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Abstract 

Salmonella Genomic Island 1 (SGI1) is an integrative mobilizable element which is specifically mobilized 

by the IncA/C plasmids. It was first described in a multidrug resistant clone of Salmonella enterica 

serovar Typhimurium (S.T.) DT104. Strains of this food-borne pathogen are of zoonotic origin which 

cause numerous infections in humans and animals. In addition to S.T. DT104, SGI1 was proved to be 

responsible for the multidrug resistance phenotype in several epidemic S. enterica serovars, Proteus 

mirabilis and Morganella morganii strains. SGI1 can be transferred to other bacterial species as well, 

however, only under laboratory conditions. The helper IncA/C plasmids are large, broad-host-range 

plasmids with efficient conjugation system. Similarly to SGI1, this plasmid family contributes to the 

dissemination of multidrug resistance among enteric bacteria due to their multiple antibiotic resistance 

genes. Even though certain transfer-related elements have been investigated in both SGI1 and IncA/C 

plasmids, many parts of their conjugation apparatus remain to be identified. We have analysed and 

identified certain elements localized in the mobilizable region of SGI1 and the helper plasmid. Besides, 

we investigated the in vivo transfer of SGI1 in chicken gut flora. It has been shown that IncA/C plasmids 

have a sole oriT, and ruled out the possibility of a dual oriT system. The mobI gene adjacent to oriT was 

confirmed to be essential for the conjugation, and its promoter region was found to overlap the oriT 

sequence. Additionally, a recombination hotspot, which is a recombination site of a putative site-

specific recombination system, was discovered on the plasmid backbone. Regarding the transfer of 

SGI1, the key role of two mobilization proteins – S019 and S020 – was confirmed, and the need for 

S021 was excluded. S020 was suggested to act as an atypical relaxase, which requires the S019 to fulfil 

its function. While the helper plasmid-borne TraI as a relaxase is required for conjugation of the 

plasmid, it is not essential for the mobilization of SGI1, although it facilitates the transfer of SGI1. The 

horizontal spread of SGI1 in vivo was not investigated before. We demonstrated for the first time the 

transmission of SGI1 into an Escherichia coli strain in the gut flora of a living animal. Understanding the 

mechanism of horizontal transfer of SGI1 and IncA/C plasmids and its limiting factors may improve our 

knowledge about the spread of multidrug resistance.  
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Összefoglaló 

A Salmonella Genomi Sziget 1 (SGI1) egy integratív mobilizálható genetikai elem, amely kizárólag az 

IncA/C plazmidcsaládba tartozó helper plazmidok jelenlétében képes átjutni más baktériumokba. A 

szigetet elsőként a Salmonella enterica Typhimurium (S. T.) DT104 fágtípusából azonosították, amely 

számos fertőzést okozhat emberben és az állatállományokban. Az SGI1-et később más multirezisztens 

Salmonella szerovariánsokban is megtalálták, emellett Proteus mirabilis és Morganella morganii 

törzsekben is észlelték. A sziget emellett számos további baktériumfajba is átvihető laboratóriumi 

körülmények között. Az SGI1 átvitelét segítő IncA/C plazmidok nagyméretű, széles gazdaspektrumú 

plazmidok, amelyek hatékony konjugációs rendszerrel bírnak. A SGI1-hez hasonlóan jelentősen 

hozzájárulnak a multidrog rezisztencia terjedéséhez a bélbaktériumok körében, hiszen mindkét elem 

többféle antibiotikum rezisztencia gént hordoz. Mind a helper plazmid, mind az SGI1 esetén több 

konjugatív transzferrel kapcsolatos genetikai elemet azonosítottak, azonban a konjugációs 

apparátusuk nagy részét még nem sikerült feltárni. Munkánk során a sziget és a helper plazmidok 

mobilizációért felelős transzfer elemeket azonosítottuk és elemeztük. Emellett vizsgáltuk az SGI1 

horizontális átvitelét csirke bélflórában is. Bizonyítottuk, hogy az IncA/C plazmidoknak egyetlen 

transzfer origójuk (oriT) van, és kizártuk a lehetőségét egy kettős oriT rendszer jelenlétének. Igazoltuk, 

hogy az oriT-vel szomszédos mobI gén szükséges a konjugációhoz, és kimutattuk, hogy a promótere 

átfed az oriT szekvenciával. Emellett azonosítottunk egy rekombinációs hotspotot a plazmid gerincen, 

ami feltehetően egy helyspecifikus rekombinációs rendszer rekombinációs helye. Az SGI1-en 

bizonyítottuk két mobilizációs fehérje – az S019 és S020 – kulcsszerepét, és kizártuk az S021 fehérje 

közreműködését a sziget konjugációjában. Feltételezzük, hogy az S020 fehérje egy atipikus relaxáz, 

amelynek működéséhez az S019 fehérje jelenléte szükséges. Míg a helper kódolta relaxáz (TraI) fehérje 

elengedhetetlen a plazmid konjugációjához, addig az SGI1 mobilizációjához nem kulcsfontosságú, bár 

az optimális, magas gyakoriságú átvitelhez a TraI is szükséges. Az SGI1 élő állatban történő horizontális 

transzferét korábban nem vizsgálták. Munkánk során kimutattuk a sziget átvitelét egy Escherichia coli 

törzsbe csirke bélflórában. Az SGI1 és a helper IncA/C plazmidok horizontális transzferének feltárása 

jelentősen hozzájárulhat a multidrog rezisztencia elterjedésének megértéséhez. 
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Résumé 

L’îlot génomique 1 de Salmonella (SGI1 pour ’Salmonella genomic island 1’) est un élément intégratif 

et mobilisable, dont le transfert horizontal dépend de la présence d'un plasmide du groupe 

d'incompatibilité IncA/C. SGI1 a été identifié dans des souches multi-résistantes de Salmonella enterica 

Typhimurium (S. T.) DT104 qui est responsable de nombreuses toxi-infections alimentaires chez 

l’homme et l’animal. Plus tard, l’îlot a été retrouvé dans d’autres sérotypes épidémiques de S. enterica 

ainsi que dans des souches de Proteus mirabilis et Morganella morganii. En outre, l’îlot peut être 

transferé vers d’autres espèces bactériennes au laboratoire. Les plasmides conjugatifs IncA/C agissant 

comme élément „helper” spécifique pour SGI1 sont des plasmides à large spectre d’hôte dont la 

machinerie de conjugaison est très efficace. Les plasmides IncA/C et SGI1 véhiculent de nombreux 

gènes de résistance et contribuent ainsi largement à la dissemination de multi-résistance aux 

antibiotiques parmi les entérobactéries. Bien que certaines composantes du tranfert aient été étudiés 

chez ces deux éléments, la plupart de leurs machineries de conjugaison reste à découvrir. Au cours de 

ce travail, nous avons analysé et identifié les fonctions mobilisatrices de SGI1 et des plasmides IncA/C. 

De plus, nous avons étudié pour la première fois le tranfert de SGI1 in vivo dans l’intestin de poussin. 

