data processing, 

quality control and visualization and differential expression analysis. ProkSeq includes all the tools 

mentioned below required for data analysis. Reads were aligned with a reference genome of Y. pseudo-

tuberculosis YPIII chromosome (NC_010465) and plasmid (NC_006153) using salmon 65. Differential 

gene expression was determined using RUV-Seq 66 using an in silico predicted control set of genes by 

in house computer program. 

Data availability. The RNA-seq data files have been deposited in Gene Expression Omnibus under 

accession number GSExxx. All the computer code and pipeline used in these studies are available on 

request 
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Figure 1: Y. pseudotuberculosis biofilm formation a) S. Typhimurium, E. coli, Y. pseudotuberculosis YPIII and P. aueru-

ginosa cells grown on congo-red agar plates for 4 days.  b) Y. pseudotuberculosis biofilm formation in glass tubes, stained with 

crystal violet. C) Scanning electron microscopy picture at 2,500 times magnification of Y. pseudotuberculosis biofilm induced by 

incubation for 48h in LB supplemented with bile d) Fluorescence microscopy of Y. pseudotuberculosis biofilm stained with EC-

tracer, bacteria 30 and extracellular matrix (blue). e) Light stereomicroscope (left) and fluorescence stereomicroscope (right) im-

ages of C. elegans incubated overnight together with Y. pseudotuberculosis-tdTomato (C.elegans head is encircled).  

 

 

Figure 2: Viability and Biofilm mass measurements as a basis for RNA-extraction. Viable counts of Y. pseudotuber-

culosis biofilm and planktonic bacteria under different conditions at indicated time points (left axis, white and grey bars) and 

corresponding biofilm biomass (green right axis and points) revealed by Crystal violet staining of biofilm material on glass tube 

wall. a) biofilm induced by bile; RNA collected at 48 hours. b) biofilm induced by AA-; media changed after 18 hours and RNA 

collected at 30 hours. c) and d) biofilm formed in IVM and IVM-An; media changed after 24 hours and RNA collected at 36 horus. 

Three individual biological replicates were used for the viability and biofilm biomass measurement and presented as CFU. per ml 

+/- SEM and OD595 +/- SEM.  
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Figure 3: Y. pseudotuberculosis differential gene expression in mature biofilm formed under different condi-

tions. a) Volcano plots showing Y. pseudotuberculosis differential gene expression patterns (biofilm/planktonic) under the dif-

ferent experimental conditions. Y axis indicates the statistical significance as False discovery rate (FDR) adjusted P-value in neg-

ative logarithmic scale. X axis indicates the fold change in gene expression (biofilm/planktonic). Each dot represents a gene, red 

resemble upregulation and blue downregulation of gene expression in biofilm bacteria compared to planktonic. b) Dot plot show-

ing common enriched pathways of differential expressed genes in biofilm bacteria in the tested conditions. Size of the dots indi-

cates the number of genes present in the pathway and colour shows the enrichment score of the pathway in FDR adjusted P-value. 

c) Venn diagram showing the number of differentially expressed genes in the conditions and their overlaps. 
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Figure 4: Core genes of mature biofilm. a) Heat maps showing commonly differentially expressed genes (biofilm/plank-

tonic) in the different conditions. Colors indicate fold changes (red upregulation and blue downregulation) of genes in biofilm 

bacteria. Hierarchical clustering (bottom) was done to cluster genes with similar expression pattern. b) Gene ontology (GO) in-

teraction network created by Cystoscope. Size of the GO term (purple color) is based on number of interacting genes. Red and 

blue filled circles indicate upregulation versus downregulation of the genes in biofilm bacteria and the size corresponds to differ-

ential expression in fold change. Genes encoding hypothetical genes (not represented by GO terms), have been manually added 
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Figure 5: Core genes of early biofilm formation. a) Biofilm biomass measurement of biofilms induced by bile and AA-. 

Each experiment was conducted in three biological replicates and presented as relative biofilm biomass compared to biofilm 

formation by untreated bacteria +/- SEM. b) Venn diagram showing number of differentially expressed genes (treatment/control) 

in bacteria in biofilms induced by bile and AA-, and their overlap. c) Bar graph showing KEGG pathway enrichments among genes 

that were differentially expressed (upregulated pathways in red and downregulated in blue) by bacteria in both bile and AA- 

biofilms. Pathways are ranked according to enrichment score in FDR adjusted P-value (X axis). 
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Figure 6: Many core gene products are required for efficient biofilm formation by Y. pseudotuberculosis. Bio-

film formation by strains deleted of selected biofilm core genes measured by an ECtracerTM biofilm assay after indicated incuba-

tion times at 37oC. The different deletion strains lack mature biofilm core genes (upper panel), early biofilm core genes (lower 

panel), or genes found in both cores (middle panel). All experiments were done in three independent biological replicates with 

three technical replicates for each. Error bars were calculated according to standard error of the mean (SEM).   
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