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Abstract 

Validation and characterisation of a micro-protein in 

Campylobacter jejuni 

Sofia Berggren 

 

 

The Epsilonproteobacterium Campylobacter jejuni is a major foodborne pathogen in 
humans mainly causing gastroenteritis, and is connected to several secondary 
autoimmune diseases. A large part of the small genome of C. jejuni is still to be 
characterized, with many hypothetical proteins present. Micro-proteins - those that 
are < 50 amino acids and encoded by a small open-reading frame (micro-ORF) - are 
an understudied class of proteins that have been shown to be involved in vital 
processes in the cell, such as cell division, modulation of enzymatic activities, and 
stress responses. So far, few examples of micro-proteins are known in pathogenic 
bacteria, and fewer are known that affect virulence. In this study, we provide first 
evidence that the conserved micro-ORF Cj0878 of C. jejuni is translated by showing 
that a GFP translational fusion to the ORF is translated, and that Cj0878 mRNA and 
protein levels are affected by the absence of iron in minimal media. With in silico 
analysis we found that Cj0878 is likely a highly basic protein and may have an 
amphipathic nature. We also show that a predicted base-pairing interaction between 
Cj0878 mRNA and the sRNA CJnc170 likely has a regulatory consequence, by 
showing that CJnc170 mutant strains have different levels of the Cj0878 translational 
fusion protein. To summarise this study provides the first validation and 
characterisation of a micro-protein in the important pathogen C. jejuni, and provides 
the basis for future studies on the function of the protein. 
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Populärvetenskaplig sammanfattning  

I dagens moderna samhälle kan vi känna oss trygga med ett väl fungerande sjukvårdssystem. 

Vad vi inte inser är att vi är på väg mot en förändring vad gäller vilka sjukdomar som är möjliga 

att behandla. Resistenta bakterier, bakterier som inte går att behandla med antibiotika, blir allt 

vanligare och sprids både på sjukhus och i samhället. Bakterierna hinner utveckla ett skydd mot 

antibiotikan snabbare än vad forskningen hinner ta fram nya versioner av antibiotika. En 

konsekvens, om den här utvecklingen fortsätter, är att vi kommer att vara tillbaka på stadiet 

före den första antibiotikan upptäcktes. På den tiden dog folk av relativt milda infektioner, som 

sår- och hudinfektioner. Därför är det viktigt att studera patogena bakterier närmare på en 

grundlig nivå, för att kunna dra slutsatser och förstå när och hur bakterierna blir 

sjukdomsframkallande och på så sätt finna nya sätt att angripa dem för att oskadliggöra dem. 

Ett relativt nytt forskningsområde är funktionen av små proteiner i bakterier, i den här studien 

kallade mikro-protein. Mikro-proteiner har länge varit en klass av proteiner som ignorerats, 

framförallt på grund av att deras lilla storlek skapar svårigheter med detektion och hantering, 

och de har oftast hittas av en slump. Det har visat sig att mikro-proteiner kan vara delaktiga i 

viktiga processer i bakterieceller, som hantering av stress, celldelning och till och med vid 

virulens. Virulens kan kort beskrivas som bakteriers förmåga att orsaka sjukdom. Den senaste 

tidens utveckling av tekniker har skapat möjligheter att utföra direkta studier för detektion och 

funktionsbestämning av mikro-proteiner. Det har även rapporterats om möjligheten att använda 

mikro-proteiner som antimikrobiella agenter, som skulle kunna användas för att förhindra 

bakteriers virulens. 

I det här arbetet studerades tarmbakterien Campylobakter jejuni som naturligt lever i tarmarna 

hos varmblodiga djur, framförallt djur som höns och nötkreatur. C. jejuni orsakar magsjuka hos 

människor, ofta med blodiga diarréer. Vanligt förekommande smittvägar är genom vara i 

kontakt med eller att äta rå kyckling, inta kontaminerat vatten eller dricka opastöriserad mjölk. 

Mer specifikt riktade sig studien mot ett litet hypotetiskt protein hos C. jejuni, och syftet med 

studien var att ta reda på om mikro-proteinet verkligen finns närvarande i cellen och om det har 

någon inverkan på bakterien. Även en mer specifikreglering av proteinets uttryck studerades. 

I den här studien lyckades vi visa att mikro-proteinet finns uttryckt i C. jejuni och vi kunde 

bland annat se att proteinets uttryck förändras vid låga halter av järn i odlingsmediet. Med våra 

resultat kan vi även styrka att specifik reglering av proteinet kan äga rum. Att studera mikro-

proteiner utan känd funktion i patogena bakterier, som C. jejuni, ger möjligheter att upptäcka 

hur de är relaterade till virulens. Om det är möjligt att använda mikroproteiner som 

antimikrobiella medel har vi en uppsjö okända möjligheter till nya upptäcker. 
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Abbreviations 

2D              Two-dimensional 

3D              Three-dimensional 

µ                      micro 

Δ                      delta (deletion) 

ATP           Adenosine triphosphate 

BB                   Brucella broth 

CDT           Cytolethal distending toxins 

CmR          Chloramphenicol   

DMEM            Dulbecco's Modified Eagle's medium 

DNA                Deoxyribonucleic acid 

DOC           Deoxycholate 

dRNA-seq  Differential RNA sequencing 

Fe   Iron 

GBS           Guillain-Barré syndrome 

GC             Guanine-cytosine  

GentaR      Gentamicin 

Glu             Glutamate 

KanR         Kanamycin 

MH            Müller-Hinton 

mRNA       Messenger RNA 

NCBI         National Center for Biotechnology Information 

OD600         Optical density at a wavelength of 600 nm 

ORF           Open reading frame 

PCR                 Polymerase chain reaction 

PNK            Polynucleotide kinase 

RBS                 Ribosome binding site 

Ribo-seq  Ribosome profiling 

RNA                Ribonucleic acid 

RNA-seq RNA-sequencing 

Rpm           Rounds per minute 

rRNA         Ribosomal RNA 

sfGFP        superfolder green fluorescent protein 

sRNA         Small RNA 

Taq             Thermus aquaticus 

TEX           Terminator exonuclease 

TF              Transcription factor 

TSS                 Transcription start site 

WT  Wild type 
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1 Introduction 

1.1 Campylobacter jejuni  

Campylobacter jejuni is currently one of the most prevalent foodborne pathogens of humans, 

and is a commensal of the intestine of warm-blooded animals, especially avian species (Snelling 

et al. 2005). The bacteria are often found in faeces of animals and a common transmission route 

to humans is through handling or consuming raw or undercooked poultry (Altekruse et al. 

1999). Other possible transmission means are intake of untreated or contaminated water, 

drinking of raw unpasteurised milk, and poor food-handling. A very low infectious dose of C. 

jejuni bacteria is needed to cause infection - only 500 bacteria have shown to be enough to 

cause symptoms for humans (Konkel et al. 2001, Blaser & Engberg 2008). C. jejuni infections 

mainly lead to gastroenteritis, with symptoms like fever, vomiting, abdominal pain, nausea and 

diarrhoea. The incubation time varies from two to multiple days and the illness is in most cases 

self-limiting (Konkel et al. 2001). Moreover, C. jejuni infections have been connected to several 

secondary autoimmune diseases, such as Guillain-Barré (GBS) and Miller-Fisher syndromes 

(Young et al. 2007). Only a few cases of C. jejuni infections lead to these severe diseases; for 

example, approximately 0.1% of C. jejuni infections result in GBS (Allos 1997).  

It is still unclear what mediates disease of the zoonotic pathogen C. jejuni in the human host 

compared to a commensal lifestyle, e.g. in avian species (Szymanski & Gaynor 2012). C. jejuni 

lacks many of the virulence factors commonly present in other gastrointestinal bacterial 

pathogens. Virulence factors that are present are a cytolethal distending toxin (CDT) (Lara-

Tejero & Galán 2000), and a type-IV secretion system homolog that can be found on the pVir 

plasmid of C. jejuni strain 81-176 (Bacon et al. 2002). It has been suggested that the motility 

and metabolic competence of C. jejuni are important for virulence and colonization of different 

hosts (Young et al. 2007, Hofreuter 2014). C. jejuni has bipolar flagella, one on each end, and 

well-functioning flagella appear to be very important for the ability of C. jejuni ability to 

colonise the intestine of both humans and animals (Morooka et al. 1985, Poly et al. 2007).  

C. jejuni is a microaerophilic, non-fermentative Gram-negative Epsilonproteobacterium with a 

spiral shaped morphology and distinct biology from other enteric pathogens and model Gram-

negative bacteria such as E. coli and Salmonella. C. jejuni is closely related to another 

Epsilonproteobacterium, Helicobacter pylori, and they both have a notably small genome, with 

a size of only 1.6-1.7 Mb, and a low GC content of 30% (Tomb et al. 1997, Parkhill et al. 2000). 

The small genome of C. jejuni encodes only a few transcription factors and only three sigma 

factors (σ28 encoded by fliA, σ54 encoded by rpoN, and housekeeping σ70 encoded by rpoD) 

(Parkhill et al. 2000). This suggests that additional layers of regulation are used, such as post-

transcriptional regulation by small regulatory RNAs (sRNAs).  
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Although C. jejuni has a small genome, most of it is still uncharacterized and many hypothetical 

proteins without a known function are present. These proteins might contribute to important 

mechanisms in C. jejuni such as survival or pathogenesis.  

1.2 Micro-proteins 

Recent technical developments have raised the interest of the research society to a new class of 

proteins that are encoded by very short open reading frames (ORFs), which have been termed 

micro-proteins (µ-proteins). Micro-proteins are defined here as proteins with less than 50 amino 

acids and encoded by a clear ORF with start and stop codons that show strong evidence of 

translation by ribosomes. These characteristics separate µ-proteins from smaller peptides, 

which can be formed by proteolytic processing of longer precursor proteins into a smaller form 

(Ramamurthi & Storz 2014) or synthesized by a ribosome-independent mechanism (Storz et al. 

2014). 

Micro-proteins have for a long time been ignored both because of difficulties in bioinformatics-

based predictions and in biochemical validation by experimental methods due to their small 

size (Storz et al. 2014). The small size of the ORF is the main problem for both of these methods 

- bioinformatically because of background noise where the limit of annotation of ORFs is 

typically set to 50 codons for bacterial genomes and biochemically due to difficulties with 

detection on gels, for example (Ramamurthi & Storz 2014). Most µ-proteins have been 

discovered serendipitously in transposon screens due to a significant phenotype or detected by 

co-purifying with protein complexes (Storz et al. 2014).  

Many of the toxic small proteins detected so far are part of toxin-antitoxin (TA) systems (Storz 

et al. 2014), where the stable toxin is often a small protein that is suppressed by either an 

unstable protein (by binding) or antisense RNA (by post-transcriptional regulation). A well-

studied TA-system of the second class mentioned in the literature is the hok/sok system, 

encoded on the R1 plasmid of E. coli (Fozo et al. 2008). The hok/sok system stabilizes plasmid 

inheritance by allowing for activation of the toxin in plasmid free cells, when the unstable 

antitoxin sRNA is degraded faster than the toxin. The hok gene encodes a membrane-associated 

protein (52 amino acids), which acts by causing damage to the cell membrane of the cells. The 

antitoxin sok gene encodes an antisense RNA that indirectly represses translation of hok 

(Gerdes et al. 1997). Another example is the istR/tisAB TA system, encoded on the chromosome 

of E. coli. The TA system includes the small protein toxin TisB (29 amino acids), whose 

transcription is induced by DNA damage, and expression of the toxin causes growth arrest, 

likely through membrane disruption. The antitoxin is an antisense RNA (IstR), which inhibits 

loading of ribosomes onto tisB mRNA and thereby represses translation (Vogel et al. 2004, 

Unoson & Wagner 2008).  

Nevertheless, the functions of µ-proteins represent a huge gap of knowledge of the bacterial 

proteome to date. Several recent studies indicate that µ-proteins might be involved in more vital 

processes than earlier known, such as cell division, enzymatic activities, and stress responses 
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(Storz et al. 2014). Many are membrane-associated, or bind and modulate other proteins. One 

of the first reported small proteins in bacteria, SpoVM (26 amino acids), detected in Bacillus 

subtilis, is a small membrane-associated protein involved in sporulation (Levin et al. 1993). 

The small protein was detected by transposon screening because deletion of the gene turned out 

to give a significant defect on the ability of the bacteria to sporulate (Sandman et al. 1987; 

Levin et al. 1993). Interestingly, SpoVM is not an integral membrane protein, as many of the 

other detected small proteins seem to be. SpoVM has the ability to integrate itself into 

membranes without the help of protein insertion machinery due to its amphipathic structure 

(Storz et al. 2014). Another example of a µ-protein with known function is PmrR (29 amino 

acids), a hydrophobic membrane protein that is involved in Salmonella modification of 

lipopolysaccharide (LPS). This µ-protein interacts with another protein, LpxT, and inhibits the 

synthesis of dephosphorylated Lipid A, thereby affecting resistance to cationic peptides (Kato 

et al. 2012). Two examples of µ-proteins detected in B. subtilis are FbpB (48 amino acids) and 

FbpC (29 amino acids). It is known that the expression of these proteins is affected by changes 

in iron-levels: fbpB mRNA is induced by low iron levels and fbpC has been identified as a part 

of the Fur (ferric uptake regulator) regulon. However, the exact function of FbpB and FbpC 

remain unidentified (Storz et al. 2014), although it has been suggested that FbpC aids the 

function as a sRNA chaperone for the sRNA FsrA (Gaballa et al. 2008). 

As shown by the above examples of characterized µ-proteins, they have mostly been studied in 

enterobacteria. Not many studies of µ-proteins in Epsilonproteobacteria can be found in the 

literature. Additionally, there are only a few examples of µ-proteins studied in bacterial 

pathogens, and interestingly it seems like some of the few examples found in Gram-negative 

pathogens have a central role in the expression of virulence factors or in regulation of antibiotic 

resistance (Storz et al. 2014). For example, MgtR of Salmonella affects levels of the MgtC 

virulence factor (Alix & Blanc-Potard 2008). In Escherichia coli, µ-proteins have also been 

detected. An inner membrane protein AcrZ (49 amino acids) has been shown to be involved in, 

possibly enhance, the AcrAB efflux pump that E. coli uses to tolerate antibiotics (Hobbs et al. 

2012). Another µ-protein reported in E. coli is MgrB, a membrane-associated PhoPQ-

dependent protein that inhibits the sensor kinase PhoQ (involved in acid resistance) in a 

negative feedback loop. The µ-protein has also been found to be conserved in Salmonella 

(Salazar et al. 2016). Understanding how the proteome of pathogens looks and how it changes 

during infection is of central importance to understanding survival, colonization, and virulence 

of pathogenic bacteria species, and so far, the µ-proteome of bacterial pathogens has been 

ignored. This study on a µ-protein in C. jejuni will give further insight in how µ-proteins are 

related to pathogenesis and it might be possible to gain information about possibilities to use 

µ-proteins to target virulence factors (Storz et al. 2014). 
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1.3 Identification of small proteins in C. jejuni 

With newly developed techniques such as differential RNA-sequencing (dRNA-seq) (Sharma 

et al. 2010) and ribosome profiling (Ingolia et al. 2012), it has been possible to detect ORFs 

smaller than the limit of 50 codons that are likely transcribed and translated. Also, the 

advancement of proteomic techniques has played an important role in the identification of small 

proteins (Storz et al. 2014). Using dRNA-seq it is possible to map primary transcriptomes to 

identify small ORFs that are actually transcribed to lower the background noise and reduce 

false positives (Sharma & Vogel 2014). Many new potential unannotated ORFs have been 

identified with dRNA-seq transcriptome mapping. Further global analyses of these ORFs with 

ribosome profiling suggest that some of the novel transcripts might actually be translated (Brar 

& Weissman 2015). With ribosome profiling, the mRNA parts that are covered by ribosomes 

can be analysed, and this technique enables us to see what is translated at a specific moment in 

the cell (Ingolia et al. 2012).  

The Sharma lab has identified approximately 15 candidate µ-protein ORFs (<50 codons) in C. 

jejuni NCTC11168 in the NCBI database, and some appear to be transcribed, as well as 

translated based on preliminary ribosome profiling analysis (G. Dugar & C. Sharma, 

unpublished). Five of these candidates show strong evidence of translation, with a clear 

ribosome footprint over the putative RBS and the start codon sequence and high expression 

levels for transcripts. For two of the five (Cj0878 and Cj0494), homologous proteins were also 

identified in three other examined commonly-used lab strains of C. jejuni (81-176, RM1221, 

and 81116), based on KEGG data (http://www.genome.jp/kegg/). In addition, transposon 

sequencing (Tn-seq) data show that the density of insertions was remarkably lower in Cj0878 

than any of the other candidate µ-protein (S. Svensson & C. Sharma, unpublished). 