Il a été démontré que les plasmides IncA/C ont une seule origine de transfert (oriT), et l’hypothèse 

d’une seconde oriT a été exclue. La nécessité de mobI, le gène adjacent a l’oriT, a été confirmé pour la 

conjugaison, et son promoteur a été localisé, chevauchant en partie la séquence de l’oriT. En outre, un 

hotspot de recombinasion site-spécifique a été découvert sur le backbone des plasmides IncA/C. Quant 

au tranfert de SGI1, nous avons constaté que deux protéines de mobilisation– S019 and S020 –jouent 

un rôle clé dans la conjugaison contrairement à S021. S020 semblerait jouer le rôle d’une relaxase 

atypique qui nécessite la présence de S019 pour remplir sa fonction. Bien que la relaxase TraI encodée 

par le plasmide IncA/C soit requise pour son propre transfert conjugatif, elle n’est pas essentiel pour la 

mobilisation de SGI1, mais elle est une mobilisation conjugative de SGI1 la plus efficace en terme de 

fréquence de transfert. La propagation horizontale de SGI1 in vivo n’a pas été étudiée jusqu’à présent. 

Nous avons démonstré pour la première fois la transmission de SGI1 vers une souche d’E. coli dans la 

flore intestinale d’un animal vivant. L’étude du transfert horizontal de SGI1 et des plasmides IncA/C 

peut aider à mieux comprendre la diffusion de la multi-résistance. 
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I. Antibiotic resistance 

I.1. Discovery and history of antibiotics 

From time to time, a merely accidental event or even negligence can change the human history. In 

1928, a contaminated Staphylococcus culture plate led Alexander Fleming to the discovery of penicillin, 

the antibacterial substance of Penicillium mould1,2. That was the beginning of the modern era of 

antibiotics.  

The first case when a patient was succesfully treated with penicillin was in 1942 (Fig. 1). Prescription 

of this ’wonder drug’ against bacterial infections saved the lifes and limbs of numerous World War II 

soldiers2. However, Fleming drew the attention to the potential resistance of bacteria to penicillin3. 

Indeed, shortly after its introduction to the market, penicillin resistance caused considerable clinical 

problems. A plasmid-encoded penicillinase has greatly contributed to the rapid dissemination of 

penicillin-resistant Staphylococcus aureus strains4. For this reason, methicillin – a semisynthetic 

penicillin – was deployed against the penicillinase-producing S. aureus in 1961. However, soon after its 

introduction, methicillin resistant S. aureus (MRSA) appeared (Fig. 1)2,3.  

Development of new β-lactams and other antibiotics with wider spectrum of activity and less 

susceptibility to penicillinases was followed by the emergence of resistance against these 

compounds2,4. This period between the 1950s and the 1980s is considered as the golden age for the 

industrial production of new antibiotics1–3. 

In some cases, introduction of new ’wonder drugs’ was not followed immedietaly by the emergence of 

resistance. In 1972, vancomycin was introduced against the methicillin-resistant Staphylococcus aureus 

(MRSA). However, vancomycin resistant S. aureus was described only in 2002 (Fig. 1)2,3.  

Since the fall of golden era, fewer new drugs are launched to the market, and fewer drugs were efficient 

against certain drug- or multidrug resistant (MDR) bacterial strains (O’Neill, 2014). This is worrisome, 

because infections caused by multidrug resistant pathogens have a tendency for higher mortality than 

those caused by susceptible ones4,5. According to the World Health Organization (WHO) the world 

heads for a post-antibiotic era, in which ’common infections and minor injuries which have been 

treatable for decades can once again kill’6. 
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Figure 1. Timeline of key antibiotic resistance events7. Dates are based upon early reports of resistance in the 

literature. 

I.2. Development of antibiotic resistance  

I.2.1. Critical factors behind the emergence of antibiotic resitance 

Antibiotic use revolutionized the human healthcare of the 20th century. It has considerably reduced 

the danger of surgeries and childbirth. Besides, several ever-to-be common and severe illnesses, like 

tubercolosis has become curable1. At present, antibiotics are succesfully used in the treatment or 

prevention of infections associated with chronic diseases, chemotherapy treatments or surgeries2. 

Thus, the emergence of antibiotic resistant pathogens can lead to serious public health problems by 

restricting the choice of treatments and increasing healthcare costs. Therefore, understanding of the 

factors behind this phenomenon is worthy of note. 

Bacteria have an outstanding ability to rapidly adapt to their environment by genetic variations. Certain 

human activities may also drive bacterial evolution toward the development, increase and spread of 

the antibiotic resistance. 

In fact, any use of antimicrobials contributes to the emergence of resistance. However, excessive and 

inappropriate use facilitates it even more. Although the production of newer antibiotics is decreasing, 
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the global consumption of the available ones in human medicine increased by ~40% between 2000 and 

20101. Over- or incorrect prescription, accessibility, low price, and the lack of regulation in certain 

countries are among the main reasons behind overuse1–3,5.  

In addition to medical use, antibiotics are widely used in agriculture for disease pro- and metaphylaxis 

as well as for growth promoting of livestock. Higher yield and higher-quality products are attributed to 

the antibiotic treatment2,3. Sub-therapeutic doses and long exposure periods which frequently occur 

during these treatments can also favour the propagation of resistant cells. The transmission of resistant 

bacteria from farm animals to consumers via meat products has been reported. Furthermore, a clear 

correlation have been demonstrated between the antibiotic consumption of livestock and the 

antibiotic resistance (ABR) in the clinic8. 

Certain antimicrobials are applied as pesticides. Tetracyclines and streptomycin are used to suppress 

pathogen growth on flowers and leaf surfaces of fruit trees in U.S.2. 

In addition to clinical and agricultural factors, dissemination of ABR genes also occur via the intensive 

food transport worldwide and the intercontinental human travel1,8. 

I.2.2. Bacterial response to antibiotic attack 

Antibiotics may lead to bacterial cell death by inhibiting cell wall synthesis, DNA synthesis, RNA 

synthesis, or protein synthesis. In case of an antibiotic treatment, the majority of susceptible cells are 

destroyed in a bacterial population. However, acquisition of genetic material or alteration of genes in 

certain cells may provide resistance to an antibiotic and therefore leads to the long-time survival and 

predominance of progenies of these cells over the drug-sensitive ones in the presence of the concerned 

antibiotic. To sum up, antibiotic resistance occurs when an antibiotic drug does not inhibit the bacterial 

survival anymore, and replication as well as the multiplication of cells is intact. When bacteria acquire 

multiple resistance traits, MDR strains emerge3,4. 

Several biochemical pathways can lead to resistance to a particular antibiotic, although bacteria tend 

to have a preference for certain resistance mechanisms4.   

I.2.2.1. Intrinsic resistance 

In fact, the emergence of antimicrobial resistant strains goes back in the past, well before the 

pharmaceutical production of the first antibiotics. As several antibiotic compounds are naturally-

occuring molecules, coexisting bacteria have evolved ancient mechanisms to overcome the antibiotic 

effect, resulting in intrinsic resistance. It means that antibiotic resistance is provided by inherent 

structural or functional characteristics and not by the acquisition or development of resistance 

genes4,9. 
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An example for the intrinsic resistance is the outer membrane of Gram-negative bacteria which 

provides defense against several antimicrobial compounds. For instance, vancomycin is not effective 

against these organisms because of its inability to enter through the outer membrane and reach the 

target peptids in the periplasm10. Thus, the outer membrane is the first-line of defense of Gram-

negative bacteria against the uptake of toxic compounds, such as antibiotic agents4. 

I. 2.2.2. Gene mutation  

Point mutation on the antimicrobial target site 

Changes of the antimicrobial targets may lead to decreased affinity for the antibiotic molecule4. 

Fluoroquinolones inhibit the bacterial replication system, namely the DNA gyrase and topoisomerase 

IV activities. Resistance can be evolved by the point mutation of genes encoding subunits of DNA gyrase 

and topoisomerase IV. Resistance to nalidixic acid (the first described quinolone) is mainly associated 

with single mutations at gyrA gene which generate amino acid substitutions11.  

Decrease in the drug uptake 

Alterations of porins can also lead to antibiotic resistance by changing the permeability. Porin-

mediated antibiotic resistance have a considerable effect on certain antibiotics like β-lactams, 

tetracyclines, fluoroquinolones, which use porins for penetration in many cases. Porin-mediated 

antibiotic resistance can be achieved by a shift in expression of the type of porins, a change in the level 

of porin expression or by the impairment of the porin function4. 

A shift in the type of porins has been reported in clinical isolates of Klebsiella pneumoniae after 

antimicrobial therapy: expression of OmpK35 was shifted to OmpK36 porin with smaller channel size. 

As a result, lower susceptibility was found to β-lactam antibiotics12. 

Increase in intrinsic efflux mechanisms 

Chromosomally-encoded efflux pumps are responsible for the intrinsic resistance of Gram-negative 

bacteria to several drugs. Not only conventional antimicrobials, but other toxic compounds, like heavy 

metals, detergents can also be actively pumped out by efflux sytems4,13.  

Some efflux pumps have substrate-specificity, while others have broad substrate range. Multidrug 

resistance efflux pumps belong to the latter group. Mutations in the regulatory system can intensify 

the expression of efflux genes. For example, a single base mutation in the promoter region of mtrC 

gene in Neisseria gonorrhoeae can result in stronger promoter activity, which entails the constitutive 

overexpression of the multidrug resistance efflux pump14. 
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Modulation of regulatory networks 

Daptomycin resistance is generated by a mutation affecting important regulatory pathways via spatial 

reorganization. Daptomycin acts through the destruction of the Gram-positive bacterial cell 

membrane, as it targets anionic phospholipids4,9. 

In daptomycin-resistant E. faecalis strains, mutations emerge within genes of the LiaFSR regulatory 

system, which orchestrates the membran stress response. This leads to the alteration of phospholipid 

content and therefore to the removal of the cardiolipin-rich domains. Thus, resistance is developed 

because of the lack of primary binding site of daptomycin15. 

I.2.2.3. Acquisition of resistance genes 

Antibiotic modifying enzymes 

Certain bacteria produce enzymes, which can stop the attack of one or more antibiotics by chemical 

alteration of the antibiotic compound. Most of the concerned antibiotics target the protein synthesis4,9. 

Most frequent enzymatic reactions catalyzed by these resistance mechanisms are acetylation 

(aminoglycosides, chloramphenicol), phosphorylation (aminoglycosides, chloramphenicol), and 

adenylation (aminoglycosides, lincosamides). As a result, the affinity of antibiotics to the target site is 

decreased because of the steric hindrance. The inhibition of protein synthesis by chloramphenicol is 

prevented by the so-called CATs (chloramphenicol acetyltransferases). They are usually carried by 

mobile genetic elements (MGEs) and occur in Gram-positive and Gram-negative bacteria as well4. 

Destruction of the antibiotic molecule is another effective resistance mechanism. β-lactamases act in 

this way against β-lactam antibiotics. Even though β-lactamases were discovered short time after the 

launch of penicillin to the market, these enzymes are proved to exist for millions of years. β-lactamase 

encoding genes can be found in the chromosome and in MGEs as well4,9.  

Specific efflux mechanisms 

Different efflux pumps have been described in Gram-negative and Gram-positive organisms with 

substrate-specificity or broad substrate range. Efflux pump-encoding genes can be located either in 

MGEs or in the chromosome. Several antibiotic compounds like fluoroquinolones, β-lactams, 

carbapenems and polymyxins can be extruded by different efflux pumps. Tetracycline resistance is 

often achieved by efflux-mediated mechanism. Substrate-specific Tet pumps use proton exchange as 

source of energy to get tetracyclines out from the cell. Most tet genes are located in MGEs4.  

Target protection 

Genes involved in the target protection are often carried by MGEs. Tetracycline resistance 

determinants Tet(M) and Tet(O) are classic examples for target protection4. TetO and M remove 
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tetracycline from the ribosome as they compete with the antibiotic for the same binding site. As a 

result, translation keeps going as it is not inhibited by tetracycline16,17.  

An important example to the replacement of the original target is the resistance to β-lactams including 

methicillin in S. aureus4,9. β-lactams inhibit an enzyme, PBP, which is required for the cell wall synthesis. 

Acquisition of a foreign mecA gene encoding PBP2a provides low affinity for almost all β-lactams 

making these antibiotics ineffective against S. aureus18. 

I.3. Consequence of antibiotic resistance 

WHO considers antibiotic resistance among the three most important public health risks of the 21st 

century19. 

According to a report published in 2014, 700 000 death may be caused by antibiotic resistant 

pathogens each year. This number is estimated to increase up to 10 millon by 2050 if human race fails 

to act against antimicrobial resistance (AMR) (Fig. 2). This increased mortality rate would entail a 

reduction of 2% to 3.5% in GDP1. AMR generate the most serious problems in low- and middle-income 

countries due to the frequent inadequate sanitary conditions and food-handling, poorer infection 

prevention and control practices as well as the lack of effective antibiotics8. 

 

Figure 2. Deaths associated with AMR every 

year compared to other major causes of 

death1. 

 

High prevalence of hospital-acquired 

antibiotic-resistant infections is often 

associated with the intensive antibiotic use, 

invasive interventions and the presence of 

immunocompromised patients. When first-

line or even second-line antibiotics are 

proved to be ineffective, new and more 

expensive antibiotics are deployed, which 

may have more secondary effects. The 

treatment of patients with resistant infections often requires longer hospital stay and recovery period 

and therefore higher hospital and societal costs2,5. 
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Multiresistant organisms gained the name of ’superbug’. MRSA is one of the most prevalent superbugs 

showing resistance to penicillin-like beta-lactam antibiotics. The annual death caused by MRSA in U.S. 

was 11,285 in 2011. MRSA infections occur worldwide and spread effectively in different 

epidemiological settings, like hospitals, community and livestock. Hospital-acquired MRSA infections 

have become less frequent due to intensive preventive hygiene measures in most places, although the 

number of community-acquired infections has increased. 

Emergence and spread of drug-resistant Mycobacterium tuberculosis, which caused the death of 

170,000 people in 2012 also represents a threat worldwide. In most cases, M. tuberculosis spread 

through the air, and causes infections in the lungs. Tuberculosis (TB) drug resistance can be attributed 

to the inadequate treatment and the inavailability of new drugs. Extensively drug-resistant TB (XDR-

TB) is not only resistant to most TB drugs, but also to second-line injectable drugs. In U.S. an intensive 

TB infection prevention and managment program is deployed against these superbugs, which resulted 

in decreased prevalence of XDR-TB infections2. 

I.4. Combat antibiotic resistant bacteria 

I.4.1. Development of new drugs 

The production of new antibiotics has come to a halt leading to the fall of the golden era. In addition 

to the rapidly evolving resistant bacteria, economic and regulatory aspects also affect considerably the 

antibiotic development. Most of the largest pharmaceutical companies stopped the research and 

development of new antibiotics because of economic obstacles. Antibiotics do not produce as much 

profit as those drugs which are prescribed for chronic illnesses. 

Regulatory obstacles also resulted in a considerable reduction of new antibiotic approvals between 

1983 and 2007. For instance, U.S. Food and Drug Administration (FDA) created new standards for 

clinical trial design, which also rendered the trials more time- and money-consuming. However, a new 

regulatory pathway have been proposed by Infectious Diseases Society of America (IDSA), which may 

facilitate the development of next generation drugs2. 