Interestingly, it has been predicted in a previous study that Cj0878 is a target of a C. jejuni 

sRNA (CJnc170) that might be part of the flagellar regulatory circuit (Le et al. 2015). Small 

regulatory RNAs play an important role in post-transcriptional regulation and they often repress 

genes by binding their target mRNA near the translation initiation region to block ribosome 

binding (Waters & Storz 2009). This could potentially mean that Cj0878 might be co-regulated 

with flagellar genes. Moreover, motility is a major virulence factor of C. jejuni (Young et al. 

2007). Previous studies have shown that the sRNA CJnc170 is transcribed by σ28 (Dugar et al. 

2013, Le et al. 2015), one of the two additional sigma factors present in C. jejuni. The σ28 sigma 

factor is active during later stage of flagella development in C. jejuni, and CJnc170 has been 

predicted to target a range of genes expressed from the second additional sigma factor (σ54) 

involved in the earlier stage of the flagellar biosynthesis cycle (Le et al. 2015). The study of Le 

et al. (2015) also suggested that CJnc170 might interact with Cj0878 mRNA, however do not 

examine the matter further, since promoter analysis proposes that Cj0878 is transcribed by RNA 

polymerase loaded with the housekeeping sigma factor (σ70). It has still not been confirmed that 

the candidate µ-protein ORF Cj0878 is translated, and if the protein has a function remains 

unknown. 
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2 Aims and objectives 

This project aimed to provide first evidence that the candidate µ-protein-encoding gene Cj0878 

is translated, and to identify a function for the µ-protein by phenotypic analysis of mutant 

strains. Moreover, there are 5 well-conserved and highly-expressed candidate sRNAs in C. 

jejuni strain NCTC11168 (CJnc180, CJnc190, CJnc140, CJnc170, CJnc230), previously 

identified by global transcriptome mapping (dRNA-seq) of multiple C. jejuni strains (Dugar et 

al. 2013). One of the sRNA candidates, CJnc170, has previously been predicted to regulate 

expression of Cj0878 (Le et al. 2015). This Master’s degree project also aimed to identify the 

potential regulation of Cj0878 by CJnc170 sRNA and the interaction was studied using deletion 

and overexpression mutants of the sRNA. Additionally, expression of the µ-protein Cj0878 

mRNA in different transcriptional regulator mutants was studied to find potential regulators of 

Cj0878. Together, this will show that Cj0878 in fact encodes a small protein, and by 

demonstrating what conditions might regulate its expression provide insight into its potential 

function and physiological roles in C. jejuni. 

The key aims of this study were as follows: 

● Obtain first evidence that the µ-protein-encoding gene Cj0878 is translated by 

constructing a translational fusion strain and detecting translation by Western blotting. 

● Construct deletion and overexpression Cj0878 mutants and use phenotypic analyses to 

identify function of Cj0878. 

● Construct deletion and overexpression CJnc170 sRNA mutants in the Cj0878 fusion 

background and show that this affects mRNA and protein levels. 

● Identify a possible transcriptional regulator of Cj0878 by screening a library of 

transcriptional regulator deletion mutants for changes in Cj0878 mRNA levels by 

Northern blotting. 
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3 Materials and methods 

3.1 Materials 

3.1.1 Bacterial strains  

All C. jejuni strains used in this thesis are listed in Table 1. E. coli strains are listed in Table 

3. 

Table 1. Bacterial strains used in this study. 

Name Description Strain 
number 

C. jejuni strain 
background Resistance Source 

WT/NCTC11168 C. jejuni wildtype strain NCTC11168 CSS-0032 NCTC11168 - A. van Vliet, 
IFR, UK 

Δ180/90 ΔCJnc180/90::aphA-3; 
Deletion of sRNA locus CJnc180/90 

CSS-1157 NCTC11168 KanR Sharma lab 
collection 

ΔCJnc170 ΔCJnc170::aphA-3;  
Deletion of sRNA CJnc170 

CSS-3255 NCTC11168 KanR Sharma lab 
collection 

ΔflgR ΔflgR::aphA-3;  
Deletion of flgR (Cj1024c) 

CSS-2738 NCTC11168 KanR Sharma lab 
collection 

ΔflgS ΔflgS::aphA-3; 
Deletion of flgS (Cj0793) 

CSS-2684 NCTC11168 KanR Sharma lab 
collection 

ΔrpoN ΔrpoN::aac(3)-IV; 
Deletion of rpoN (Cj0670) 

CSS-1141 NCTC11168 GentaR Sharma lab 
collection 

ΔfliA ΔfliA::aac(3)-IV; 
Deletion of fliA (Cj0061) 

CSS-1133 NCTC11168 GentaR Sharma lab 
collection 

ΔcsrA ΔcsrA::cat 
Deletion of csrA (Cj1103) 

CSS-0643 NCTC11168 CmR Sharma lab 
collection 

ΔfliW ΔfliW::aac(3)-IV; 
Deletion of fliW (Cj1075) 

CSS-0820 NCTC11168 GentaR Sharma lab 
collection 

ΔcsrA ΔfliW ΔcsrA::cat ΔfliW::aac-IV;  
Deletion of csrA and fliW 

CSS-1134 NCTC11168 CmR GentaR Sharma lab 
collection 

ΔcbrR ΔcbrR::aphA-3;  
Deletion of cbrR (Cj0643) 

CSS-3286 NCTC11168 KanR Sharma lab 
collection 

ΔdccR ΔdccR::aac(3)-IV; 
Deletion of dccR (Cj1223c) 

CSS-1137 NCTC11168 GentaR Sharma lab 
collection 

ΔphosR ΔphosR::aphA-3;  
Deletion of phosR (Cj0890) 

CSS-2589 NCTC11168 KanR Sharma lab 
collection 

ΔracR ΔracR::aac(3)-IV; 
Deletion of racR (Cj1262) 

CSS-1240 NCTC11168 GentaR Sharma lab 
collection 

ΔcprS ΔcprS::aac(3)-IV; 
Deletion of cprS (Cj1226c) 

CSS-1138 NCTC11168 GentaR Sharma lab 
collection 

ΔCj0883c ΔCj0883c::aphA-3; 
Deletion of Cj0883c 

CSS-2686 NCTC11168 KanR Sharma lab 
collection 

ΔCj1491c ΔCj1491c::aphA-3; 
Deletion of Cj1491c 

CSS-2597 NCTC11168 KanR Sharma lab 
collection 

ΔcbrR ΔcbrR::aac(3)-IV; 
Deletion of cbrR (Cj0643) 

CSS-1135 NCTC11168 GentaR Sharma lab 
collection 

ΔperR ΔperR::aac(3)-IV; 
Deletion of perR (Cj0322) 

CSS-1337 NCTC11168 GentaR Sharma lab 
collection 

ΔnssR ΔnssR::aphA-3;  
Deletion of nssR (Cj0466) 

CSS-2593 NCTC11168 KanR Sharma lab 
collection 

Δfur Δfur::aac(3)-IV; 
Deletion of fur (Cj0400) 

CSS-1336 NCTC11168 GentaR Sharma lab 
collection 

ΔcmeR ΔcmeR::aphA-3;  
Deletion of cmeR (Cj0368) 

CSS-2591 NCTC11168 KanR Sharma lab 
collection 

ΔlysR ΔlysR::aphA-3;  
Deletion of lysR (Cj1000) 

CSS-2595 NCTC11168 KanR Sharma lab 
collection 

ΔspoT ΔspoT::aphA-3;  
Deletion of spoT (Cj1272c) 

CSS-2634 NCTC11168 KanR Sharma lab 
collection 

ΔhspR ΔhspR::aphA-3;  
Deletion of hspR (Cj1230) 

CSS-2632 NCTC11168 KanR Sharma lab 
collection 

ΔhrcA ΔhrcA::aphA-3;  
Deletion of hrcA (Cj0757) 

CSS-2883 NCTC11168 KanR Sharma lab 
collection 
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ΔCj0480c ΔCj0480c::aphA-3;  
Deletion of Cj0480c 

CSS-2680 NCTC11168 KanR Sharma lab 
collection 

ΔCj0440c ΔCj0440c::aphA-3;  
Deletion of Cj0440c 

CSS-2678 NCTC11168 KanR Sharma lab 
collection 

ΔCj1563c ΔCj1563c::aphA-3;  
Deletion of Cj1563c 

CSS-2638 NCTC11168 KanR Sharma lab 
collection 

ΔCj1556 ΔCj1556::aphA-3;  
Deletion of Cj1556 

CSS-2636 NCTC11168 KanR Sharma lab 
collection 

ΔCj0016 ΔCj0016::aphA-3;  
Deletion of Cj0016 

CSS-2630 NCTC11168 KanR Sharma lab 
collection 

ΔCj1042c ΔCj1042c::aphA-3;   
Deletion of Cj1042c 

CSS-2740 NCTC11168 KanR Sharma lab 
collection 

ΔCj1387c ΔCj1387c::aphA-3;   
Deletion of Cj1387c 

CSS-2742 NCTC11168 KanR Sharma lab 
collection 

ΔCj1505c ΔCj1505c::aphA-3;  
Deletion of Cj1505c 

CSS-2744 NCTC11168 KanR Sharma lab 
collection 

ΔCj1533 ΔCj1533::aphA-3;  
Deletion of  Cj1533 

CSS-2746 NCTC11168 KanR Sharma lab 
collection 

ΔCj1546c ΔCj1546c::aphA-3;  
Deletion of Cj1546c 

CSS-2748 NCTC11168 KanR Sharma lab 
collection 

ΔCj1561 ΔCj1561::aphA-3;  
Deletion of Cj1561 

CSS-2750 NCTC11168 KanR Sharma lab 
collection 

ΔCj1507c ΔCj1507c::aphA-3;  
Deletion of Cj1507c 

CSS-2881 NCTC11168 KanR Sharma lab 
collection 

ΔCj0571 ΔCj0571::aphA-3;  
Deletion of Cj0571 

CSS-2682 NCTC11168 KanR Sharma lab 
collection 

ΔCj0878 Cl. 7 ΔCj0878::aphA-3;  
Deletion of Cj0878 

CSS-4217 NCTC11168 KanR this study 

ΔCj0878 Cl. 8 ΔCj0878::aphA-3;  
Deletion of Cj0878 

CSS-4218 NCTC11168 KanR this study 

Cj0878-3xFLAG Cl. 4 Cj0878 3xFLAG tagged at C-terminus CSS- 4410 NCTC11168 KanR this study 
Cj0878-3xFLAG Cl. 8 Cj0878 3xFLAG tagged at C-terminus CSS-4411 NCTC11168 KanR this study 

∆CJnc170 Cj0878-
3xFLAG  Cl. 1 

∆CJnc170::aphA-3 Cj0878::3xFLAG-aac(3)-
IV 
CJnc170 deletion in Cj0878-3xFLAG 
background  

CSS-4412 NCTC11168 KanR GentaR this study 

∆CJnc170 Cj0878-
3xFLAG Cl. 3 

∆CJnc170::aphA-3 Cj0878::3xFLAG-aac(3)-
IV 
CJnc170 deletion in Cj0878-3xFLAG 
background 

CSS-4413 NCTC11168 KanR GentaR this study 

Cj0878-HA Cl. 1 Cj0878 with HA-tag at C-terminus CSS-4270 NCTC11168 GentaR this study 
Cj0878-HA Cl. 3 Cj0878 with HA-tag at C-terminus CSS-4271 NCTC11168 GentaR this study 

C-Cj0878 Cl .2 ΔCj0878::aphA-3 rdxA::cat-Cj0878; 
Complementation of Cj0878 

CSS-4414 NCTC11168 KanR CmR this study 

C-Cj0878 Cl. 7 ΔCj0878::aphA-3 rdxA::cat-Cj0878; 
Complementation of Cj0878 

CSS-4415 NCTC11168 KanR CmR this study 

OE-Cj0878 Cl. 3 rdxA::cat-Cj0878;  
Overexpression of Cj0878 

CSS-4416 NCTC11168 CmR this study 

OE-Cj0878 Cl. 5 rdxA::cat-Cj0878;  
Overexpression of Cj0878 

CSS-4417 NCTC11168 CmR this study 

Cj0878-sfGFP  Cl. 1 Cj0878::sfGFP-cat; 
Cj0878 in-frame fusion to sfGFP 

CSS-4422 NCTC11168 CmR this study 

Cj0878-sfGFP Cl. 7 Cj0878::sfGFP-cat; 
Cj0878 in-frame fusion to  sfGFP 

CSS-4423 NCTC11168 CmR this study 

∆CJnc170 Cl. 4 ∆CJnc170::aphA-3; 
Deletion of CJnc170 

CSS-4424 NCTC11168 KanR this study 

∆CJnc170 Cl. 8 ∆CJnc170::aphA-3; 
Deletion of CJnc170 

CSS-4425 NCTC11168 KanR this study 

OE-CJnc170 Cl. 2 rdxA::aac(3)-IV-CJnc170; Overexpression of 
CJnc170 CSS-4428 NCTC11168 GentaR this study 

OE-CJnc170 Cl. 4 rdxA::aac(3)-IV-CJnc170; Overexpression of 
CJnc170 CSS-4429 NCTC11168 GentaR this study 

∆CJnc170 Cj0878-
sfGFP Cl. 6 

∆CJnc170::aphA-3 Cj0878::sfGFP-cat   
Deletion of CJnc170 in Cj0878-sfGFP 
background 

CSS-4430 NCTC11168 KanR CmR this study 

∆CJnc170 Cj0878-
sfGFP Cl. 7 

∆CJnc170::aphA-3 Cj0878::sfGFP-cat   
Deletion of CJnc170 in Cj0878-sfGFP 
background 

CSS-4431 NCTC11168 KanR CmR this study 

C-CJnc170 Cl. 3 ∆CJnc170::aphA-3 rdxA::aac(3)-IV-CJnc170; 
Complementation of CJnc170 CSS-4432 NCTC11168 KanR GentaR this study 
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C-CJnc170 Cl. 7 ∆CJnc170::aphA-3 rdxA::aac(3)-IV-CJnc170; 
Complementation of CJnc170 CSS-4433 NCTC11168 KanR GentaR this study 

C-CJnc170 Cj0878-
sfGFP Cl. 1 

∆CJnc170::aphA-3 rdxA::aac(3)-IV-CJnc170 
Cj0878-sfGFP-cat;  
Complementation of CJnc170  in Cj0878-
sfGFP background 

CSS-4434 NCTC11168 GentaR CmR 
KanR this study 

C-CJnc170 
Cj0878-sfGFP Cl. 5 

∆CJnc170::aphA-3 rdxA::aac(3)-IV-CJnc170 
Cj0878-sfGFP-cat;  
Complementation of CJnc170  in Cj0878-
sfGFP background 

CSS-4435 NCTC11168 GentaR CmR 
KanR this study 

OE-CJnc170 
Cj0878-sfGFP Cl. 1 

rdxA::aac(3)-IV-CJnc170 Cj0878-sfGFP-cat; 
Overexpression of CJnc170 in Cj0878-sfGFP 
background 

CSS-4436 NCTC11168 GentaR CmR this study 

OE-CJnc170 
Cj0878-sfGFP Cl. 3 

rdxA::aac(3)-IV-CJnc170 Cj0878-sfGFP-cat; 
Overexpression of CJnc170  in Cj0878-sfGFP 
background 

CSS-4437 NCTC11168 GentaR CmR this study 

 

3.1.2 Oligonucleotides 

DNA oligonucleotides used for PCR/cloning and probing of Northern blots are listed in Table 

2. Oligonucleotides were purchased from Sigma. 

Table 2. Oligonucleotide sequences used for PCR/cloning and as Northern blot probes. 
Name Sequence 5' -> 3' Description 
CSO-
0181 TTTTCTTATGAATGTTTTTCGGTTC Northern blot probe CJnc140 

CSO-
0182 ATTTTCATGGGCTTGATTGCA Northern blot probe CJnc170 

CSO-
0185 GGAAATAGCCTAACCCAAACG Northern blot probe CJnc190 

CSO-
0189 AGAGTTTGGAAAATCTCTTTAAGCT Northern blot probe CJnc180 

CSO-
0192 CTACTTTCCCCCTGCCAGTAA Northern blot probe 5S rRNA 

CSO-
0200 TCCTAGTTAGTCACCCGGGTACTTCGTTTAGAAGTATAAGCCTAAAAAG Colony PCR confirmation of DNase digestion  