At present antibiotics development aims the generation of new analogs of existing antibacterial drug 

classes with improved potency, decreased resistance and toxicity. Besides, several new antibacterial 

drugs with novel mechanism of action are in the clinical pipeline. Some novel drugs are active against 

Gram-negative bacteria as well, like Iclaprim or Ceftaroline20.  
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Researchers are looking for new targets for the next generation antimicrobial drugs. For example, a 

virulence factor (CrtM) of MRSA can be effectively targeted by a recently discovered cholesterol 

reducing agent (BPH-652, a phosphonosulphonate)21. 

Another way to combat resistant bacteria is the phage therapy when bacterial infections are treated 

by bacteriophages22. Besides, passive immunization or administration of antibodies can also be used 

to prevent infections3. For instance, pneumococcal conjugate vaccine (PCV13) have been launched to 

the market, which is effective against 13 S. pneumoniae infections including diseases caused by 

resistant pneumococcus strains7.  

I.4.2. Regulation of antibiotic use practices 

The problem of AMR affects low-, middle- and high-income countries as well. Thus, an international 

integrative action is needed including drug regulation in human, animal and environmental settings1. 

Antimicrobial resistance is regarded as One Health issue. One Health approach is the ’collaborative 

effort of multiple disciplines – working locally, nationally, and globally – to attain optimal health for 

people, animals and our environment.’ Thus, One Health enables interdisciplinary research in order to 

realize appropriate actions8. 

After the 68th World Health Assembly in 2015, WHO published the Global Action Plan on Antimicrobial 

Resistance to guide Member States in tackling the AMR problem23. The global Action Plan describes 

five strategic objectives:  

 ’to improve awareness and understanding of antimicrobial resistance; 

 to strengthen knowledge through surveillance and research; 

 to reduce the incidence of infection; 

 to optimize the use of antimicrobial agents; and 

 to develop the economic case for sustainable investment that takes account of the needs of all 

countries, and increase investments in new medicines, diagnostic tools, vaccines and other 

interventions.’  

A database was also developed by WHO, FAO (Food and Agriculture Organization of the United 

Nations) and OIE (World Organisation for Animal Health), which contains the annual self-assessment 

of each member country about their progress in the national antimicrobial resistance action plans in 

different sectors24. This may help to follow the undertaken actions and to identify the areas where 

further supports are needed. 
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I.5. Multidrug resistance in Salmonellae 

Salmonella infections are the major cause of food borne diseases in US which entails considerable 

healthcare costs25. Salmonellae are facultative anaerobic Gram-negative, rod shaped flagellated 

bacteria. The complex group of Salmonellae belongs to the Enterobacteriaceae family and includes two 

species: S. enterica and S. bongori. S. enterica species contains 6 subspecies (enterica, salamae, 

arizonae, diarizonae, houtenae, and indica), and more than 2500 serovars25. Most gastrointestinal 

salmonellosis can be attributed to only two S. enterica serotypes: S. Enteritidis and S. Typhimurium.  

Salmonella serovars mainly colonize the gastrointestinal tract of humans and farm animals, however, 

they can also occur in the intestinal tract of wild birds, reptiles, and insects. In most cases Salmonella 

outbreaks are associated with land animals, especially with poultry. Besides, several Salmonella 

outbreaks can be attributed to plant products, like crops, fruits, nuts, etc.25. 

S. enterica serovars Typhi and Paratyphi are the causative agents of Typhoid and Paratyphoid Fevers, 

and cause diseases only in humans. Conversely, nontyphoidal Salmonellae are not human-specific. 

Nausea, vomiting and diarrhea may be the symptoms of nontyphoidal salmonellosis (NTS). Infected 

patients generally recover without hospitalization and medical treatment, as NTS is a self-limiting 

disease. However, a small proportion of infections can lead to invasive salmonellosis or even death. In 

these severe cases hospitalization and antibiotic therapy is required. Chronic illnesses, like aseptic 

reactive arthritis or Reiter’s syndrome can also be induced by NTS25. Thus, the emergence of MDR 

Salmonella strains may threaten the effectivity of the antibacterial therapies. Besides, several studies 

have reported that MDR Salmonella strains may be more invasive and virulent than the susceptible 

ones25.  

According to a report, Typhimurium is one of the most prevalent serovars that is associated with 

multidrug resistance26. AMR in Salmonella is often related to the horizontal transfer of ABR genes 

carried by MGEs among the members of Enterobacteriaceae27.  

II. Mobile Genetic Elements 

MGEs are DNA segments which can change location within a genome or even between bacterial cells. 

Based on their ability to self-transfer across cellular boundaries, MGEs can be classified into two 

groups. Intercellular MGEs, such as plasmids, integrative conjugative elements (ICEs) and 

bacteriophages can transfer from cell to cell, while intracellular MGEs including transposable elements, 

insertion sequences and integrons are not self-transmissible between cells. However, they can spread 

by using the members of the first group as transmission vectors28. It is also worth mentioning that this 
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division is not feasible in all cases of MGEs. Furthermore, it is becoming more and more difficult to 

define the boundaries between the different types of mobile elements due to the growing number of 

MGEs identified, including several ones with mosaic structure and properties.  

According to the classic concept, the prokaryotic genome can be divided into the core genome and the 

dispensable/accessory genome which constitute together the pan-genome. Core genome consists of 

essential genes which are present in all strains of the same species, while the dispensable genome is 

composed of accessory genes which can not be found in all strains29. As this concept ignores those 

MGEs which can transfer genes between different species, Norman et al. proposed the ’supergenome’ 

approach30. Supergenome is the pool of genes available in a particular environment, which is composed 

of the private pool and the communal pool. The essential chromosomally-encoded genes belong to the 

private pool, while genes carried by MGEs (integrons, transposons, bacteriophages, plasmids etc.) are 

part of the communal pool and are accessible to all compatible prokaryotes. The different mechanisms 

by which genes are available for the members of communities are often summarized as horizontal gene 

transfer (HGT). 

Transduction and conjugation are the major intercellular transfer mechanisms of HGT. Horizontal 

spread of MGEs via transduction or conjugation enables dissemination of ABR and other genes carried 

by these elements, which significantly contributes to the bacterial evolution. Transduction is a 

bacteriophage-mediated DNA transfer without cell-cell contact. Bacterial DNA is packaged into the 

phage particle (or virion), which infects another cell and injects the foreign DNA into the recipient. 

Unlike transduction, the process of conjugation requires close physical contact between the donor and 

recipient cells, when DNA is transferred unidirectionally through a mating pore31.  

II.1. Integrons 

Bacterial integrons are gene capture systems allowing for the acquisition, exchange and expression of 

exogenous open reading frames (ORFs) integrated into the array of integron cassettes. Integrons have 

been first reported in the late 1980s32, although they shape the bacterial genomes for millions of 

years33. Approxametely 17% of the sequenced bacterial genomes contain integrons proving their 

prevalence34. They occur not only in clinical isolates, but also in water and soil bacteria35.  

Integrons are composed of three main elements: the integrase (intI) gene encoding the tyrosine 

recombinase family site-specific recombinase enzyme, the adjacent integration site (attI) and the 

promoter (Pc) driving the transcription of the acquired gene cassettes36. Cassettes are small mobile 

elements carrying promoterless coding sequences associated with a recombination site (attC)33,34,37.  
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During gene capture, the circular intermediate form of gene cassettes is recognised by the IntI 

integrase, which catalyzes site-specific recombination between attC and attI sites (Fig. 3).  

 

Figure 3. Schematic representation of gene 

acquisition and cassette exchange in integrons34. 

Circular gene cassettes can be sequentially integrated at 

the attI site of the integron. intI, class 1 integrase gene; Pc, 

gene cassette promoter; Pint, intI promoter; attI, integron-

associated recombination site; attC, recombination site of 

the gene cassette. 

 

As a result, the new gene cassette is inserted into 

the integron downstream of the Pc 

promoter33,34,38. The integron can accumulate 

numerous gene cassettes by successive 

integration events at the attI site34,39. 

Recombination between two attC sites may lead 

to the excision of a gene cassette40. 

Based on phylogenetic analysis of IntI genes, 

integrons can be classified into 3 groups: the 

soil/freshwater proteobacteria group, the 

marine γ-proteobacteria group and the inverted 

integrase group34,35. According to their genetic context integrons can also be classified as mobile 

integrons and chromosomal integrons. Chromosomal integrons are considered to be sedentary33–35,41 

and are found in numerous bacterial phyla. Mobile and chromosomal integrons share the same 

structure, however some differences have been observed. Chromosomal integrons can carry a large 

array of cassettes (up to 217 in Vibrio vulnificus) and attC sites of this group show high degree of 

similarity (>80%). In contrast, mobile integrons are embedded in mobile elements such as transposons 

and conjugative plasmids, and carry fewer gene cassettes (up to 8) with heterogeneous origin33,34. 

While chromosomal integrons can encode divergent proteins such as virulence factors, toxin-antitoxin 

proteins, or different enzyme homologs, mobile integrons are mostly involved in ABR33. Thus, most 

mobile integrons contribute to the spread of multiresistance phenotype among Gram-negative 

bacteria. Based on their integrase sequence, mobile integrons can be classified into 5 classes. Class 1 

integrons (C1) are the most widespread that are prevalent in most clinical isolates. C1 integrons are 

linked with transposons derived from Tn402 and are often incorporated by larger transposons. Class 2 
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intergons are mainly associated with Tn7 derivatives. Class 3 integrons are less frequent and are 

possibly found in transposons. Class 4 integrons are associated with the integrative and conjugative 

elements SXT of Vibrio cholerae, while C5 integrons are located in a transposon of pRSV1 plasmid of 

Alivibrio salmonicida33,34. 

As mentioned above, integrons are not self-transmissible35, however, they are often parts of more 

complex mobile elements, which may enable their intra- and interspecific transfer. MGEs, such as 

plasmids, transposons, insertion sequences may not only serve as transmission vectors, but also as 

genetic pool for gene capture or exchange. Gene cassettes of integrons carrying the captured ORFs are 

mobilizable, thus, integrons provide an effective mechanism to accumulate and disseminate genes, 

including ABR determinants, among Gram-negative bacteria33,34,41.  

II.2. Transposable elements 

The first description of transposable elements is attributed to Barbara McClintock in the 1940s. TEs or 

’jumping genes’ are discrete DNA segments which are able to change their location within the host 

genome with the help of their transposase enzyme42. TEs can insert into any kind of target DNA such 

as plasmids, phages or the host chromosome31. 

Transposase genes, encoding the Tpase enzymes, which catalyse the movement of transposons, are 

the most abundant and ubiquitous genes in the nature43. This section concentrates on the prokaryotic 

transposable elements, although TEs are present in almost all sequenced genomes.  

Insertion sequences (IS) are the simplest autonomous TEs in prokaryotes that can be found in almost 

all bacteria. ISs are short (about 750 to 2000 bp) DNA segments, which consist of one or two ORFs 

encoding only the transposase enzyme involved in translocation of the element (Fig. 4A). The elements 

are generally delimited by terminal iverted repeat (IR) sequences31,44. The ISfinder database, which has 

been set up in order to collect information about ISs including their classification and nomenclature, 

includes more than 4600 annotated ISs. The classification of ISs is mainly based on the sequence of 

transposase, however, ISs can also be grouped into two types based on the chemistry of their 

movement: the DDE (and DEDD) and HUH enzymes 44. DDE transposase and HUH enzymes are named 

for the conserved amino acids in their catalytic domain (D=Asp, R=Glu in DDE transposase, H=His, 

U=hydrophobic residue in HUH endonucleases.) 

Unlike ISs, composite transposons, which are bordered by two complete copies of the same IS, carry 

passenger genes that are not involved in movement functions (Fig. 4B). Transposase may move the 

entire segment as a unit by recognising the outer IRs and cutting donor DNA near their outer ends. In 



25 

 

many cases, mutations emerge that prevent the flanking ISs to move independently (by inactivating 

their innermost IRs for example), and thus leads to the conservation of the unity of the composite 

transposon31,45. The passenger genes can provide selective advantage to the host, such as ABR, 

virulence or metabolic functions. For instance, Tn5 carries kanamycin and streptomycin resistance 

genes bordered by two IS50 copies, Tn9 encodes chloramphenicol resistance gene enclosed by IS1 

copies, while tetracycline resistance gene of Tn10 is bracketed by IS10s31,45,46.  

ABR genes occur not only in composite transposons, but also in simple or unit trasposons (Fig. 4C), 

which are flanked by inverted repeats instead of complet ISs. These transposons often move by 

replicative transposition and can generate cointegrates of the donor and target replicons. Most of 

these elements belong to the Tn3-family, including the prototype element, Tn3 carrying ampicillin 

resistance or Tn21, which contains an integron and a mercury resistance operon31. 

 

 

Figure 4. Schematic represantation of different types of transposons44. 

(A) Different IS elements. (B) Composite trasposon Tn10 bracketed by two copies of IS10. (C) Unit transposon Tn3 family. 

Blue boxes represent the ISs or unit transposons. Terminal inverted repeats and direct repeats are shown as blue triangles 

and red boxes, respectively. Black horizontal arrows indicate ORFs of DDE transposases and the resolvase of Tn3-family 

elements. Orange boxes show passenger genes. 

 

Even though TEs are considered as selfish elements, their importance in the genome evolution is 

indisputable at present. Movement of TEs can generate deletions, inversions, complex DNA 

rearrangements and often cause activation or inactivation of genes31,44. 
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Similarly to integrons, transposons can not move between hosts without transmission vector as they 

do not encode the molecular machinery for their horizontal transfer42. 

II.3. Bacteriophages 

Bacteriophages are bacterial viruses, which can be found in diverse settings such as in natural 

environments or in association with plants. Phages are among the most abundant organisms in the 

world47.  

The phage genome can be circular or linear, double stranded (ds) or single-stranded (ss) DNA or RNA. 

The lenght of their genome vary from ~3.5 kb (MS2 phage) to ~500 kb (Bacillus phage G). Many phages 

have icosahedral head and tails, but polyhedral capsids, filamentous or pleomorphic phages also 

exist31,47, and these morpholigical properties are also considered in their classification. 