CSO-
0201 TCGCCTATGGCAGAATTTAT Colony PCR confirmation of DNase digestion  

CSO-
0347 GTTTTTATCGATCTCTAGCTAGCATACTTTACAGTGC Cloning; complementation backbone  rdxA-CAT-

cassette 
CSO-
0349 CTGCAAAAGAAGCATTGACA Colony PCR confirmation of insertion in rdxA locus 

CSO-
0350 GTTTTTCATATGCTCGAATTCAGATCCACGTT Cloning; complementation backbone  rdxA-CAT-

cassette 
CSO-
0537 AGGCAGTTCAAGCCTAAGCC Northern blot probe; CJnc230 

CSO-
0614 GGCACCAATAACTGCCTTAA Cloning; amplification of CAT cassette for GFP fusion 

CSO-
0643 TATTCCCTTATCAATTCAAGTGCATCATGCCG Colony PCR and sequencing (Binds sense in CAT) 

CSO-
0644 ATGCACTTGAATTGATAAGGGAATATAGTATTTTCCGC Colony PCR (Binds antisense in CAT) 

CSO-
0789 CCAGTAGTGCAAATAAATTTAAGGGTA Cloning; Colony PCR, sequencing, and Northern blot 

probe, binds GFP 
CSO-
0833 TCGATTATCTCGTGAATGACCACTGCTGTGAGC Cloning; Colony PCR and sequencing, binds GentaR 

cassette 
CSO-
2276 CTTAATTTAACTTATCCTTTTGAAAC Cloning; amplification of rdxA complementation 

constructs for transformation 
CSO-
2277 CAAGCATTTTATCGGCTAATGG Cloning; amplification of rdxA complementation 

constructs for transformation 
CSO-
2978 TCGTAAAAGACAACTTGAACTTG Cloning; deletion of CJnc170 

CSO-
2981 GTAGGCGCTGCTGTTTTTAC Cloning; deletion of CJnc170 

CSO-
2983 ATTTAATCTTGCGTCCTATGTGT Colony PCR; CJnc170 
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CSO-
3247 GTTTTTCATATGACTTGCCTTAAAAATAGCCCTTA Cloning; complementation insert CJnc170 

CSO-
3248 GTTTTTATCGATCTTGTGTAGGTGTTAGAGGAA Cloning; complementation insert CJnc170 

CSO-
3270 AATATCAAGTGATAAATAAGAATCAAGC Sequencing of inserts in rdxA 

CSO-
3278 GTTTTTGGTACCAGCTTTTGTTCCC Cloning; GFP fusion 

CSO-
3503 CATTGATCCTATCTGCTAAGG Cloning and sequencing; Cj0878  

CSO-
3504 TCCTAGTTAGTCACCCGGGTAGTCTTTTTTTTCTTGAATGCTTAAATTTTT Cloning; deletion of Cj0878 

CSO-
3505 ATTGTTTTAGTACCTGGAGGGAATACAAGATACTTTTACTTTAAGTGTGG Cloning; deletion of Cj0878 

CSO-
3506 TTTATATTCTTTAAGTTTTGCTAATATTTATG Cloning; Cj0878 

CSO-
3507 TAGGCATTCTTTTGCCATTCG Colony PCR, Cj0878 

CSO-
3508 GTTTTTCATATGCTTTATTTAGAAAAAGTCAATAAAACC Cloning; complementation insert Cj0878 

CSO-
3509 GTTTTTATCGATGAATGGCTATGAAAATATACGGG Cloning; complementation insert Cj0878 and colony 

PCR 
CSO-
3512 CAGTGAAAAGTTCTTCTCCTTTGCTAGTGGTATTATTTAGAATAAATGCTTTA Cloning; GFP fusion Cj0878 

CSO-
3513 TTTCAACGTGGATCTGAATTCGAGCGTTTTTCAAAATCTTGGAAGGC Cloning; GFP fusion Cj0878 

CSO-
3524 AATTTTTTTAAGGCAGTTATTGGTGCCCGTTTTTCAAAATCTTGGAAGGC Cloning; GFP fusion Cj0878 

CSO-
3606 CTTCCAAGATTTTGAAAAACGCAG Northern blot probe mRNA Cj0878 

 

3.1.3 Plasmids  

Plasmids constructed in this work are listed in Table 3. 

Table 3. List of all plasmids used in this study. 

Name Description Origin/Marker E. coli TOP10 
strain 

Source/Reference 

pGD25.1 Plasmid for introduction of genes into C. jejuni rdxA locus ColE1/AmpR 
CmR 

CSS-0633 Sharma lab 
collection 

pGD46.1 Plasmid for introduction of genes into C. jejuni rdxA locus ColE1/AmpR 
GmR 

CSS-0858 Sharma lab 
collection 

pSMB1.6 Plasmid for introduction of Cj0878 with native promoter into the rdxA 
locus along with the CmR cassette 

ColE1/AmpR 
CmR 

CSS-4219 This study 

pSMB2.7 Plasmid for introduction of CJnc170 with native promoter into the rdxA 
locus along with the GmR cassette 

ColE1/AmpR 
GmR 

CSS-4427 This study 
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3.2 Methods 

3.2.1 Bacterial growth conditions 

Routine culture of E. coli. E. coli TOP10 strains for cloning purposes were routinely cultured 

on Luria-Bertani (LB) agar plates, with appropriate antibiotic for the used resistance marker, at 

37  ̊C overnight. Liquid cultivation for plasmid purification was performed in 3 ml LB with 

appropriate antibiotics shaking at 200 rpm overnight at 37  ̊C. Where appropriate, the following 

antibiotics were included in the media: chloramphenicol (20 µg/ml), gentamicin (20 µg/ml), 

and ampicillin (100 µg/ml). 

Cultivation of C. jejuni on agar plates. C. jejuni strains (Table 1) were routinely passaged on 

Müller-Hinton (MH) agar (BD) with 10 µg/ml vancomycin at 37 ̊C under microaerobic 

conditions (10% CO2, 5% O2, 85% N2). Where appropriate for resistance marker selection, the 

following antibiotics were included in the media: kanamycin (50 µg/ml), chloramphenicol (20 

µg/ml) and/or gentamicin (20 µg/ml). 

Cultivation of C. jejuni in liquid culture. Liquid cultivation of C. jejuni strains (Table 1) were 

routinely performed in 25 cm2 or 75 cm2 cell culture flasks (Corning) with 10 ml or 50 ml, 

respectively, Brucella broth (BB) containing 10 µg/ml vancomycin. The flasks were incubated 

under microaerobic conditions (10% CO2, 5% O2, 85% N2) shaking at a speed of 140 rpm. 

Additional medium used for liquid cultivation were: Dulbecco's Modified Eagle's medium 

(DMEM, Gibco) supplemented with either 1% BB, 20 uM glutamate, or 20 µM glutamate + 40 

µM FeSO4 (Butcher et al. 2015 and A. Cameron, personal communication). Glutamate was 

used instead of glutamine because NCTC11168 cannot use glutamine (Hofreuter et al. 2008). 

All additional media included 10 µg/ml vancomycin.  

3.2.2 Construction of C. jejuni mutants 

Polymerase-chain-reaction (PCR). To amplify specific DNA sequences for cloning and to 

confirm insertion of the right sequence at correct position in the genome of C. jejuni strains, 

PCR techniques were used. The recipes and cycling conditions can be found in Table 4 & 5, 

respectively. For all cloning steps, high-fidelity Phusion polymerase (Thermo) was used. For 

colony PCR verification of E. coli and C. jejuni clones, Taq polymerase (NEB) was employed. 

Oligonucleotides used to amplify the desired DNA sequence are listed in Table 2 (purchased 

from Sigma).  
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Table 4. PCR recipes used for colony PCR, PCR for cloning, and overlap PCR for cloning.   
Colony PCR (Taq) Amplification PCR (Phusion) Overlap PCR (Phusion) 
5 µl 10x Thermopol buffer (NEB) 10 µl 5x HF buffer (Thermo) 10 µl 5x HF buffer (Thermo) 
1 µl 25mM dNTPs 1 µl 25mM dNTPs 1 µl 25mM dNTPs 
1µl template DNA (30-100 ng/µl) 1- 0.5 µl template DNA (30-100 ng/µl) 20 ng UP fragment 
0.3 µl oligonucleotide 1 (100 µM) 0.3 µl oligonucleotide 1 50 ng cassette/middle fragment 
0.3 µl oligonucleotide 2 0.3 µl oligonucleotide 2 20 ng DN fragment 
0.2 µl Taq DNA polymerase (NEB) 0.3 µl Phusion DNA polymerase (Thermo) 0.3 µl oligonucleotide 1 (10 µM) 
  0.3 µl oligonucleotide 2 (10 µM) 

  0.5 µl Phusion DNA polymerase (Thermo) 
H2O to 50 µl H2O to 50 µl H2O to 50 µl 
   
= 50 µl reaction = 50 µl reaction = 50 µl reaction  
 

 

Table 5. PCR cycling conditions used to program the thermocycler for the different PCR 

methods. 

 Taq PCR   Phusion PCR   Overlap PCR   

Initial denaturation 95 °C 3 min  98 °C 30 sec  98 °C 1 min  
Denaturation 95 °C 30 sec 35x 98 °C 10 sec 35x    
Annealing 57 °C 30 sec  57 °C 30 sec  61 °C 1 min  
Elongation 72 °C 1min/kb  72 °C 30 sec/kb  72 °C 10 min  
Final extension 72 °C 5 min  72 °C 10 min     

          
Initial denaturation       98 °C 1 min  
Denaturation       98°C 20 sec 40x 

Annealing       57°C 30 sec  
Elongation       72°C 2 min  
Final extension       72°C 10min  

 

The amplified products obtained from the PCR reaction were analysed on a 1% agarose/TAE 

(Tris-acetate-EDTA) gel, to control quality and size of the DNA fragments. Five microliters of 

PCR product was mixed with 1 µl 10X DNA-loading buffer was loaded on the gel which 

contained Midori Green (Nippon Genetics) for detection of the separated DNA fragments. The 

1% agarose/TAE gel run at 100-150 V and was visualized under UV light. The amplified PCR 

products was purified using a PCR Clean-up kit (Macherey & Nagel) and concentrations were 

measured with a NanoDrop 1000 (Thermo).  
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Table 6. Overlap PCR cloning strategy for construction of C. jejuni deletion and translational 

fusion strains. 

  ‘UP’ PCR: 
Primers 
Tempate 

‘DN’ PCR: 
Primers 

Template 

Middle PCR: 
Cassette 
Primers 

Template 

Overlap PCR 
Primers 

Mutant validation 
primers 

Single gene deletions      

ΔCj0878  
(KanR) 

CSO-
0394/0615 
CSS-0032 

CSO-0616/0395 
CSS-0032 

aphA-3 
HPK1/HPK2 
CSS-3286 

CSO-0394/0395 CSO-0392 
CSO-0614 

C-terminal translational 
fusion tags 

     

Cj0878-sfGFP 
(CmR) 

CSO-
3503/3512 
CSS-0032  

CSO-3524/3506 
CSS-0032  

sfgfp-cat 
CSO-

3279/0614 
CSS-3357 

CSO-3503/3506  CSO-0789 
CSO-0614  

Cj0878-3xFLAG 
(KanR) 

CSO-
1002/1098 
CSS-0032 

 

CSO-1099/1003 
CSS-0032 

aphA-3 
HPK1/HPK2 
CSS-3286 

CSO-1002/1003 CSO-1005 
HPK2 

Cj0878-HA 
(GentaR) 

CSO-1408/09 
CSS-0032 

CSO-1410/11 
CSS-0032 

aphA-3 
HPK1/HPK2 
CSS-3286 

CSO-1409/1410 CSO-1407 
CSO-0023 

 

Electroporation of C. jejuni. C. jejuni strains were grown overnight on selective MH plates, 

and harvested with a sterile cotton swab. Harvested bacteria were resuspended in 1 ml ice-cold 

Sucrose buffer (272 mM sucrose, 15% glycerol) and centrifuged at 6,600 x g for 5 minutes at 

4 ̊C. The supernatant was discarded and the bacterial pellet was resuspended in 1 ml Sucrose 

buffer and centrifuged for 5 minutes as described before. The washing step was repeated three 

times and after discarding the supernatant the third time the pellet was resuspended in 50-500 

µl Sucrose buffer (depending on the size of the pellet). For each transformation, re-suspended 

bacterial suspension (50 µl) was transferred to a 1.5 ml tube containing purified PCR product 

(250-1000 ng) or water and the mix was then pipetted into an electroporation cuvette. The 

electroporation was performed at 2.5 kV/mm and to make sure that the electroporation 

functioned a time between 4-6 ms was desired, if a shorter time was obtained the pulse was 

performed a second time. Next, 100 µl of BB media was added to the electroporation cuvette 

and mixed with the electroporated bacteria. As much as possible of the mix was added to a MH 

plate containing 10 µg/ml vancomycin and incubated overnight at 37 ̊C under microaerophilic 

conditions. The next day all the regrown bacteria were transferred/re-streaked on selective MH 

plates and incubated 2-4 days (until colonies could be seen).   

Deletion, 3xFLAG, HA, and sfGFP fusion mutant strains constructed by overlap PCR. 

Deletion and sfGFP fusion strains were constructed by introduction of cassettes made by 

overlap PCR. First, the three different fragments (upstream-, middle- and downstream 
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fragment) were amplified using Phusion polymerase (see Table 4 & 5). The upstream and 

downstream fragments had complementary flanks to both a middle fragment and to the wanted 

insertion location in the genome. The middle fragment contained a resistance cassette 

(chloramphenicol (Boneca et al. 2008) or kanamycin (Skouloubris et al. 1998)) and for the 

sfGFP fusion it also encoded the GFP gene. Templates and oligonucleotides used can be found 

in Table 6. The amplified products (upstream-, middle- and downstream fragment) were joined 

with overlap PCR (see PCR recipes and cycle conditions in Table 4 & 5). Purified overlap PCR 

products (200-600 ng) were then transformed into electrocompetent C. jejuni NCTC11168 WT 

cells (see above), and inserted in the genome via double-crossover homologous recombination.  

Heterologous expression of Cj0878 and CJnc170 from the rdxA locus for 

complementation and overexpression. Either Cj0878 or CJnc170 genes were inserted, with 

their native promoter and a resistance cassette (chloramphenicol (Boneca et al. 2008) or 

gentamicin (Bury-Moné et al. 2003), respectively) into the rdxA locus of C. jejuni NCTC11168 

strains. The rdxA locus has been used in previous studies for complementation in 

Campylobacter (Ribardo et al. 2010). For this, the plasmids pGD25.1 (CmR) and pGD46.1 

(GmR) (Table 3, G. Dugar & C. Sharma, unpublished) were used to deliver Cj0878 and 

CJnc170, respectively. First, the insert containing the gene of interest and the plasmid backbone 

were amplified by Phusion PCR (see Table 4 & 5), using the following primers containing 

NdeI (NEB) and ClaI (NEB) restriction sites: (C- and OE-Cj0878 insert: CSO-3508/3509 

backbone: CSO-0350/0347, and C- and OE-CJnc170 insert CSO-3247/3248 backbone: CSO-

0576/0347). The amplified plasmid backbone was digested for 3 h with DpnI (NEB) at 37  ̊C 

to remove template DNA, and after that both amplified insert and plasmid backbone were 

purified with PCR Cleanup kit (Macherey & Nagel). The purified insert and backbone were 

then digested for 3 h at 37 ̊C, following the digestion recipe shown in Table 7, with ClaI and 

NdeI. After 2 h 30 minutes, 2 µl Antarctic phosphatase reaction buffer and 1 µl Antarctic 

phosphatase (NEB) were added to the plasmid backbone digest and it was then incubated for 

an additional 30 minutes. The insert and plasmid backbone digests were purified with the PCR 

Cleanup kit (Macherey & Nagel) and ligated in a 5:1 (insert:plasmid backbone) ratio at 18  ̊C 

overnight (see Table 7 for ligation recipe). Five microliters of this ligation reaction was added 

to 25 µl chemically-competent E. coli TOP10 cells and incubated on ice for 30 minutes. The 

cells were then heat-shocked at 42  ̊C for 90 sec and placed on ice for 5 minutes. Five times the 

volume of LB media was added on top of the cells and they were incubated on a shaker at 37 ̊C 

for 1 h and then 100 µl of culture was spread on LB plates containing appropriate antibiotic to 

select for the plasmid. The plates were then incubated at 37 ̊C overnight. Colonies were picked 

and confirmed as positive both with colony PCR (C- and OE-Cj0878: CSO-0643/3509, and C- 

and OE-CJnc170: CSO-0833/3248) (Table 2) and sequencing (Macrogen, C- and OE-Cj0878: 

CSO-0643, and C- and OE-CJnc170: CSO-0833). One positive clone was picked for each 

construct and the plasmid was purified using a plasmid purification kit (Macherey & Nagel). 