The life cycle and reproduction of the phage can be lytic or lysogen. After the absorption on the 

bacterial cell, the phage injects its genome into the host cell. Many phages have a simple lytic life cycle 

including the replication of phage genome, the formation of new phage particles and the lysis of the 

infected cell, which leads to the release of phage particles (Fig. 5B). In contrast, temperate phages in 

lysogenic cycle are able to integrate their DNA into the chromosome, thus the replication of the 

prophage is adapted to that of the bacterial chromosome (Fig. 5A). Lysogeny can switch to the lytic 

phase that can be induced by stress signals, leading to the formation and release of new virions through 

cell lysis. Pseudolysogeny may occur under harsh conditions, during which the phage genome is 

maintained as a plasmid in the cytoplasm and is inherited by only one daughter cell (Fig. 5C). It is worthy 

of note, that P1 phage is maintained as an autonomous plasmid in the lysogenic cycle, but it cannot be 

regarded as a pseudolysogen, because it has a coordinated DNA replication with the host cell, and the 

lysogenic cycle is not the consequence of harsh conditions. 
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Figure 5. Different types of phage-mediated transduction48. (A) Lysogenic life cycle. (B) Lytic life cycle. (C) 

Pseudolysogeny. (D) Generalized transduction. (E) Specialized transduction.  

 

Phages can enable lateral gene transfer by introducing foreign DNA into a new host in addition to or 

instead of their own genetic information with the process called transduction. During generalized 

transduction, bacterial DNA fragments are accidentally packaged into the capsid instead/besides of 

phage DNA (Fig. 5D). This may lead to the horizontal transfer of portions of host DNA. In the case of 

specialized transduction the incorrect excision of the prophage DNA leads to the transduction of the 

flanking bacterial DNA along with the prophage (Fig. 5E)47,48. 

Phages can be effective agents in horizontal spread of ABR genes among foodborne pathogens, such 

as E. coli and Salmonella spp. For instance, phage-mediated transduction of genes conferring 

resistance to ampicillin, chloramphenicol, and tetracycline (PDT17 and ES18 phages) has been reported 

in the case of S. Typhimurium DT104 strain48. Besides, phage-mediated transduction of ABR genes can 

be enabled by antibiotic exposure. Carbadox, an antimicrobial used in agriculture was shown to 

promote the generalized transduction of chromosomal genes including ampicillin, chloramphenicol, 

and tetracycline resistance genes carried by Salmonella Genomic Island 1 in MDR S. Typhimurium 

DT104 by inducing prophages49. However, the significance of the phages in ABR spread is not clear, 
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as the prevalence of ABR genes on the phage genomes appears to be greatly overestimated according 

to a bioinformatical analysis48.  

II.4. Plasmids 

Plasmids are autonomously replicating extrachromosomal DNA molecules, which have been identified 

from all types of bacteria and from a wide range of environmental niches.  

The size of plasmids can vary between some thousands to hundreds of thousand base pairs. Their 

structure is often modular, as the genes are clustered into functional groups, including backbone (also 

named plasmid-selfish) modules for plasmid maintenance and propagation, and accessory genes 

beneficial for the host cell (Fig. 6). The plasmids can contain modules responsible for (i) plasmid 

replication and copy number control, (ii) plasmid stability, (iii) conjugation and (iv) adaptation module. 

Replication module is an essential region which always carries the origin(s) of replication (oriV), and 

can also encode replication initiator (Rep) and control proteins (and/or RNAs). Stable copy number is 

also maintained by this region. Plasmid stability regions can encode different types of stability systems, 

such as multimer resolution, addiction and partitioning systems, which are responsible for vertical 

transmission and segregational fidelity. Conjugation is ensured by tra genes and the cis-acting origin of 

transfer (oriT). Adaptation module is the most variable region, which can code for ABR, bacteriocins, 

virulence determinants or traits involved in bacterial sociality etc. In many cases, plasmids do not 

provide essential functions to the bacterial growth, but they give selective advantages to the host 

under certain conditions30,31,50.  



 

 

 

 

Figure 6. Modular structure of the prototype of 

conjugative plasmids (top) and the IncX1 plasmid 

pOLA52 (bottom)30. Red, blue, orange, green colours 

indicate the replication, stability, adaptation and 

conjugation modules, respectively. Other or unknown 

functions are shown by gray. 

 

The general method for plasmid classification is the incompatibility testing. Those plasmids that can 

not coexist stably in the same cell (due to shared replication or partition system for example) belong 

to the same incompatibility (Inc) group31. However, incompatibility-based classification can be 

problematic in same cases, e.g. the carriage of multiple replicons by a plasmid makes its classification 

difficult into a sole incompatibility group. To overcome the drawbacks of the incompatibility-based 

system, Garcillán-Barcia et al. proposed a new classification based on the conjugative transfer systems 

considering the sequence and properties of an essential conjugation protein, the relaxase enzyme. The 

fact that most plasmids carry a single relaxase gene, makes this method advantageous compared to 

the incompatibility-based system. According to this classification system, conjugative plasmids can be 

grouped in six MOB families: MobC, MobF, MobH, MobP, MobQ and MobV51.  

The horizontal spread of plasmids mainly occurs via conjugation. This part delineates the basic 

components of plasmid conjugation of ssDNA in Gram-negative bacteria (Fig. 7). Conjugative transfer 

is enabled by the transfer (tra) gene products and oriT. Certain Tra proteins, such as relaxase, play a 

role in the DNA processing, and therefore belong to the Dtr components (DNA transfer and replication). 

The Mpf components (Mating pair formation) consist of the pilus, the channel and the coupling protein 

(CP) constituting together the type IV secretion system (T4SS)31.  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Garcill%C3%A1n-Barcia%20MP%5BAuthor%5D&cauthor=true&cauthor_uid=19396961
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Figure 7. Transfer mechanism of F plasmid 

(adapted from52). Relaxase nicks either strand of the 

DNA at the oriT site, then covalently binds to the free 

5’ end of the cleaved strand. The relaxase-DNA 

complex is subsequently transferred across the 

pilus/T4SS with the help of the CP. The complementary 

strand of remaining ssDNAs in the donor cell is 

synthesized by rolling-circle replication concomitant of 

the nicked strand displacement, while the transferred 

strand recircularizes and replicates in the recipient 

bacteria to make dsDNAs. Cell membranes are shown 

as black lines. Gray lines and blue rectangles represent 

the original DNA and oriT, while the newly synthetised 

DNA strands and oriT are indicated as dotted gray lines 

and white rectangles respectively. 

 

 

The process of conjugation starts with the 

attachment of the donor and recipient cell 

through a tube-like appendage, named pilus. 

Then a multi-protein complex called 

relaxosome assembles around the oriT. Tra 

genes encoding relaxosome components are 

often located close to the oriT (e.g., in RP4, 

R388, R6K, pCW3, pIP501). Auxiliary factors 

within the relaxosome recognize the oriT site, 

which is subsequently nicked by the relaxase 

at the nic site. Relaxase, the key enzyme of relaxosome covalently attaches to the 5’ end of the cleaved 

strand, which is transferred to the recipient cell through the T4SS. T4SS is a membrane-associated 

macromolecular transport machinery, which is responsible for the translocation of the DNA-relaxase 

nucleo-protein complex to the recipient cell. The transport is also facilitated by CP, which ensures 

communication between the Dtr and Mpf systems, and recruits the nucleoprotein complex to the 

channel. The complementary strand of ssDNAs remaining in the donor cell is synthesized by rolling-

circle replication concomitant of the nicked strand displacement, while the transferred strand 

recircularizes and replicates in the recipient bacteria to make dsDNAs.  

In most cases, auxiliary proteins assist in the DNA processing and transfer mechanism31,53,54. In IncPα 

plasmid RP4, the TraJ protein binds to oriT and directs the relaxase near to the nic site55. TrwA accessory 
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protein of the IncW plasmid R388 not only binds to the oriT, but also stimulates the ATPase activity of 

the coupling protein TrwB56. Besides, auxiliary proteins are often associated with the regulation of gene 

expression, such as TraY and TraM of IncF plasmids, which interact with the promoters of tra 

operon57,58. 