The insertion fragment (Cj0878/CJnc170 and the resistance cassette), flanked with rdxA 

homologous ends, was amplified from the purified plasmid with Phusion polymerase and 

primers CSO-2276/2277 (Table 2). The amplification product was purified and transformed by 
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electroporation, into C. jejuni NCTC11168 wild-type (to construct overexpression strains) or 

ΔCj0878/ΔCJnc170 (to construct complemented strains). CJnc170 complementation and 

overexpression mutants were also constructed with a Cj0878-sfGFP background using the same 

donor DNA. Positive clones were picked and confirmed with colony PCR (CSO-3247/0349 

and CSO-0789/3507) and for further validation of correct sequences send for sequencing (CSO-

0833 and CSO-3270). 

Table 7. Recipes used for digestion and ligation reactions. “X µl” means that the volume was 

calculated depending on the consecration of the digest to get a molar ratio of 1:5 (backbone: 

insert).  

Digestion recipe  Ligation recipe  
16 µl PCR product 1 µl 10X T4 DNA ligase buffer 
2 µl NEB Cutsmart buffer 1 µl T4 DNA ligase 
1 µl NdeI restriction enzyme X µl Digested plasmid backbone 
1 µl ClaI restriction enzyme X µl Digested insert 

  H2O to 10 µl  

 

3.2.3 Phenotypic methods  

Growth curve. Liquid pre-cultures (10 ml cultures) were started from routinely passed strains 

as described p.14. When the cultures reached 0.4-0.5 OD600 they were harvest and 50 ml main 

cultures were inoculated with an OD600 of 0.04/ml. The main cultures were incubated shaking 

(140 rpm) at 37 ̊C under microaerobic conditions (10% CO2, 5% O2, 85% N2), and the OD600 

of each culture was measured, as well as protein samples taken, at various time points during 

the incubation. 

Motility assay. Motility plates (BB containing 10 µg/ml vancomycin and 0.4% (w/v) agar) 

were prepared the day before and inoculated with 0.5 µl of log-phase (0.4-0.5 OD600) BB 

bacterial culture. Plates were incubated right side up at 37  ̊C under microaerophilic conditions 

for 24 h. The motility halo was measured for each strain of a plate to get the swim distance of 

each strain. The ΔfliA mutant was included on every plate to be able to compare the strains to 

a non-motile control.  

High salt/osmotic tolerance. Salt stress was performed both liquid cultures and on plates. In 

liquid cultures 50 mM NaCl was additionally included in the regular BB media and the bacteria 

was grown a described before “Cultivation in liquid” p.14. Salt stress was also performed using 

MH plates containing an increased amount of NaCl. Petri dishes containing 20 ml MH with 10 

µg/ml vancomycin and 0.8% (v/v) NaCl were prepared in one day prior (Cameron et al. 2012). 

C. jejuni liquid cultures were grown to mid-log phase and a serial dilution from 10-1 to 10-6 was 

performed for every strain to be plated. From each dilution 2 µl was spotted on the plate and 

the plate was incubated 37  ̊C under microaerophilic conditions. 
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Deoxycholate (DOC) stress tolerance. The bile salt stress test was performed using MH plates 

containing the bile salt sodium deoxycholate (DOC). Petri dishes containing MH agar with 10 

µg/ml vancomycin and 1% w/v DOC (Raphael et al. 2005) was prepared one day prior. C. 

jejuni liquid cultures were grown to mid-log phase and a serial dilution from 10-1 to 10-6 was 

performed for every strain to be plated. From each dilution 2 µl was spotted on a plate and the 

plate was incubated 37 ̊C under microaerophilic conditions. 

Hydrogen peroxide (H2O2) stress test. Log-phase BB culture of C. jejuni strains was spread 

on plane MH plates containing 10 µg/ml vancomycin with a sterile swab. A Whatman disc 

containing 30% H2O2 was placed in the middle of each plate. Plates were incubated at 37 ̊C 

under microaerophilic conditions for 24 h. The diameter of the zone of inhibition was measured 

for each triplicate in centimeters and to compare tolerance for each standard deviation were 

calculated.  

3.2.4 RNA techniques  

Total RNA isolation from C. jejuni. C. jejuni strains were grown in liquid BB culture to mid-

log phase (0.4-0.5 OD600). Eight millilitres of culture was harvested and mixed with 0.2 volumes 

of Stop-Mix [95% (v/v) ethanol, 5% (v/v) phenol, saturated with 0.1 M citrate buffer, pH 4.3] 

and snap-frozen in liquid nitrogen. The samples were thawed on ice and centrifuged 20 minutes 

at 4,500 x g at 4 ̊C. The supernatant was removed and pellet resuspended with 600 µl 0.5 mg/ml 

lysozyme (in TE, pH 8.0) and transferred to a 2 ml Eppendorf tube. After the transfer, 60 µl 

10% (w/v) SDS was added to the lysate suspension and mixed by inversion. The tube was 

incubated at 64  ̊C in a water bath for 1-2 minutes, after that 66 µl 1M sodium acetate (pH 5.2) 

and was mixed by inversion. After the mixing 750 µl phenol (Roti-Aqua phenol, #A980.3) was 

added and the tube was incubated for 6 min at 64 ̊C, during the incubation the sample was mixed 

by inversion every 30 seconds. The sample was placed on ice to cool down and then centrifuged 

for 15 minutes at 13,000 rpm, 4  ̊C.  The aqueous layer from the centrifugation was transferred 

to a 2 ml tube containing 750 µl chloroform (Roth, #Y015.2), vigorously mixed by inversion 

and centrifuged for 12 minutes at 13,000 rpm, 4 C̊. After the centrifugation the aqueous layer 

was transferred to a 2 ml tube containing 1.4 ml 30:1 mix (ethanol:3M sodium acetate, pH 6.5), 

mixed by inversion and incubated overnight at -20  ̊C. The next day the sample was centrifuged 

for 30 minutes at 13,000 rpm and 4 ̊C and the supernatant was removed. The pellet was then 

washed with 500 µl ice cold 75% (v/v) ethanol and centrifuged for 10 minutes at 13,000 rpm 

and 4  ̊C. After the centrifugation step the ethanol was carefully removed by pipetting and the 

pellet was left to air dry. When all ethanol had evaporated 40 µl water was added and the 

samples were resuspended by shaking (800-1000 rpm) for 5 minutes at 65 ̊C. The resuspended 

sample was quantified with NanoDrop spectrophotometer. To detect possible RNA degradation 

the sample ran on a 1% (w/v) agarose/TBE (Tris-borate-EDTA) gel containing Midori Green 

(Nippon Genetics). One microgram of RNA was mixed with 10 µl RNA loading buffer 

(Ambion) and 5 µl of the mix was loaded on the gel that ran at 100-150 V.  

Northern blot analysis. Samples containing 10 µg total RNA mixed with 10 µl RNA loading 

buffer and water to a total volume of 20 µl was used for northern blot analysis. The samples 
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were separated on a 6% (v/v) polyacrylamide (PAA)/ 7 M urea gel. Before loading the samples 

on the gel, they were denatured for 2 minutes at 95 ̊C and then quickly cooled down on ice. As 

a size reference, 5 µl radiolabeled pUC8 Mix marker (Fermentas) was also included on the gel. 

The separated RNA was transferred to a Hybond-XL membrane (GE-Healthcare) by wet 

electroblotting using 1x TBE buffer, and then by exposure of ultraviolet light was cross-linked 

to the membrane. The cross-linked membrane was then prehybridized for 1 h with 15 ml Rapid 

Hybridization Buffer (Roth) at 42 ̊C. After 1 h, 5 µl 5’-P32-labeled oligonucleotide (γP32-ATP) 

was added and the membrane was hybridized overnight, see Table 2 for oligonucleotides used 

as probes.  

Radioactive-labelling of oligonucleotide probes. The oligonucleotides used for Northern 

blotting (Table 2), were radioactively-labelled with 32P at the 5’-end using polynucleotide 

kinase (PNK, Thermo). A standard reaction mixture (20 µl) was used: 1 µl oligonucleotide (10 

pmol/µl) + 2 µl PNK buffer + 3 µl γ32P-ATP (10 µCi/µl) + 1 µl PNK enzyme + 13 µl dH2O. 

The mixture was incubated at 37 ̊C for 1 h and then purified using a Sephadex G-25 column 

(GE healthcare). The column with the reaction mixture centrifuged for 1 minute at 750 x g and 

the liquid collected in a 1.5 ml Eppendorf tube.   

DNase I digestion of RNA. To remove residual DNA from RNA samples, the total RNA (40 

μg) and water, added to reach a final volume of 40.5 μl, was first denatured at 65 ̊C  for 5 

minutes and then cooled down on ice for 5 more minutes. During the RNA incubation time, a 

pre-mix was made: 5 μl DNase I buffer incl. MgCl2 (Thermo), 0.5 μl Superase-In RNase 

Inhibitor (Ambion, 20 U/μl) and 4 μl DNase I (1 U/μl) was mixed together and added to the 

cooled RNA samples. The mix was vortexed and spun down and the mixture was transferred 

to a fresh tube to make sure that all DNA was digested. The samples were then incubated at 

37 ̊C for 45 minutes. After incubation, the RNA mix was transferred to a Phase-Lock Gel (PLG) 

tube (5PRIME) and 50 μl H2O and 100 μl P:C:I (phenol:chloroform:isoamyl alcohol, 25:24:1, 

Roth) was added to the samples and the tubes were mixed by inverting vigorously. The samples 

were centrifuged for 12 minutes at 13,000 rpm and the aqueous layer was transferred to a tube 

containing 2.5 vol 30:1 mix (see above) and incubated at -20 ̊C overnight to precipitate the 

RNA. The next day, the samples where centrifuged for 30 minutes at 4 ̊C 13,000 rpm and the 

supernatant was removed. The pellet was then washed with 200 µl ice cold 75% (v/v) ethanol 

and centrifuged for 10 minutes at 13,000 rpm 4 ̊C. After the centrifugation step the ethanol was 

carefully removed by pipetting and the pellet was left to air dry. When completely dry, 40 μl 

H2O was added to the pellet and the samples were incubated for 5 minutes at 65 ̊C to dissolve 

the RNA, which was then quantified with a NanoDrop spectrophotometer. A control PCR was 

performed to make sure all DNA had been digested with the PCR recipe and program for colony 

PCR (Table 4 & 5), using the oligonucleotides CSO-0200 and CSO-0201. Finally, to detect 

possible RNA degradation, the samples were analyzed on a 1% (w/v) agarose/TBE gel 

containing Midori Green (Nippon Genetics). One microgram of RNA was mixed with 10 µl 

RNA loading buffer (Ambion) and 5 µl of the mix was loaded on the gel and ran at 100-150 V. 
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RNA-sequencing. Libraries were prepared by the Core Unit Systems Medicine at the 

University of Würzburg using fragmentation and the NEB Small RNA Library Prep Kit for 

Illumina, according to standard protocols. For this, DNase I-digested total RNA prepared from 

C. jejuni WT and ΔCj0878 strains grown to log-phase in Brucella broth was used. Prepared 

libraries were sequenced on an Illumina NextSeq 500 with 75 cycles. Following sequencing, 

Illumina reads were adapter- and quality-trimmed with a cutoff phred score of 20 using cutadapt 

(Martin 2011) and further processed with the RNA-seq analysis pipeline READemption 

(Förstner et al. 2014). In brief, reads with a minimum length of 12 nt were mapped to the C. 

jejuni NCTC11168 (NC_002163.1) genome using (Hoffman et al. 2009) with an accuracy 

cutoff of 95%. Annotations consist of strain-specific NCBI gene annotations (NC_002163.gff) 

complemented with annotations of 5’UTRs and small RNAs (Dugar et al. 2013). Sequenced 

cDNA/annotation overlap was assessed for each library by counting all reads overlapping 

selected annotations on the sense strand. Each read with a minimum overlap of 10 nt was 

counted with a value based on the number of locations where the read was mapped. If the read 

overlapped more than one annotation, the value was divided by the number of regions and 

counted separately for each region (for example, one-third for a read mapped to three locations). 

Differential expression of transcripts in ΔCj0878 compared to WT was determined for 

NCTC11168 based on these counts using GFOLD version 1.1.4 (Feng et al. 2012) but with 

manually defined normalization constants based on the number of reads that could be mapped 

to the respective libraries. To check for overrepresentation of functional classes in the list of 

genes significantly downregulated in ΔCj0878 (GFOLD(0.01) > 0), a one-sided Fisher’s exact 

test followed by multiple-testing correction using the Benjamini-Hochberg method was used 

along with an existing functional classification of genes from strain NCTC11168 (Gundogdu 

et al. 2007). An adjusted P-value of 0.05 was selected as significance threshold for functional 

overrepresentation (T. Bischler). 

3.2.5 Protein techniques 

SDS-PAGE and Western blot analysis. Protein samples were harvested from C. jejuni strains 

grown in liquid culture in BB at the indicated growth phases. The collected cultures were 

centrifuged at 13,000 rpm, 4  ̊C, for 3 minutes and the supernatant from each sample was 

removed. Pellets were resuspended with 1x protein loading buffer [62.5 mM Tris-HCl, pH 6.8, 

100 mM dithiothreitol, 10% (v/v) glycerol, 2% (w/v) SDS, 0.01% (w/v) bromophenol blue], to 

give a final concentration of 0.01 OD/ul. Samples were then heated at 95 ̊C for 5 minutes with 

shaking at a speed of 1,200 rpm and then cooled down on ice for 5 minutes. Protein samples 

(0.05-0.1 OD600 per lane, as indicated) were separated on a 12% one-dimensional SDS-

polyacrylamide (PAA) gel. The gel was then stained with PageBlue (Thermo). For Western 

blot analysis protein samples with an OD600 of 0.05-0.1 were separated on 12% (v/v) one-

dimensional SDS-PAA gels and blotted onto nitrocellulose membrane (GE healthcare) by 

semidry blotting. Membranes were then blocked with 10% w/v milk powder/TBS-T (Tris-

buffered saline-Tween-20) for 1 h and incubated with primary antibody (monoclonal anti-GFP 

1:1,000 in 3% BSA/TBS-T; Roche, #11814460001 or monoclonal anti-FLAG 1:1000 in 3% 

BSA/TBS-T) overnight at 4  ̊C. The membranes were then washed 3-4 times with 50 µl TBS-
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T and incubated for 1-2 hours with secondary antibody (anti-mouse horseradish peroxidase-

conjugated 1:10,000 in 3% BSA/TBS-T; GE-Healthcare, #RPN4201). Blots were then washed 

with TBS-T and developed using enhanced chemiluminescence-reagent (ECL-reagent). After 

development the blots were additionally incubated with a primary antibody specific for GroEL 

(1:10,000 in 3% BSA/TBS-T; Sigma-Aldrich, #G6532-5ML) and a secondary antibody (anti-

rabbit IgG 1:10,000 in 3% BSA/TBS-T; GE-Healthcare, #RPN4301) following the same steps 

described before.  

4 Results 

4.1 Expression and conservation analysis of the selected candidate µ-

protein Cj0878  
In the dRNA-seq and ribosome profiling data of C. jejuni strain NCTC11168 grown to log 

phase, the expression of Cj0878 were examined more closely (Fig. 1A). The gene encoding 

Cj0878 is located in the opposite direction between Cj0877c (a hypothetical protein, 30 amino 

acids) and slightly overlapping with Cj0879c (a putative periplasmic protein). From the dRNA-

seq, it is possible to see that the Cj0878 µ-protein ORF is expressed from its own primary TSS 

as a stand-alone gene. The Ribo-seq data shows enrichment of ribosome footprints, compared 

to total transcripts, over the predicted 5’UTR, over an RBS. All these findings support that the 

Cj0878 ORF is transcribed and translated. Moreover, homologues of the Cj0878 µ-protein in 

other Campylobacter species were compared (Fig. 1B). Homologues could be found in other 

Campylobacter species, including C. coli and C. upsaliensis, with an amino acid sequence 

identity higher than 50%. For example, the homologue found in ccc (C. coli CVM N29710) had 

a similarity of 59.5% to the C. jejuni NCTC11168 homologue, and in C. upsaliensis JV21 (cup), 

56%. It can also be confirmed that the µ-protein is conserved in other C. jejuni strains (Fig. 

1B), such as C. jejuni 81-176 (cjj) another commonly used lab strain, which shows a sequence 

identity of 93%. Homologues were not found in species such as C. fetus, C. curvus, and C. 

concisus, or in more distantly-related bacteria such as H. pylori. 

The comparison of the amino acid sequence of Campylobacter Cj0878 homologues shows 

conserved properties of Cj0878. Notably, several conserved lysine residues could be seen 

among the protein homologues. It can also be observed that the amino acids located at the N-

terminus are more conserved than the amino acids at the C-terminus of the protein. In addition, 

the C-terminus, even though amino acids changed between the proteins, the replacing amino 

acids were still hydrophobic. When examining the Cj0878 amino acid composition, the 

majority of hydrophobic residues could be found at the C-terminus of the protein. This indicates 

the possibility that Cj0878, as seen for other µ-proteins, has an amphipathic nature and could 

be membrane-associated. Moreover, the predicted pI (isoelectric point) of Cj0878 is 9.4 

(ExPASy compute pI/Mw tool: http://web.expasy.org/compute_pi/), suggesting the µ-protein 

is basic. 
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To gain more insight in the properties and potential function of the µ-protein Cj0878, additional 

in silico analysis were performed. Structural prediction of the µ-protein was performed with 

Phyre2, a tool that predicts protein structure and function from its amino acid sequence (Kelley 

et al. 2015). Unfortunately, no matching structure or domains could be retrieved from the 

prediction (data not shown). We were also not able to predict a secretion signal for the µ-protein 

with PSORTb (Yu et al. 2010). Finally, although Cj0878 has a more hydrophobic C-terminus, 

it does not have a predicted transmembrane domain (http://www.cbs.dtu.dk/services/TMHMM-

2.0/). Together, expression, conservation, and in silico biochemical analyses suggest the 

putative µ-ORF Cj0878 is expressed, conserved in some Campylobacter species, highly basic, 

and amphipathic in nature with a hydrophobic C-terminus. 

 

Figure 1. Analysis of Cj0878 ribosome profiling, dRNA-seq data, and homologusly primary sequence 

conservation between Campylobacter species. (A) Ribosome footprinting pattern over the Cj0878 ORF is shown 

in green colour, blue reads indicate the corresponding RNA-seq data (total RNA). dRNA-seq data (Dugar et al. 

2013) is shown in red (+TEX) and black (-TEX). The genes located near Cj0878 are indicated as arrows showing 

the direction of their ORFs. (B) Alignment of the examined homologs of Cj0878 in different Campylobacter 

species, with lysine residues highlighted in yellow. Species/strains are as follows: cje: C. jejuni strain NCTC11168, 

cjs: C. jejuni strain S3, cjj: C. jejuni strain 81-176, cji: C. jejuni strain IA3902, cjr: C. jejuni strain RM1221, cjl: 

C. jejuni strain 00-1597, cjp: C. jejuni strain PT14, ccol/ccc: C. coli and cup: C. upsaliensis JV2. All sequences 

were obtained from KEGG (http://www.genome.jp/kegg/). Alignments were performed with Clustal Omega 

(http://www.ebi.ac.uk/Tools/msa/clustalo/). 

4.2 Cj0878 is translated and most abundant in log phase  

In order to show that the µ-protein Cj0878 is translated in vivo, constructs with an epitope tag 

fused in-frame to the C-terminus of Cj0878 were made. These constructs were inserted into the 

genome of C. jejuni NCTC11168 by homologous recombination at the native locus of Cj0878, 

along with a resistance cassette. Since Cj0879c, which is encoded antisense to Cj0878, overlaps 

with the C-terminus of Cj0878, a part including the stop codon of Cj0879c was duplicated 

downstream of the stop codon and resistance cassette of the fusion, to keep Cj0879c intact after 

the insertion (Fig. 2A).  
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Because of the small size of Cj0878, only 48 amino acids and 5.6 kDa, a tag with a small size 

was desired to ensure minimal impact on the physical properties and biological activity of the 

µ-protein in the cell. Two different small tags were tested: a 3xFLAG tag (24 amino acids and ̴ 

3 kDa) and an HA tag (9 amino acids and 1.1 kDa). However, these approaches were not 

successful: in other words, the fusion proteins were not detectable on Western blots (data not 

shown). We next took a different approach: a sfGFP tag (superfolder GFP, 238 amino acids and 

27 kDa) that has a bigger size than the two smaller tags, but is known to be quite stable. The 

second codon of sfGFP was fused to the second-to-last codon of Cj0878. In this case, the fusion 

protein was detectable using Western blotting with an anti-GFP antibody, whereas a band was 

not seen in the untagged WT strain (Fig. 2B). A protein size of approximately 32.6 kDa 

(estimated by adding the size of Cj0878 to the size of GFP) was expected for the Cj0878-sfGFP 

fusion, and bands of approximately this size can specifically be seen in the GFP-tagged Cj0878 

strains. This suggests, consistent with ribosome profiling data (Fig. 1A), that the Cj0878 ORF 

is translated.  

The GFP-tag has a size that is approximately five times bigger than the µ-protein Cj0878 itself, 

and could therefore markedly affect the function of the small protein. To make sure that the size 

difference did not affect the growth of the mutant strain, a growth curve experiment was 

performed (Fig. 2C). Moreover, by understanding when the protein is expressed, it might be 

possible to get an indication of potential function of Cj0878. No major growth defect was 

observed from the strain with Cj0878 fused to sfGFP during routine growth in rich media (BB 

microaerobic conditions), although the strain reached a slightly lower final OD600 compared to 

the wild-type strain (Fig. 2C). Since the deletion of Cj0878 (§ 4.3) did not show a similar 

growth difference from WT, this mild effect could be due to polar effects on neighboring genes 

or effects of GFP and/or the Cj0878-GFP fusion protein on C. jejuni fitness.  

To determine when the Cj0878 protein is most highly expressed protein samples were taken at 

3 time points [6 h (mid-log), 12 h (late-log/early stationary) and 24 h (stationary)] during the 

growth curve experiment for the Cj0878-sfGFP strain. Western blotting showed that a 

difference in the fusion protein levels could be seen during the different time points (Fig. 2D). 

The µ-protein seems to be more highly expressed during log phase (6 h) than what can be 

observed from the expression during stationary phase. More than a 2-fold higher expression of 

the μ-protein can be seen at mid-log phase compared to late-log/early stationary and stationary 

phase. The protein levels do not vary much between late-log/early stationary and stationary 

phase. Together, these results indicate that the Cj0878 ORF is in fact translated in C. jejuni, and 

its function might be most important during log phase growth compared to other growth phases.  
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Figure 2. Detection of translation the μ-protein Cj0878 fused to superfolder GFP. (A) Construction of Cj0878-

sfGFP fusion (top) including an illustration of the gene position at the native locus (bottom), which shows the 

overlap between Cj0879c and Cj0878. Protein samples were harvested from C. jejuni Cj0878-sfGFP clones grown 

in liquid BB culture. (B) Untagged WT (negative control), hupB-GFP (positive control) and three different clones 

were grown to mid-log growth phase (0.4-0.5 OD600). (C) WT and Cj0878-sfGFP strains were grown in BB at 

37  ̊C under microaerophilic conditions with shaking and bacterial growth was observed by measuring OD600 at 

several time points over 24 h. Duplication of the growth curve experiment was performed and  the standard 

deviation is represented by error bars in the graph. (D) Cj0878-sfGFP strain was grown in BB and protein samples 

were harvested at three time points (6 h, 12 h, and 24 h), circled in C. Samples (0.1 ODs per lane) were separated 

on a 12% PAA SDS-PAGE gel, which was blotted onto nitrocellulose membrane. The Cj0878-sfGFP fusion 

protein was detected using an anti-GFP primary antibody, followed by an anti-mouse horseradish peroxidase-

conjugated secondary antibody. 

 

4.3 Construction and validation of Cj0878 deletion, complementation, 

and overexpression mutants 

Next, in order to gain more insight into the potential function of the protein encoded by Cj0878, 

we created deletion, complementation, and overexpression strains in a WT (i.e. no sfGFP 

fusion) background and tested them for phenotypic differences from the parental strain. A non-

polar Cj0878 deletion mutant was constructed by recombination with an overlap PCR product 

that replaced approximately 10 codons of the ORF with a promoter- and terminator-less 

kanamycin resistance cassette (Fig. 3A). Overexpression of the Cj0878 gene was performed by 

introduction of a second copy of the gene at the unrelated rdxA locus of WT under control of 

its predicted native promoter (Dugar et al. 2013). The complementation strain was constructed 

by introducing the Cj0878 ORF into the rdxA locus of the ΔCj0878 deletion mutant.  
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To validate that the constructed Cj0878 deletion, complementation, and overexpression strains 

in fact showed the expected expression changes in the small ORF, total RNA was extracted 

from the mutant strains and analysed on a Northern blot for Cj0878 mRNA expression. Wild-

type, two clones of the deletion strain, two clones of the complementation strain, and two clones 

of the overexpression strain were grown in BB to mid-log phase. Total RNA was extracted, 

separated on a 6% PAA/7 M urea gel, and blotted onto nitrocellulose membrane. Cj0878 mRNA 

was detected with a radioactively-labelled oligonucleotide, which is complementary to the 

Cj0878 ORF. The oligonucleotide binds approximately 40 nt downstream of the predicted AUG 

of Cj0878 (Fig. 3B). In the WT strain, a band migrating with the expected length of 

approximately 275 nt, based on dRNA-seq reads (Dugar et al. 2013), was seen. A few additional 

larger bands were detected, but these were minor. In contrast, the Cj0878 deletion mutant 

showed no detectable band when probing for Cj0878 mRNA, which indicates that the deletion 

of Cj0878 in the two clones was successful.  

Both the complementation and overexpression (second copy) strains were also analysed for 

Cj0878 mRNA expression. As expected, in the complemented strain we detected the same 275 

nt band, even though the band did not reach the WT levels, that was present in the WT strain. 

This confirms that the 150 bp upstream of the annotated TSS includes an active promoter. It 

possible to see 1.5-fold higher expression of the 275 nt band in the overexpression strains 

compared to WT, and if compared to the complementation an even higher change can be seen. 

However, it is worth noting that multiple larger sized bands are present in the complemented 

and overexpression strains that are not seen in the WT. We did not confirm that the 5’-end of 

Cj0878 is the same when expressed from the native locus or from rdxA, but this suggests that 

incomplete transcription termination may occur for the complementation construct. The RNA-

sequencing data show a rather clear indication of Cj0878 termination (Fig. 3C). From this data, 

it is still possible that the termination of some transcripts occurs further downstream of Cj0878 

since there are visible reads further downstream of the area with high read coverage 

corresponding to a 275 nt transcript. Predictions of possible Rho-independent terminator loops 

were performed with the mfold webserver, and a distinct loop was found 40 nt downstream of 

Cj0878 stop codon (Fig. 3D). No additional terminator loop could be predicted downstream of 

the gene. The proposed loop looks convincing, since it contains several GC base-pairs and is 

immediately followed by a poly-uracil sequence, which is a typical indication of Rho-

independent transcriptional termination (Santangelo & Artsimovitch 2011). Levels of the 275 

nt band were lower in the complemented strain, this may be due to incomplete termination. The 

longer transcript may still support translation of Cj0878. Higher expression of the 275 nt species 

of Cj0878 mRNA compared to WT can be seen for the overexpression clones, but this did not 

reach 2-fold (as expected for only two copies of the gene) (Fig. 3B).   
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The above results show that Cj0878 has successfully been deleted in C. jejuni NCTC11168, 

indicating that the μ-protein is not essential for viability of the bacteria in standard laboratory 

growth conditions. In addition, analysis of Cj0878 mRNA levels in the different strains suggests 

that complementation and overexpression strains have also been constructed for phenotypic 

analysis. Finally, a major Cj0878 mRNA species of the expected size, based on RNA-seq data, 

is detectable, although incomplete termination might occur, especially during heterologous 

expression.  

 
Figure 3. Construction and validation of Cj0878 deletion, complementation, and overexpression mutants. 

(A) Illustration of the constructed Cj0878 deletion, complementation and overexpression mutants, including an 

illustration of the gene position in the native locus showing the overlap between Cj0879c and Cj0878. An 

illustration of the complementation at the rdxA locus is also included. (B) Validation of the mutant strains by 

looking at expression of Cj0878 mRNA using northern blotting. RNA samples were extracted from C. jejuni WT 

and the indicated mutant strains grown in liquid BB cultures to mid-log phase. Total RNA (10 μg) was separated 

on 6% PAA/7 M urea gels, followed by transfer to nitrocellulose membranes. CSO-3606 radioactively-labeled 

oligonucleotide was used to probe for the Cj0878 mRNA and the 5S rRNA was probed (CSO-0192) as a loading 

control. Quantifications are shown below for the ~275 nt band. Wild-type [WT], deletion of Cj0878 [ΔCj0878], 

complementation of Cj0878 [C-Cj0878] and overexpression of Cj0878 [OE-Cj0878]. (C) Differential RNA-

sequencing data (Dugar et al. 2013) showing the predicted termination region of Cj0878. The line indicates the 

parts included in the complementation construct and also present in the overexpression mutant. (D) Predicted 

secondary structure of Cj0878 terminator loop that is included in the complementation construct. Structure 

prediction was performed using the mfold webserver. 
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4.4 Deletion or overexpression of Cj0878 does not affect growth or 

motility of C. jejuni 

To determine whether Cj0878 affects C. jejuni fitness or virulence-associated phenotypes such 

as motility, the strains constructed above (§ 4.3) were next compared to WT. Growth of the 

different mutant strains was monitored by measuring OD600 over a time span of 24 h, both in 

regular conditions (BB/rich medium) and in minimal medium (DMEM) containing 1% BB. The 

OD600 of each culture was measured at the following time points: 0 h, 2 h, 4 h, 6 h, 8 h, 12 h, 

and 24 h (see Fig. 4A & 4B). No significant difference between the mutant strains and WT 

behaviour was observed, neither under regular conditions nor in the minimal medium (DMEM 

+ 1% BB) (Fig. 4A & 4B). This suggests that the μ-protein encoded by Cj0878 does not strongly 

affect C. jejuni fitness in routine conditions or under mild nutrient restriction. 

Most of the virulence factors of other gastrointestinal pathogens are missing in C. jejuni, but it 

has been proposed that inter alia motility plays an important role in the virulence of this 

pathogen (Young et al. 2007). Motility is, for example, central for C. jejuni’s ability to get 

through the mucus layer and reach the epithelial cells (Young et al. 2007). Because Cj0878 was 

previously predicted to be the target of regulation by the flagellar-associated sRNA CJnc170 

(Le et al. 2015), which might suggest a role for the μ-protein in motility, we next determined if 

deletion or overexpression of Cj0878 affected C. jejuni swimming in semi-solid media. Strains 

were grown to log phase in rich medium, and then inoculated into swim-agar (BB + 0.4% agar). 

Following incubation overnight, the size of the bacterial halos surrounding the point of 

inoculation, which shows swimming, was measured (Fig. 4C). When the swimming distance 

of multiple replicate plates was compared for each strain, it was found that there was no 

significant difference to the WT strain (Fig. 4D). This analysis showed that there was no 

difference between any of the Cj0878 mutant strains and WT for motility. 