OriT is the site where the transfer initiation begins with a single-strand break, and also where the 

plasmid recircularizes after transfer. Inverted motifs and AT-rich regions are common features at this 

region, like in the case of F59, R6K60, IncPα61,62, pAD163, pAM37363 and pCW364. Conserved sequence 

motifs are present near the nic site in certain conjugative plasmids, such as in IncPα, Ri, Ti, pTF-FC2 and 

R64 65. Most plasmids have only one oriT site, although two functional oriTs have been reported in the 

case of pAD163,66, R6K60 plasmids and in ICEclc67 genomic island. 

In addition to single-strand cleavage at oriT, relaxases are often involved in other functions as well. The 

relaxase domain responsible for DNA cleavage is always located at the N-terminus. In most relaxases, 

the C-terminus carries a helicase or DNA primase domain. Helicase domain is reponsible for unwinding 

the DNA strands after strand cleavage. The relaxase (TraI) of F plasmid contains an N-terminal relaxase, 

a helicase, and a C-terminal DNA binding domain54,68. A particular class of relaxases (canonical 

relaxases) plays a role in the initiation of rolling circle replication as well53.  

Conjugative plasmids are often large, low-copy (<10 copies/cell) entities which contain the whole set 

of genes needed for conjugation (tra genes) and plasmid stabilization30,31. Some plasmids are not able 

to transfer alone, but hijack the conjugation machinery of another self-transmissible plasmid. 

Theoretically, any plasmid can be mobilized by a conjugative plasmid if it contains the oriT sequence of 

the conjugative plasmid. However, in nature, mobilizable plasmids contain more transfer components 

in addition to oriT. For example, ColE1 encodes its own relaxase, which can interact with the coupling 

protein of the F plasmid and enables the transfer of ColE131.  

Certain conjugative plasmids occur only in a narrow range of host strains while others are able to 

spread between even unrelated species and are called promiscuous or broad host range plasmids. IncF 

plasmids are considered as narrow host range entitites, which are limited to the Enteribacteriaceae 

family69. IncP plasmids (like RP4) are broad host range plasmids, which can not only transfer into most 

Gram-negative bacteria, but also to Cyanobacteria, Gram-postive bacteria, yeast and plant cells31. The 

most studied IncX plasmid R6K occurs in several enteric and non-enteric bacterial species, even if it 

was previously considered as a narrow host range plasmid70. IncW plasmids have been described in 

several class of Proteobacteria. R388, the prototype member of IncW plasmids, occurs in 

Alphaproteobacteria and Betaproteobacteria species71. 
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Many broad host range plasmids have been isolated from clinical settings and are associated with 

multidrug resistance, such as IncA/C plasmids. Members of this plasmid family can carry several ABR 

genes conferring resistance even to the most modern antibiotics with extended-spectrum, such as β-

lactams and carbapenems72. IncN plasmids, typically occurring in E. coli and K. pneumonia isolates, are 

frequently associated with cephalosporin and carbapenem resistance73.  

Integrons and transposons are often carried by conjugative plasmids which serve as effective vehicles 

for these elements (Fig. 8), which, in turn, can induce intracellular rearrangments and contributes to 

capture of many kinds of accessory genes. Mobile gene cassettes can be captured by integrons, which 

may become part of a transposon. The resulting complex may be inserted into a conjugative plasmid, 

which can disseminate this genetic information in the bacterial communities. 

 

 

Figure 8. Modular organization of mobile genetic elements30. 

II.5. Genomic islands (GIs) 

Genomic islands are chromosomal DNA regions which have been acquired by lateral gene transfer. The 

foreign origin of GIs is reflected by their presence only in few strains of the same or related species, 

and their different GC content or codon usage. Mosaic structure of many GIs suggests that they are 

composed of several rearranged genetic elements.  

Several GIs carry all the necessary genes for their conjugative transfer and termed integrative 

conjugative elements (ICEs). GIs of the other group, the integrative mobilizable elements (IMEs) are 
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not self-transmissible, but are mobilized by other conjugative elements. IMEs encode only a limited set 

of transfer genes and hijack the conjugation system of their fully transfer competent helper element, 

similarly to the mobilizable plasmids52,74.  

Like other MGEs, GIs are important drivers of bacterial evolution and adaptation. Gene sets carried by 

GIs can be involved in adaptive functions such as pathogenesis, symbiosis, novel metabolic pathways, 

and/or resistance to antibiotics, prophages or heavy metals. A group of GIs, the pathogenicity islands 

(PAI) are large gene clusters which often lack the ability of transfer, but encode various virulence traits 

involved in invasion, survival, and extraintestinal spread. Salmonella Pathogenicity Islands (SPI) provide 

important virulence functions for Salmonellae and possibly originate from phages or plasmids75.  

II.5.1. Integrative conjugative elements (ICEs) 

Integrative conjugative elements are GIs, which can be excised, horizontally transferred and 

integrated in another host chromosome by their own conjugation system76. According to recent 

genome analyses, the prevalence of ICEs is even higher than that of conjugative plasmids. 

The size of ICEs varies from ~20 kb to >500 kb. Like conjugative plasmids, ICEs have mosaic structure 

with different functional modules (Fig. 9). Integration/excision modules contain genes encoding 

tyrosine or serine recombinases required for site-specific integration and excision of the element, and 

recombination directionality factors (RDF) that facilitates the excision process52. However, DDE 

transposases can also fulfil this function in several cases. Conjugation modules, processing DNA, 

contain the same elements as conjugative plasmids, namely the oriT, the relaxase-, auxiliary proteins-

, CP- and T4SS-coding genes. ICEs may also contain adaptation modules conferring beneficial functions 

to the host as mentioned above52,77,78. 
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Figure 9. Integration and excision of ICEs52. Site-specific integrase is a recombinase (usually a tyrosine, sometimes 

serine recombinase), which is involved in the integration and excision of the ICE. Different modules are shown as rectangles. 

Thick gray lines and thin black lines indicate the ICE and host genome, respectively. ORFs are shown as arrows. The sequence 

of target gene is indicated by yellow. Identical short sequences of attB, attL, attR and attI (often called as attP) are drawn 

as black rectangles with arrowhead. Hatched boxes represent the arm of the attL site and the related arm of attI site, while 

checkerboards show the attL site and the related arm of attI site. 

 

Functional modules frequently have different origins, which can show similarities to those of plasmids 

(conjugation module, regulatory functions), transposons (integration/excision module) or phages 

(integration/excision module, regulatory functions). In the case of SXT/R391 family of ICEs, the 

regulation of the excision and transfer is similar to that of the lytic cycle of lambda phage. ICEs of TnGBS 

family have replication modules related to different plasmids79. Various combinations of different 

functional modules have been found among ICEs. Further variations can be generated by 

recombination of other MGEs into an ICE, such as ISs (SXT-R391) or integrons (Tn5253)78.  