It was not possible to detect a growth or motility defect for either deletion or overexpression of 

the μ-protein. In addition, the mutant strains were exposed to salt and bile acid deoxycholate 

(DOC) stress, two components that are important for C. jejuni to tolerate for survival in the host 

or on food (Cameron et al. 2012, Lin et al. 2003). No difference between any of the Cj0878 

mutant strains and WT could be observed for either of the two stress conditions (data not 

shown).  
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Figure 4. Growth and motility experiments to show no deviation for deletion and overexpression mutant 

strains. (A) Growth curve of wild-type C. jejuni NCTC11168 and two clones of each mutation strains of the µ-

protein Cj0878. The strains were grown in BB at 37 ̊C under microaerophilic conditions with shaking (140 rpm) 

and bacterial growth was observed by measuring OD600 at several time points over 24 h. All clones were grown in 

duplicate and error bars show standard deviation of the duplicates. (B) Growth curve in minimal medium 

supplemented with 1% BB of wild-type C. jejuni NCTC11168 and two clones of each mutation strains of the μ-

protein Cj0878. The strains were grown at the same condition as mentioned above and bacterial growth was 

followed by measuring OD600 at several time points over 24 h. All clones were grown in duplicate, error bars show 

standard deviation of the duplicates. WT: wild-type, Δ878: deletion of Cj0878, C-878: complementation of 

Cj0878, OE-878: overexpression of Cj0878. (C) Motility plates (BB containing 0.4% (w/v) agar) were inoculated 

with 0.5 μl of log-phase BB culture of the indicated strain. Plates were incubated at 37  ̊C under microaerophilic 

conditions for 24 h. Inoculated strains are WT: wild type C. jejuni NCTC11168, C: complementation of Cj0878, 

Δ: deletion of Cj0878, and OE: overexpression of Cj0878. (D) Diameter measurements of the swimming halo of 

the motility assay plates. Errors bars represent standard deviation.  
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4.5 The CJnc170 sRNA affects expression of Cj0878-sfGFP  

Post-transcriptional regulation is a way for bacteria to regulate levels of mRNA and protein 

expression, and it enables the bacteria to quickly adapt to different stress conditions and tune 

their expression to minimize unnecessary energy usage (Waters & Storz 2011). Small RNAs 

play an important role in this kind of gene regulation. They can be either cis- or trans-encoded 

relative to the target mRNA, and work by base-pairing antisense to their mRNA target leading 

to either its activation or repression (Waters & Storz 2009). Cis-encoded sRNAs have high 

sequence complementary to their target mRNA (because they are encoded antisense to their 

target in the genome) and often act on a single specific target, while trans-encoding sRNAs, 

transcribed from different locus than the target gene, have a more imperfect base-pairing hence 

can act on multiple targets (Waters & Storz 2009). Previous studies have shown that the trans-

encoded sRNA CJnc170 is transcribed by RNA polymerase containing σ28 (Dugar et al. 2013, 

Le et al. 2015), a sigma factor that is activated during later stage of flagella assembly in C. 

jejuni, and that the sRNA might interact with Cj0878 mRNA (Le et al. 2015). The structure of 

CJnc170 was predicted by the mfold webserver (Fig. 5A). The sRNA is predicted to fold into 

two stem-loops, with a ~20 nt single-stranded region that could be used to base-pair with targets 

(see highlighted sequence in Fig. 5A). 

To confirm that the previously-suggested interaction (Le et al. 2015) was possible, the program 

IntaRNA (Busch et al. 2008) was used to perform an interaction prediction between the sRNA 

CJnc170 and Cj0878 mRNA (Fig. 5A). The predicted interaction between CJnc170 and Cj0878 

mRNA involves 19 (+ 2 nt bulged loop) nucleotides at the 5’ end of CJnc170 and is predicted 

to cover the RBS of Cj0878 mRNA completely. The interacting region of the sRNA includes 

the single-stranded region, which is likely to be available for base-pairing. This prediction 

indicates that the sRNA binds directly over the RBS and could repress expression/translation 

of Cj0878 mRNA.  

In order to study the regulatory relationship between CJnc170 and the µ-protein Cj0878 mRNA 

in vivo, mutant strains with deletion, overexpression, and complementation of CJnc170 were 

constructed in the Cj0878-sfGFP background to allow monitoring of protein levels (Table 6). 

To measure the protein expression of Cj0878, immunoblotting against sfGFP was used. The 

mutant strains were grown in liquid media under normal conditions and sampled at different 

growth stages (mid-log, late-log/early-stationary and stationary phase). Regulation of Cj0878-

sfGFP protein levels were observed at all growth phases (data not shown), but the strongest 

regulation could be seen at mid-log phase (6 h, Fig. 5B). We also observed that Cj0878 protein 

is expressed to a higher level under mid-log phase (§ 4.2). A 1.2-fold increase in protein levels 

can be seen in ΔCJnc170 mutant, and when CJnc170 is overexpressed, a 0.3-fold decrease in 

protein levels is detectable (Fig. 5B). As mentioned, a small difference in expression of the μ-

protein between WT and the strains lacking or overexpressing Cj0878 could consistently be 

detected during different growth phases, although the level of regulation (i.e. the fold-change 

compared to WT) was not very strong. The increased expression when CJnc170 was deleted 

was most often the strongest. On the other hand, decreased expression of the protein when 
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CJnc170 was overexpressed was harder to detect. As seen in Fig. 5B, a variation between the 

different clones could be observed. An average of the expression changes are visualised in a 

bar graph, constructed based on two biological replicates (Fig. 5C). One clone of the CJnc170 

deletion showed significant values of increased protein expression, the other clone did not show 

significant value. The same can be seen for the overexpression of CJnc170, one clone show 

significant down regulation of Cj0878 protein levels and the other clone did not show a 

significant regulation. If looking at the Western blot in Fig. 5D, protein samples harvest at log 

phase (0.4-0.5 ODs), the upregulation of protein expression appear slightly stronger (∼1.4 fold) 

than in Fig. 5B. The down regulation when CJnc170 is overexpressed is less clear though.  

Validation of the constructed mutant strains was performed both by sequencing and Northern 

blot analysis. As seen in Fig. 5D, Northern blot analysis of CJnc170 mutants with Cj0878 fused 

to sfGFP confirmed that CJnc170 is absent in the deletion mutants, increased approximately 2-

fold  in the overexpression mutants, as well as restored to WT levels for the complementation. 

Northern blot analysis of CJnc170 mutants in a WT C. jejuni NCTC11168 background 

(untagged Cj0878) confirms as well that the construct works (Appendix A). 

Because ribosomes protect translating mRNAs from degradation by RNases, sRNA modulation 

of translation can sometimes also be seen on the mRNA level. However, changes in Cj0878 

mRNA level upon CJnc170 deletion were not strong (Appendix A, Fig. 5D). The mRNAs 

appears to be processed to products with different length. When quantifying all the bands 

together it is possible to detect a small difference that point toward increased mRNA levels 

when CJnc170 is deleted and decreased mRNA levels when CJnc170 is overexpressed (Fig. 

5D). These results are consistent with our observations that CJnc170 represses Cj0878 

translation.  

The interaction prediction, Northern blot, and Western blot analysis all indicate that it is 

possible that the sRNA CJnc170 affects Cj0878-sfGFP mRNA and protein expression by 

binding in the 5’UTR of the mRNA, near the ribosome binding site and start codon. Further in 

vitro and in vivo studies have to be done to verify these observations. 
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Figure 5. CJnc170 affect expression of Cj0878-sfGFP. (A) Secondary structure prediction of the sRNA CJnc170 

and interaction prediction between Cj0878 mRNA and CJnc170. (Upper panel) Prediction of CJnc170 performed 

with the mfold webserver. The predicted CJnc170 interaction sequence is marked in blue. (Lower panel) The 

predicted interaction between Cj0878 mRNA and CJnc170, predicted with Freiburg RNA Tools IntaRNA. The 

ribosome binding site and the start codon of Cj0878 mRNA are both highlighted. (B) Western blot analysis of 

Cj0878-sfGFP levels in CJnc170 mutants. The strains were grown in BB and protein samples were harvested at 6 

h (early log-phase). Samples (0.05 ODs per lane) were separated on a 12% PAA SDS-PAGE gel, which was then 

blotted onto nitrocellulose membrane. The Cj0878-sfGFP fusion protein was detected using an anti-GFP primary 

antibody, followed by an anti-mouse horseradish peroxidase-conjugated secondary antibody. GroEL detection 

served as loading control. (C) The bar graph shows the mean value of Cj0878-sfGFP expression (early log-phase) 

taken from two independent Western blots, error bars represent standard deviation (n=2). An unpaired t-test was 

performed to calculate p-values, (***) - P < 0.001, (*) - P < 0.05 and (NS) - P > 0.05.  (D) Northern blot and 

Western blot analysis of CJnc170 mutants with Cj0878 fused to sfGFP. C. jejuni mutant strains were sampled for 

protein and RNA at OD600 of 0.4-0.5 (log-phase). Western blot analysis of CJnc170 mutants with Cj0878-sfGFP. 

Protein samples (0.02 ODs per lane) were separated on a 12% PAA SDS-PAGE gel, which was blotted onto 

nitrocellulose membrane. The Cj0878-sfGFP fusion protein was detected using an anti-GFP primary antibody, 

followed by an anti-mouse horseradish peroxidase-conjugated secondary antibody. GroEL detection served as 

loading control. For Northern blot analysis 10 μg of DNase I-digested total RNA was separated on a 4% PAA/7 

M urea gel, followed by transfer to a nitrocellulose membrane. Radioactively-labelled oligonucleotide (CSO-0789) 

was used to detect the expression of the mRNA (bind to GFP) and CSO-0182 was used to detect the sRNA 

CJnc170. As a loading control, 5S rRNA was also probed with labeled CSO-0192. 
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4.6 Exploring transcriptional regulation of Cj0878  

4.6.1 Screening of transcription regulator mutant library for potential 

regulators of Cj0878 mRNA 

To gain additional insight into the potential function of Cj0878, we wanted to identify 

transcription factors (TFs) that might regulate its expression. A variation of Cj0878 mRNA 

level could indicate that the deleted transcription regulator is involved in the regulation of the 

expression of Cj0878 mRNA. For example if the mRNA level is downregulated, this could 

indicate that the TF activates transcription of the mRNA under conditions that the TF responds 

to. A library of approximately 35 C. jejuni NCTC11168 transcription factor and regulator 

deletion strains (K. Kucka, S. Svensson, & C. Sharma, unpublished) was screened on the RNA 

level for Cj0878 mRNA expression. The mutant strains were grown under rr conditions in BB 

to log-phase (OD600 of 0.4-0.5), and then total RNA of the cells was extracted and analysed by 

Northern blotting using a radioactively-labelled oligonucleotide complementary to the Cj0878 

mRNA. In addition, the sRNA that possibly regulates Cj0878 (CJnc170, see § 4.5) (Le et al. 

2015) was included in the probing (Fig. 6). Several other sRNA candidates were also probed 

as a resource for understanding the function of identified C. jejuni candidate sRNAs (see 

Appendix B). The mutant strains were additionally grown under increased salt conditions 

(osmotic stress) and RNA and protein were analysed, but no expression changes of interested 

could be observed (Appendix B). 

 

Figure 6. Northern blot analysis of Cj0878 mRNA expression in transcription factor and regulator deletion 

mutants. Total RNA was extracted from WT and the indicated C. jejuni mutant strains grown in liquid BB culture 

to an OD600 of 0.4-0.5 (log-phase), and 10 μg was separated on a 6% PAA/7 M urea gel, followed by transfer to a 

nitrocellulose membrane. Levels of Cj0878 mRNA and the indicated sRNAs was detected with the following 

complementary 5’-labelled oligonucleotide probes: CSO-3606 (Cj0878 mRNA), CSO-0182 (CJnc170), CSO-
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0181 (CJnc140), and CSO-0537 (CJnc230). As a loading control, 5S rRNA was also probed with CSO-0192. (A) 

Levels of Cj0878 mRNA in non-essential C. jejuni transcription factors, including two-component response 

regulators, LysR-type regulators, and genes with predicted DNA-binding domains. (B) Levels of Cj0878 mRNA 

in deletion strains for flagella-related regulators. 

We first checked expression of Cj0878 in annotated, non-essential C. jejuni transcription 

factors, including two-component response regulators, LysR-type regulators, and genes with 

predicted DNA-binding domains (Fig. 6A). As seen in Fig. 6A (left panel), most of the 

transcription regulator deletions did not show a prominent effect on Cj0878 mRNA levels, but  

only smaller variations compared to wild-type expression (no more than 2-3 fold) rather than 

strong upregulation or complete lack of expression. Notably, a few transcription regulator 

mutants displayed a lower expression compared to wild-type, especially ΔcprS, ΔperR, Δfur, 

and ΔcmeR (Fig. 6A). Compared to wild-type, these deletion strains have between 0.5-0.2 fold 

lower expression of Cj0878 mRNA than WT (Fig. 6A) The cprS mutant strain has a severe 

growth defect, and is involved in Campylobacter planktonic growth regulation and acts as a 

sensor kinase (Svensson et al. 2009). The cmeR gene is involved in transcriptional regulation 

of the gene encoding the multidrug resistant efflux pump CmeABC (Routh et al. 2009), ΔcmeR 

strain was also observed to grow slowly compared to WT. The mutant strain lacking PerR, a 

protein that acts as a repressor of peroxide stress genes (Kim et al. 2011), also grows slightly 

slower than the WT strain (data not shown). Previous studies have shown that deletion of perR 

gene leads to hyper-resistance to peroxide stress (van Vliet et al. 1999) and that it negatively 

affects the strains ability to colonize chicken (Palyada et al. 2009). The fur deletion strain (fur 

encodes the ferric uptake regulator) is involved with the repression of iron-regulated genes and 

it has also been proposed that Fur is important modulator of virulence (Butcher et al. 2012). 

This strain also has a strong growth defect. In Fig. 6A (right panel), probing for Cj0878 mRNA 

in additional mutants revealed lower expression compared to WT in only ΔCj1507c. Some 

mutants showed higher Cj0878 expression compared to WT, such as ΔphosR (2-fold higher), 

ΔCj0883c (1.8-fold higher), and ΔcbrR (1.7-fold higher). No marked effects on the Cj0878 

mRNA levels could be found (i.e. complete absence of expression or strong upregulation). This 

could be because the expression of Cj0878 is growth dependent and only requires sigma-70, or 

indirect effects on the mRNA expression of the regulators. Even though the mRNA level of 

Cj0878 appear to be affected in some strains (expressed to a lower level) no clear strong 

candidate for direct transcriptional regulation of Cj0878 could be found from the screened 

transcription regulator mutants. The regulator of Cj0878 might be an essential regulator that is 

not possible to delete, hence not present in the library, or the regulation of Cj0878 might occur 

under different conditions.    

We also determined levels of the sRNA CJnc170 in the mutant strains (Fig. 6A). For the first 

set (right panel), we observed a rather weak expression of CJnc170 in the WT strain, this could 

be due to experimental variation stemming from the Northern blot gel. Hence, the levels of 

CJnc170 seem increased in all strains for this set. Nonetheless, no big differences in the 

expression of CJnc170 could be detected. The left panel shows a better representation of WT 

and lower levels of CJnc170 can be detected in some of the strains, especially ΔphosR, 
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ΔCj0883c and ΔnssR. No remarkable increase or complete absence of CJnc170 can be observed 

for any of the strains, although some regulators mildly affect CJnc170 in some cases (Fig. 6A). 

In addition, it is not possible to observe from these blots a general pattern that Cj0878 mRNA 

levels are increased for the regulator strains where CJnc170 is decreased and the other way 

around. This observation can be made in a few cases for example decreased level of CJnc170 

can be seen for ΔphosR and ΔCj0883c and at the same time increased level of Cj0878 mRNA 

is observed in the strains.  

Since previous studies have shown that the sRNA CJnc170 might be involved in the flagellar 

biosynthesis cycle (Le et al. 2015), we also decided to look at regulators engaged in flagellar 

gene regulation (Fig. 6B). Regulator mutants and some candidate sRNA deletions were probed 

for Cj0878 mRNA and CJnc170 sRNA as well as CJnc230, a candidate sRNA with a predicted 

σ54 promoter (unpublished observations). The rpoN gene encodes for σ54 middle genes and fliA 

encodes σ28 (late genes, as well as CJnc170). The flgR and flgS genes encode a two-component 

regulatory system that activates σ54 (Joslin & Hendrixson 2008). Also included are a deletion 

of csrA, encoding a post-transcriptional regulator of flagellin mRNA translation, fliW that 

encodes the antagonist to CsrA (Dugar et al. 2016), and a double csrA/fliW mutant. First, we 

could observe that for both ΔflgR and ΔflgS strains, as well ΔrpoN, no expression of either 

CJnc170 or CJnc230 couldbe detected, indicating indeed that σ54 regulates expression of 

CJnc230. In addition, since without σ54 activity, there will not be any active σ28 (the σ28 

antagonist FlgM will not be secreted without a completed hook (Wösten et al. 2010)), hence 

expression of CJnc170 is also absent in ΔrpoN. In addition, Cj0878 mRNA levels seem to be 

increased in these three mutant strains (between 1.8 and 2.0-fold increase, compared to WT). 

When fliA (encoding σ28) is deleted, as expected, no levels of CJnc170 are seen. In contrast, an 

increase of CJnc230 expression can be detected, although Cj0878 mRNA levels seem to not be 

affected by the deletion. Even though it is possible to see expected differences in sRNA levels 

in the different mutant strains, no significant changes in Cj0878 mRNA level can be observed 

from the screening of these flagella-related regulators.  

4.6.2 Characterization of possible connections of Cj0878 to PerR- and Fur-

related phenotypes  

In the above experiment, we noted that Cj0878 expression was lower in the perR and fur 

mutants. These repressors are involved in iron homeostasis and oxidative stress tolerance (Kim 

et al. 2011, Butcher et al. 2012). As these strains both had growth defects the effect on Cj0878 

mRNA expression could be indirect or simply growth-phase dependent. It has been suggested 

that other small proteins are related to regulation by iron, for example FbpB (Fur-

regulated basic protein B) is induced by low iron (Storz et al. 2014). To further explore the 

expression of Cj0878 in the ΔperR and Δfur transcription regulator mutants, experiments were 

next performed to assess the levels of Cj0878 under conditions related to these regulators (low 

iron and iron-replete conditions, oxidative stress), and if the ΔCj0878 deletion mutant showed 

different behaviour from WT under these conditions. The Cj0878 sfGFP fusion and Cj0878 

deletion mutants were studied under minimal medium conditions with a defined carbon source 
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(DMEM + Glu) ((Butcher et al. 2015) & A. Cameron, personal communication), with and 

without the presence of added iron.  

A comparison between the growth patterns of the strains was made in the different minimal 

media, along with in complex medium (BB) (Fig. 7A). Interestingly, in the minimal medium 

supplemented with iron WT grows as good as or better than in complex media (BB). When iron 

levels are low in the minimal medium, WT grew remarkably slower than in BB or DMEM + 

Fe, and also reached a lower final OD. For example, in BB WT reached a final OD of 0.8, while 

in DMEM + Glu, it reached only 0.6. Addition of Fe to the DMEM + Glu restored the final OD 

to a higher value than in BB. This behaviour is expected because iron is vital for the cell to 

function normally. Furthermore, the growth of WT and ΔCj0878 was very similar to each other 

in all the three different media. The strain with Cj0878 fused to superfolder GFP followed the 

same pattern but did not reach the same final density, especially when grown in presence of 

iron. This observation is comparable with the growth curve in routine conditions (Fig. 2C), 

where the GFP fusion strain did not reach quite the same density as WT strain at stationary 

phase. Both the ΔperR and Δfur strains showed stronger growth defects compared to WT. Also 

of note, the growth of ΔCj0878 did not look similar to either the ΔperR or Δfur strains (Fig. 

7A). 

Next, the mRNA expression of Cj0878 was studied in ΔperR and Δfur strains under the different 

conditions. The WT NCTC11168 and ΔCj0878 strains served as controls. Total RNA from log-

phase of each strain (at the same optical density) grown under the different conditions were 

extracted and analysed by Northern blotting using radioactively-labelled oligonucleotides 

complementary to the mRNA of Cj0878. The levels of the mRNA Cj0878 varied between the 

different growth medium: Cj0878 mRNA seems to be expressed higher under minimal 

conditions without iron (Fig. 7B). This seems clear for both wild-type and ΔperR strains, for 

the Δfur strain the mRNA level does not appear to be induced as strongly. This observation 

regarding lower expression of Cj0878 mRNA in the Δfur strain compare with previous 

observation of low mRNA level in regular media (Fig. 6A). Remarkable as well is that the 

mRNA levels are rescued back to BB levels when adding iron to the minimal medium. To 

investigate whether this observation was not only due to broad increased transcriptional 

differences in the cell, the blot was also analysed for the expression of two sRNA candidates 

(CJnc140 and CJnc170). When comparing the expression levels of these two sRNAs between 

the three different media (Fig. 7B), we did not see a clear pattern that indicates that there is a 

general upregulation of transcription. While CJnc140 expression was upregulated in the iron-

deficient media, levels of CJnc170 did not show the same pattern. However, CJnc170 appears 

to be processed differently in each type of media. We also analysed the proteome of WT and 

Cj0878 under the different media conditions by one-dimensional SDS-PAGE (Fig. 7B). The 

SDS-PAGE gel shows differences between the expressions of proteins in the different media, 

but no differences between WT and the Cj0878 deletion strain. As expected, we observed the 

appearance of proteins that are presumably repressed by PerR and Fur (van Vliet et al. 1999). 
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To study the protein expression of Cj0878 during the different growth conditions, the mutant 

strain with Cj0878 fused to superfolder GFP was monitored under the different growth 

conditions. Protein and RNA samples were obtained at log phase (OD600 of 0.6). The expression 

of the Cj0878 fusion differed between the growth conditions (Fig. 7C). When iron was absent 

in the minimal media a 1.6-fold increased expression of Cj0878 compared to WT could be 

observed. If iron was added back in the minimal media, approximately WT levels of Cj0878 

mRNA could be restored. It is also possible to see increased mRNA levels of the Cj0878-sfGFP 

fusion. It is clear though that the expression of the mRNA is higher when iron is absent in the 

media, compared to rich media (BB) and minimal media with added iron (Fig. 7C). The 

difference in Cj0878 mRNA levels in Cj0878-sfGFP fusion are comparable with the levels 

found in the untagged WT grown under the same conditions (Fig 7B). The increased protein 

levels of Cj0878 in minimal media without iron indicates that expression of Cj0878 is affected 

by low iron conditions. Furthermore, this might mean that the Cj0878 μ-protein is involved in 

processes activated during low iron conditions in the cell. 

Because both PerR and Fur, as well as iron, are related to oxidative stress, we next determined 

if Cj0878 might affect tolerance of hydrogen peroxide. To test this, the Cj0878 deletion, 

complementation, and overexpression strains were exposed to hydrogen peroxide in a disc-

diffusion assay. However, neither the deletion nor the overexpression show sensitivity or hyper-

resistance to hydrogen peroxide (Fig. 7D). 

Previous studies of Fur and PerR show predictions of their consensus binding sequences (Kim 

et al. 2011, Butcher et al. 2012). To investigate if the two regulators might directly regulate 

transcription of Cj0878, the sequence upstream of the Cj0878 -10 box was compared to the two 

regulators consensus sequence. No sequence that matched either of the regulators consensus 

sequence could be found upstream of Cj0878 (data not shown). This further suggests that the 

effects seen on Cj0878 mRNA levels in these strains, as well as in response to iron starvation, 

are not directly related to these regulators, and that Cj0878 does not affect iron-related 

phenotypes. 
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Figure 7. The ΔCj0878 deletion mutant does not show a growth defect in minimal medium or under peroxide 

stress, but Cj0878 mRNA expression is increased in minimal medium lacking iron. (A) Growth curve of the 

indicated strains in three different media: BB, DMEM + Glu, and DMEM + Glu + Fe. The strains were grown at 

37 ̊C under microaerophilic conditions with shaking (140 rpm) and bacterial growth was observed by measuring 

OD600 at several time points over 24 h. (B) Northern blot and SDS-PAGE analysis of the strains under the different 

growth conditions, BB, DMEM + Glu, and DMEM + Glu + Fe. C. jejuni mutant strains were sampled for protein 

at OD600 of 0.4-0.5 (log-phase), and 10 μg total RNA was separated on a 6% PAA/7 M urea gel, followed by 

transfer to a nitrocellulose membrane. Radioactively-labelled oligo (CSO-3606) was used to detect the expression 

of the mRNA. For SDS-PAGE, a 12% gel was loaded with 0.1 ODs of sample per lane and stained with PageBlue 

to visualise the separated proteins. (C) Cj0878-sfGFP fusion protein and mRNA levels in rich, iron-deficient, and 

iron-replete media. Strains were sampled for protein and total RNA at OD600 of 0.4-0.5 (log-phase). Protein 

samples (0.1 ODs per lane) were separated on a 12% PAA SDS-PAGE gel, which was blotted onto nitrocellulose 

membrane. The Cj0878-sfGFP fusion protein was detected using an anti-GFP primary antibody, followed by an 

anti-mouse horseradish peroxidase-conjugated secondary antibody. GroEL detection served as loading control. 

Total RNA (10 μg) was separated on a 6% PAA/7 M urea gel, followed by transfer to a nitrocellulose membrane. 

Radioactively-labelled oligo (CSO-3606 and CSO-0182) was used to detect the expression of the mRNA and 

CJnc170. (D) Peroxide stress tolerance. Log-phase BB culture of the indicated strain was spread on MH plates 

with a sterile swab, and a disc containing 10 μl 30% H2O2 was placed in the middle of each plate. Plates were 

incubated at 37 ̊C under microaerophilic conditions for 24 h. The diameter of the zone of inhibition was measured 

for each triplicate in centimeters. Error bars show the standard deviation calculated from the mean of three 

replicates of each strain. WT: wild-type, Δ878: deletion of Cj0878, C-878: complementation of Cj0878, OE-878: 

overexpression of Cj0878. 
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4.7 Transcriptome analysis of ΔCj0878 by RNA-sequencing 

Deletion of small proteins often results in subtle phenotypes which may not be detectable by 

classical phenotypic screening (Storz et al. 2014). To gain additional insight into the role of 

Cj0878 in the cell, we also performed transcriptome analysis of the Cj0878 deletion mutant by 

RNA-sequencing in case absence of the μ-protein affects the transcriptome (directly or 

indirectly). Cj0878 deletion and WT strains were grown in BB at 37 ̊C under microaerophilic 

conditions with shaking (140 rpm) to mid-log phase (OD600 of 0.4-0.5) and total RNA was 

extracted. Libraries for Illumina sequencing were prepared from DNase I-digested RNA. After 

sequencing and data quality control, the data were analysed for genes up or down regulated in 

the ΔCj0878 strain compared to WT. Very few significantly strong up- or downregulated genes 

were identified (Appendix C). The two top-scoring genes found to be downregulated, 

approximately 2.4-fold, in ΔCj0878 strain, Cj0939c and Cj1459, were both annotated as 

hypothetical proteins without known function. Only a few genes were found to be upregulated 

for ΔCj0878, amongst the top candidates were Cj1342 (encoding a motility accessory factor, 

2.2-fold upregulated) and Cjp22 (encoding a tRNA, 1.6-fold upregulated). To further analyse 

the data, a functional enrichment analysis of the list of genes significantly downregulated in 

ΔCj0878 was performed to see if an overrepresentation of functional classes could be found 

among these genes. However, the results from the classification analyse do not show any 

enriched functional class of proteins in the list of downregulated genes in ΔCj0878 (data not 

shown). Transcriptome analysis therefore did not identify any pathways strongly dysregulated 

in ΔCj0878 that might give a hint about its function. Proteomic comparison of WT and the 

mutant strain might identify proteins that have differential stability in the absence of Cj0878. 

5 Discussion 

5.1 Validation of Cj0878 translation 

The global identification of small ORF-encoding hypothetical proteins (< 50 amino acids) has 

been improved as new methods using deep sequencing and proteomics have been developed. 

The next step is to validate if these candidate µ-ORFs are translated, and to determine what 

kind of functions the proteins have in the cell. In this project, the putative µ-protein Cj0878 of 

the food-borne pathogen C. jejuni was studied. We were able to show by immunoblot analysis 

of in-frame translational fusions to sfGFP that the ORF of Cj0878 is translated in C. jejuni (Fig. 

2B). The fusion of Cj0878-sfGFP was expected to have a size of approximately 32.6 kDa 

(estimated by adding the separate protein size of Cj0878 and sfGFP together) and bands around 

this size were detected. While all the three clones tested show specific expression of the Cj0878-

sfGFP, no band could be detected for WT, confirming the specificity of the antibody. We 

detected two bands on the Western blots, suggesting the Cj0878 fusion might be processed. The 

processing of Cj0878-sfGFP could happen during translation or on protein level. However, it 



37 

remains unclear if the processing happens to the native protein. The next step would be to use 

mass spectrometry to confirm that the native protein is translated (i.e. without the GFP) and to 

confirm the size of the native protein.  

While we could detect the Cj0878-sfGFP fusion, we were not able to observe expression of 

fusions with a smaller tag such as either a 3xFLAG or HA tag at the C-terminus. It would be 

desirable to be able to fuse the protein to a smaller tag and observe if the processing still 

happens. Several subsequent experimental approaches could be studied, such as 

coimmunoprecipitation to identify protein binding partners or localization studies (either by 

fractionation or immunofluorescence microscopy), for which a smaller tag would be optimal. 

It is unclear why the smaller protein tags did not work. To investigate whether this was due to 

problems with translation of the tagged protein, or if had to do with stability of the tagged 

protein in C. jejuni, we could first start by looking if the Cj0878 mRNA is present in the mutant 

strains with Cj0878 tagged with FLAG/HA by probing a Northern blot for the mRNA. In 

addition, we could perform in vitro translation of mRNAs encoding the sfGFP-tag, the HA tag, 

and the FLAG tag), which might show an effect of the C-terminal fusion on translation, or 

provide evidence that the fusions are instead unstable in vivo. A potential solution to this would 

be to fuse the two smaller tags to the hydrophilic N-terminus of Cj0878 and examine if a stable 

translational product could then be obtained in C. jejuni. Finally, additional epitope tags could 

be tried (i.e. 6xHis, c-Myc), or antibodies could be raised against Cj0878 (although this can be 

difficult with small hydrophobic proteins). Another possibility for why we did not detect the μ-

protein fused to the small tags might be that they ran out of the gel, due to their small size, 

hence were not detected. However, we used high percentage gels and gels were not run for too 

long. To solve this Tris/Tricine gels commonly used for smaller sized proteins could be used. 

Nonetheless, even though problems with the smaller tags occurred, we were able to confirm 

ribosome profiling data and provide first evidence that the ORF encoding for the µ-protein 

Cj0878 is translated by using the larger sfGFP tag. 

5.2 Phenotypic and expression studies of Cj0878 for functional insight  

In this study, we constructed and examined Cj0878 mutant strain (deletion and overexpression 

of Cj0878, as well as complementation of Cj0878 to rule out polar effects of the deletion) 

behaviour exposed to different stress conditions. First, to gain insight into its function the 

growth of the mutants was monitored under rich media (BB) (Fig. 4A) and minimal media 

(DMEM) with 1% BB (Fig. 4B). The deletion strain was also compared to WT under defined 

minimal media conditions with or without iron (Fig. 7A). None of these experiments showed 

any significant growth defect for any of the mutant strains compared to WT. However, if 

looking at the protein levels of the sfGFP-Cj0878 fusion under the different conditions a 

variation could be observed. In the absence of iron, a 1.6-fold increase in Cj0878-sfGFP protein 

levels could be seen and if iron is added back to the medium WT levels of expression were 

restored (Fig. 7C). This might indicate that Cj0878 expression is induced under low iron 

conditions and that the protein might have function helping the cell to deal with low iron stress. 
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The observation of increased levels of the μ-protein Cj0878 in the minimal media with the 

absence of iron also agrees with increased Cj0878 mRNA levels under this condition, both in 

untagged WT and in the fusion with sfGFP (Fig. 7B & C). A previous study of the C. jejuni 

Fur and PerR transcriptome, as well as WT expression under iron-limited and iron-replete 

conditions likewise found an increase of Cj0878 mRNA levels (1.8 fold) low iron conditions 

(Butcher et al. 2015). Another observation regarding mRNA levels is that a significantly lower 

level of Cj0878 mRNA is expressed in the Δfur mutant, especially when iron is missing from 

the media. As explained before, Fur is a regulator protein that represses iron-regulated genes 

(Butcher et al. 2012). Since no consensus sequence for Fur binding in the promoter of Cj0878 

could be found, the activation of the genes Fur represses under low iron might cause indirect 

repression of the mRNA levels of Cj0878.  

Identifying phenotypic differences by deletion or overexpression of proteins or sRNAs under 

conditions in the laboratory is known to sometimes be hard. So far, we did not observe any 

obvious phenotypic differences from WT for the Cj0878 mutant strains under the conditions 

we tested. The transcriptome data also did not give any clear indication of functional classes of 

genes that were up-or downregulated in the Cj0878 deletion mutant. Proteomics, obtained by 

mass spectrometry/SILAC (stable isotope labeling with amino acids in cell culture), might give 

insight to molecular phenotypes of Cj0878. If Cj0878 binds and affects the stability of a protein 

binding partner, proteomics might identify this change in the deletion strain. It would be 

interesting to study phenotypes under conditions where Cj0878 mRNA and protein is more 

highly expressed, such as in minimal media without iron (Fig. 7C). These conditions might be 

where Cj0878 is needed, and thereby it might be possible to see a phenotype for the deletion 

mutant. However, the μ-protein might not even be expressed sufficiently under any conditions 

that we are able to create in the lab in a culture flask. If the cells were to be grown in their 

natural environment, it might also be possible to see a phenotype when Cj0878 is deleted. To 

study the deletion mutant in a more natural environment, colonization of the intestine of animal 

models could be used; there are established mouse and chicken models used to study 

Campylobacter (Young et al. 2007). To avoid animal experiments, infections of cell lines could 

be used. However, there is also now the option to use an in vitro tissue model to study the 

behaviour of the mutant in an intestinal-like environment during infection. Use of a tissue model 

instead of animal model would be a more ethical way to study the mutants in a natural-like 

environment. A tissue model developed at the Sharma lab uses acellularized porcine intestinal 

tissue as an extracellular matrix that has a 3D architecture similar to the intestine in humans 

(M. Alzheimer & C. Sharma, in preparation). The matrix is reseeded with intestinal cells (such 

as Caco-2 colonic cells) and to mimic how the cells grow in humans the cells are kept shaking 

during growth. The model enables the cells to form a polarized intestinal-like tissue, compared 

to when the same cell lines is grown in “2D” in a monolayer without a matrix. The model can 

be infected with C. jejuni WT and mutant strains, and the fitness of the bacteria can then be 

examined [i.e. replication, adherence, internalization into cells, and translocation across the 

tissue (M. Alzheimer, personal communication)]. Already, a previously-studied deletion mutant 

strain has shown visible phenotypes in the tissue model that have not been detectable before in 
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cells grown in “2D” (M. Alzheimer & C. Sharma, in preparation). Testing of the Cj0878 mutant 

strains in this model might identify a role for the μ-protein in C. jejuni virulence, a poorly 

understood feature of this bacterium. As seen in Fig. 1B, the μ-protein seems to be mostly 

conserved among C. jejuni strains and other species that cause gastroenteritis (for example C. 

coli), which suggest that Cj0878 could play a role in the pathogenesis of this group of 

Campylobacter species in the human niche.  

The μ-protein encoded by Cj0878 might have interesting biochemical characteristics. 

Interestingly, the Cj0878 basic nature is similar to the μ-protein FbpC of Bacillus subtilis, which 

has been suggested to function as an RNA-chaperone, or its transcript as a sRNA (Gaballa et 

al. 2008). Cj0878 appears to be amphipathic (hydrophobic C-terminal and a more hydrophilic 

N-terminus) which indicates that Cj0878 might be membrane-associated. Previously-studied μ-

proteins have been identified as membrane-associated, such as SpoVM, which has the ability 

to integrate itself into the membrane (Storz et al. 2014). We did not identify a transmembrane 

domain in Cj0878. A way of finding out if Cj0878 is membrane-associated would be to localise 

the μ-protein in the cell. This could be done by fractionating the cells into different components 

(i.e. cytosolic or membrane) and then detect the protein in the different fractions by Western 

blotting. Immunofluorescence staining of Cj0878 and visualisation of the cells under 

microscope could be also performed. Notable as well is that the Cj0878 basic nature is 

comparable to the basic features of many RNA-binding domains, which interact with 

negatively-charged RNA molecules. To find out if Cj0878 binds RNA, it would be possible to 

perform RIP-seq of tagged Cj0878 in vivo. In this approach, first a coIP (co-

immunoprecipitation) is performed where RNA binding partners are copurified with epitope-

tagged Cj0878. The copurifying RNAs are then analysed with deep-sequencing (Sittka et al. 

2008, Rieder et al. 2012). This approach has previously been used in a study where RNAs 

bound by CsrA, a post-transcriptional regulator involved in the flagella regulatory circuit in C. 

jejuni, were identified (Dugar et al. 2016). A similar approach, which uses mass spectrometry 

to identify co-purifying proteins, could also identify proteins that interact with Cj0878.  

5.3 CJnc170 represses Cj0878 expression  

Post-transcriptional regulation is commonly used by bacteria and often performed by sRNAs 

that are partially complementary to their target mRNAs that can act in cis or trans. One reason 

why we choose to study the µ-protein Cj0878 was because it had been predicted that Cj0878 

mRNA interacts with the trans-acting sRNA candidate CJnc170 (Le et al. 2015). With our 

interaction prediction (Fig. 5A) we were able to confirm the previously predicted interaction 

between Cj0878 mRNA and CJnc170. The prediction shows that CJnc170 base pairs directly 

over the RBS of Cj0878 mRNA and thus could block the ribosome to initiate translation of the 

protein. This is a common mechanism by which sRNAs act as repressors (Waters & Storz 

2009). We continued by studying the interaction in vivo, by creating mutant strains with 

CJnc170 deleted or overexpressed and Cj0878 fused to sfGFP. Both protein and mRNA levels 

of Cj0878-sfGFP were examined (Fig. 5B & 5D). From multiple samples taken at different 
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growth phases we could see a trend of regulation of the µ-protein by the sRNA. The regulation 

is not always strong as seen in Fig. 5B. To confirm this regulation, more replicates could be 

performed and added to the graph in Fig. 5C. The relatively low regulation seen could also be 

due to that only in a small number of cells in the population does the regulation occur, and the 

change in expression of the µ-protein will be hidden to some extent when protein from all cells 

are extracted. Next it was hard to determine the levels of Cj0878 mRNA expressed in the 

different mutant strains due to multiple bands in different length were observed when probing 

for the Cj0878-sfGFP mRNA. This was observed both when targeting the Cj0878 region of the 

mRNA (CSO-3606) and when using a probe targeting the GFP sequence of the mRNA. 

Multiple bands could also be observed in WT when probing for Cj0878 mRNA (Appendix A 

or Fig.7A & 7B). 

Interestingly two previous studies have shown that the sRNA CJnc170 transcription is 

dependent on σ28 one the two additional sigma factors present in C. jejuni (Dugar et al. 2013, 

Le et al. 2015). The specific activation of CJnc170 during late stage of flagella development 

and the suggestions that CJnc170 act as a repressor of Cj0878 propose that Cj0878 might be 

involved in the flagella regulatory circuit. From our study we could not find that either deletion 

or overexpression of Cj0878 affected C. jejuni motility (Fig. 4C & 4D). It is possible that the 

defect is not detectable by the motility assay used in this study, it might be possible to see 

defects on the flagella formation for single bacterial cells with transmission electron 

microscopy. 

Our study strengthens the possibility that CJnc170 can regulate expression of Cj0878, even 

though further studies have be to preformed to confirm this interaction. In vitro methods such 

as electrophoretic mobility shift assays (EMSAs) and structure probing could be used to study 

the RNA-RNA interaction more closely. Likewise, to show that the regulation of Cj0878 by 

CJnc170 occurs post-transcriptionally, a promoter exchange and compensatory base pair 

exchange can be performed. Also increase the overexpression of CJnc170 by using a stronger 

promoter or performing experiments under conditions that upregulate Cj0878 or sRNA 

expression could be used to study the regulation more closely, for example when the expression 

of the μ-protein is increased (minimal medium with low iron).   
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6 Conclusions and future perspectives 

This study has provided first evidence that the candidate µ-ORF encoding gene Cj0878 is 

translated into a µ-protein in C. jejuni and is most abundant in log phase. In addition, Cj0878 

mutant strains were constructed (deletion and overexpression of Cj0878). First analyses did not 

find an obvious phenotype that could be linked to the µ-protein. In addition in silico studies 

performed indicate that Cj0878 is highly basic, with a hydrophobic C-terminus and an 

amphipathic nature, suggesting that the protein could be membrane associated or could possibly 

bind RNAs. Interestingly, iron levels in minimal media affected Cj0878 mRNA expression and 

effects on the sfGFP fusion protein level could be detected as well. In the absence of iron, 

increased mRNA and protein levels were observed and when iron was added back to the media 

levels were restored to WT levels, suggesting direct or indirect involvement in iron deficiency. 

Furthermore, the results from this study strengthen the previously suggested interaction 

between Cj0878 mRNA and the sRNA CJnc170. In vivo studies of CJnc170 mutant strains 

(deletion and overexpression of CJnc170) with Cj0878 fused to superfolder GFP show from 

repetitively results down (overexpression of CJnc170) and upregulation of Cj0878 (CJnc170 

deleted) both on mRNA and protein level, indicating that CJnc170 represses expression of 

Cj0878. 

As discussed above, future analyses to confirm the interaction between Cj0878 and CJnc170, 

as well as observed effects of iron deficiency and possibilities of membrane-association or 

protein/RNA binding capabilities should be performed. Detecting and exploring µ-proteins 

with unknown function in bacterial pathogens will provide information how these under-studied 

proteins are involved in bacterial virulence/pathogenesis. It might even be possible to use or 

target µ-proteins to affect virulence factors in this bacteria. A recent study reported that the µ-

protein MgtR, found in Salmonella and known to interact with the virulence factor MgtC to 

affects its stability, is able to interact with MgtC proteins of other bacteria. For example they 

saw that MgtR from Salmonella interacted with MgtC from Mycobacterium tuberculosis (Mtb) 

and synthetically produced MgtR could reduce levels of MgtC in Mtb (Belon et al. 2016). To 

find new antimicrobials is of great interest today when the available pool of antibiotics is 

running out. If some µ-proteins could be used as antimicrobials agents, there are a lot of 

undiscovered possibilities out there. 
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Appendix A.  

Northern blot analysis of CJnc170 mutants in WT C. jejuni NCTC11168 background: 

 
Northern blot analysis of untagged CJnc170 mutants. Two clones of each C. jejuni mutant strains and WT 

were sampled for protein at OD600 of 0.4-0.5 (log-phase), and 10 μg of total RNA was separated on a 6% PAA/7 

M urea gel, followed by transfer to a nitrocellulose membrane. Radioactively-labelled oligonucleotide (CSO-3606) 

was used to detect the expression of the mRNA and CSO-0182 was used to detect the sRNA CJnc170. As a loading 

control, 5S rRNA was also probed with labeled CSO-0192. 

Additional Western blot and Northern blot with CJnc170 mutants showing regulation of 

Cj0878:    

 
Western blot and Northern blot analysis of CJnc170 mutants with Cj0878 fused to sfGFP. C. jejuni mutant 

strains were sampled for protein and RNA at OD600 of 0.4-0.5 (log-phase). Western blot analysis of CJnc170 

mutants with Cj0878-sfGFP. Protein samples (0.1 ODs per lane) were separated on a 12% PAA SDS-PAGE gel, 

which was blotted onto nitrocellulose membrane. The Cj0878-sfGFP fusion protein was detected using an anti-

GFP primary antibody, followed by an anti-mouse horseradish peroxidase-conjugated secondary antibody. GroEL 

detection served as loading control. Northern blot analysis of CJnc170 mutants with Cj0878 fused to sfGFP, 10 

μg total RNA was separated on a 6% PAA/7 M urea gel, followed by transfer to a nitrocellulose membrane. 

Radioactively-labelled oligonucleotide (CSO-3606) was used to detect the expression of Cj0878 mRNA and CSO-

0182 was used to detect the sRNA CJnc170. As a loading control, 5S rRNA was for probed with labeled CSO-

0192. 
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Appendix B. 

Complete Northern blots and SDS-gels with all the transcriptional regulator mutants, including 

data for all probed sRNAs: 

 
Complete Northern blot analysis of Cj0878 mRNA expression in transcription factor and regulator deletion 

mutants. Total RNA was extracted from WT and the indicated C. jejuni mutant strains grown in liquid BB culture 

to an OD600 of 0.4-0.5 (log-phase), and 10 μg was separated on a 6% PAA/7 M urea gel, followed by transfer to a 

nitrocellulose membrane. Levels of Cj0878 mRNA and the indicated sRNAs were detected with the following 

complementary 5’-labelled oligonucleotide probes: CSO-3606 (Cj0878 mRNA), CSO-0182 (CJnc170), CSO-

0537 (CJnc230), CSO-0189 (CJnc180), CSO-0185 (CJnc190) and CSO-0181 (CJnc140). As a loading control, 5S 

rRNA was also probed with CSO-0192.  
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Proteome analysis of transcription factor and regulator deletion mutants. Protein samples of WT and the 

indicated C. jejuni mutant strains grown in liquid BB culture to an OD600 of 0.4-0.5 (log-phase), and 0.05 ODs per 

lane was separated on a 12 % gel and then stained with PageBlue for visualization of the separated proteins.  
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Complete Northern blots and SDS-gels with all the transcriptional regulator mutants grown 

under increased salt conditions (osmotic stress), including data for all probed sRNAs: 

Northern blot and proteome analysis transcription factor and regulator deletion mutants grown in 

increased salt conditions. Total RNA was extracted from WT and the indicated C. jejuni mutant strains grown in 

liquid BB culture with 50 mM NaCl to an OD600 of 0.4-0.5 (log-phase), and 10 μg was separated on a 6% PAA/7 

M urea gel, followed by transfer to a nitrocellulose membrane. Levels of Cj0878 mRNA and the indicated sRNAs 

were detected with the following complementary 5’-labelled oligonucleotide probes: CSO-3606 (Cj0878 mRNA), 

CSO-0182 (CJnc170), CSO-0537 (CJnc230), CSO-0189 (CJnc180), CSO-0185 (CJnc190) and CSO-0181 

(CJnc140). As a loading control, 5S rRNA was also probed with CSO-0192. Protein samples were taken at the 

same OD600 as for RNA samples (0.4-0.5 (log-phase)), and 0.05 ODs per lane was separated on a 12 % gel and 

then stained with PageBlue for visualization of the separated proteins.  
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Appendix C. 

Table 1. Genes showing significantly up- or down-regulated in ΔCj0878 compared to the WT 

strain.  

Downregulated in ΔCj0878     

Locus tag Name Product Type GFOLD 

Cj0939c Cj0939c hypothetical protein CDS -2.38 

Cj1459   hypothetical protein 5'-UTR -2.37 

Cj1719c   2-isopropylmalate synthase 5'-UTR -2.32 

Cj0364 Cj0364 hypothetical protein CDS -2.13 

Cj1308 Cj1308 acyl carrier protein CDS -2.03 

Cjp27 tRNAGly tRNA-Gly tRNA -1.89 

Cjp17 tRNAGly tRNA-Gly tRNA -1.88 

Cj0076c   L-lactate permease 5'-UTR -1.85 

Cj0012c   non-haem iron protein 5'-UTR -1.81 

Cjp01 tRNAAla tRNA-Ala tRNA -1.81 

Cjp04 tRNAAla tRNA-Ala tRNA -1.81 

Cjp14 tRNAAla tRNA-Ala tRNA -1.81 

Cj0011c Cj0011c non-specific DNA binding protein CDS -1.78 

Cj1538c Cj1538c anion-uptake ABC-transporter ATP-binding protein CDS -1.78 

Cj0633 Cj0633 hypothetical protein CDS -1.77 

Cj1478c   outer membrane fibronectin-binding protein 5'-UTR -1.76 

Cj1227c   putative two-component regulator 5'-UTR -1.75 

Cj0008 Cj0008 hypothetical protein CDS -1.74 

Cj0779   thiol peroxidase 5'-UTR -1.73 

Cj1412c Cj1412c integral membrane protein CDS -1.72 

Cj1107 clpS ATP-dependent Clp protease adaptor protein CDS -1.72 

Cj0069   hypothetical protein 5'-UTR -1.72 

Cj0204   putative oligopeptide transporter OPT family 5'-UTR -1.71 

Cj0292c   pseudo 5'-UTR -1.70 

Cj0011c   putative non-specific DNA binding protein 5'-UTR -1.68 
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Cj0339   putative MFS transport protein 5'-UTR -1.68 

Cj1225 Cj1225 hypothetical protein CDS -1.65 

Cjp03 tRNAGlu tRNA-Glu tRNA -1.63 

Cj0104 atpH F0F1 ATP synthase subunit delta CDS -1.62 

Cj0170 Cj0170 hypothetical protein CDS -1.59 

Cj0628   putative lipoprotein 5'-UTR -1.59 

Cj1415c cysC adenylylsulfate kinase CDS -1.56 

Cjp26 tRNASeC tRNA-Sec tRNA -1.55 

Cj0556 Cj0556 amidohydrolase family protein CDS -1.54 

Cj1671c cgpA hypothetical protein CDS -1.52 

Cj1122c Cj1122c integral membrane protein CDS -1.52 

Cj1640 Cj1640 hypothetical protein CDS -1.52 

Cj1669c Cj1669c DNA ligase CDS -1.51 

Cj0631c Cj0631c ribonuclease CDS -1.51 

Cj0696   cell division protein FtsZ 5'-UTR -1.50 

Cj0962 Cj0962 acetyltransferase CDS -1.50 

Upregulated in ΔCj0878     

Locus_tag Name Product Type GFOLD 

Cj1342c maf7 motility accessory factor CDS 2.18 

Cjp22 tRNAAsn tRNA-Asn tRNA 1.58 

 

 