Some ICEs have low specificity regarding to the target site (mainly those having DDE transposase 

instead of a Tyr/Ser-recombinase for integration/excisin functions), while many other target a specific 

attachment (att) site in the chromosome (3’ end of a tRNA gene in many cases), which is a short 

sequence similar to its own att site. When integrated, ICEs are flanked by a right and left attachment 

site (attL and attR). Upon excision, recombination between attR and attL mediated by serine/tyrosine 

recombinase or DDE transposase results in the formation of an excised circular form of the ICE with an 

attP site and leaves behind an attB site on the host chromosome (Fig. 9). An RDF also named 

excisionase also plays important role in Tyr-recombinase-encoding ICEs by pushing integrase activity 

towards excision52,77. The excised form of ICE can either reintegrate into the chromosome or be 
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transferred into another cell by conjugation. As the extrachromosomal form is more liable to loss, ICEs 

can deploy different strategies to stabilize themselves, such as transient replication of the circular form 

or post-segregational killing of daughter cells not containing the element53. 

The general mechanism of conjugative transfer is similar to that of conjugative plasmids. The 

conjugative transfer and maintenance are controlled by regulatory elements. The conjugation genes 

of ICEs are not constitutively expressed, but their expression can be induced under certain conditions. 

Various signals can enable induction, such as DNA damage, secreted molecules by the potential 

recipients or the growth phase of the host78. In the case of SXT/R391 family, three conserved genes 

ensure the regulation of the conjugation: setR, setC and setD. The transcriptional activator genes setCD 

are repressed by SetR. However, in case of SOS response, the proteolysis of SetR leads to derepression 

of setCD genes and therefore to the induction of conjugation genes77.  

Besides their self-transfer, SXT/R391 ICEs are also responsible for mobilization of several other mobile 

genetic elements, such as GIs or plasmids and also chromosomal regions. A particular class of GIs found 

in Vibrio carries a cis-acting sequence mimicking the oriT of SXT/R391 ICEs, which is therefore 

recognised and transferred by the ICE encoded conjugative machinery74,77. Not only GIs, but also 

plasmids can be mobilized by ICEs. ICEBs1 was found to trigger the transmission of three different 

plasmids (pC194, pBS42 and pHP13) without recognizable oriT and mobility functions80. 

Several ICEs provide adaptive advantage to their host such as AB or heavy metal resistance, 

pathogenesis, symbiosis, biofilm formation52,78. SXT/R391 family elements contribute significantly to 

the spread of sulfamethoxazole and trimethoprim resistance among V. cholerae strains77, while 

CTnDOT provide resistance to tetracycline and erythromycin74. 

II.5.2. Integrative mobilizable elements (IMEs) 

Accumulation of mutations and rearrangments can disable certain ICEs to self-transfer. These GIs may 

remain mobilizable by other ICEs or plasmids, and can be considered as integrative and mobilizable 

elements74. 

Even though IMEs use their own integration and excision system, they hijack the conjugation apparatus 

of a related or unrelated helper element. For instance, Salmonella genomic island 1 (SGI1), MGIVmi1 

or MGIVchHai6 are not self-transmissible, but exploit the conjugative machinery of IncA/C plasmids81–

84. Based on genome analyses IMEs appear to be even more abundant than ICEs53. 

In general, the size of most IMEs is between 5 and 15 kb long, although the longest ones are around 50 

kb. Most IMEs can be found in one copy per genome, although the presence of 2-6 copies of certain 

elements (e.g. IMEs with a low integration specificity or the tandem array of SGI1 copies) has been 
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reported53. IMEs are composed of similar functional modules as ICEs, which also tend to have various 

phylogenetic origins. The conserved backbone region carries the integration/excision, the conjugation 

and the maintenance modules. The structure and function of the integration/excision module are 

similar to those of ICEs. Genes of this module are generally clustered to one end of the element. 

In contrast, the conjugation module differs greatly from those of ICEs or other IMEs. This module does 

not carry the whole set of transfer genes. For example, canonical IMEs encode DNA processing 

functions including relaxase and oriT, but require the T4SS of the helper element. Non-canonical IMEs 

do not follow this pattern, as they carry their own T4SS or may not encode relaxase at all etc. (Fig. 10). 

Moreover, certain genomic islands do not encode any known conjugation proteins53. IMEs may also 

contain modules ensuring their stable maintenance. Similarly to ICEs, the excised form of IMEs would 

be lost during cell division, so transient maintenance functions have possibly evolved in IMEs. They 

often carry genes homologous to known genes of replication factors, addiction systems and partition 

proteins. The auxiliary functions are frequently clustered together and inserted in the core genome or 

associated with mobile elements inside the IME. 

 

Figure 10. Different mobilization strategies of IMEs53. Unlike IMEs, conjugative plasmids and ICEs carry all transfer 

genes required for their conjugation, namely genes encoding the relaxase, relaxosome accessory factors (RAFs), a coupling 

protein (CP) and a Type IV secretion system (T4SS). In order to hijack and recruit the conjugative apparatus of these self-

transferable conjugative elements, IMEs encode and deploy the following factors: I, relaxase and CP to transport to T4SS; 

II, relaxase and sometimes additional RAF to recruit the CP and T4SS; III, relaxase, RAF and 3 MPF proteins to recruit the CP 

and T4SS; IV, only an oriT; V, an oriT and RAF to recruit the relaxase of conjugative elements; VI, an oriT and 3 MPF proteins. 

Dotted arrows indicate the interactions between IMEs and the helper elements. 
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As for ICEs, the evolution of IMEs is highly promoted by the acquisition, deletion and replacements of 

modules between IMEs and other MGEs. Transposons and ISs carried by IMEs, or integration of IMEs 

within other MGEs may generate further modular reorganizations and gene acquisitions52,53. For 

example, the sulfonamide resistance of IncA/C R16a and IP40a plasmids is provided by the IME GIsul2 

integrated in the plasmid backbone85.  

The general mechanism of excision and integration of ICEs and IMEs resembles each other. Similarly to 

ICEs, 3’ end of tRNA genes is a preferred integration site for many IMEs encoding tyrosine recombinase. 

However, several IMEs have low integration specificity. Regarding the conjugation apparatus, the 

presence or absence, the type and the diverse combinations of different conjugation genes (relaxase, 

relaxosome components, CP, T4SS components) result in various mobilization strategies (Fig. 10). 

Tn455, Tn4399, NBU1 and NBU2 are canonical IMEs in Bacteroides strains, which encode MobP 

relaxase, while the helper ICE or IncP plasmid provide the VirD4 coupling protein and the T4SS53. The 

non-canonical MGIVflInd1, which contains an SXT-related oriT, is mobilized in trans by ICEVflInd1 of 

the SXT family. In addition to the conjugation proteins (relaxase, MobI relaxosome component) of the 

helper ICE, MGIVflInd1 exploits the regulatory components (setCD) of ICEVflInd1 for its own excision 

and transfer as well86. 

The auxiliary module in ICEs and IMEs alike, encode various cargo genes, which can be involved in host 

adaptation53, such as arsenate and arsenite resistance, carried by GIsul2 or defense against 

bacteriophages (via type III restriction modification system) encoded by MGIVmi1. IMEs are often 

responsible for the multidrug resistance of their host. SGI1 has been described in a MDR Salmonella 

enterica Typhimurium DT104 strain, and was proved to be responsible for resistance to ampicillin, 

chloramphenicol, florfenicol, streptomycin, spectinomycin and sulphonamides (ACSSuT)87. 

MGIVchHai6, which was isolated from a MDR clinical V. cholerae strain, confers resistance to β-lactams, 

sulfamethoxazole, tetracycline, chloramphenicol, trimethoprim and streptomycin/spectinomycin84. 

The mobilizable NBU2 element is associated with the dissemination of a lincomycin resistance gene 

among Bacteroides strains88. 

II.6. Mixed characteristics of MGEs 

Worthy of note, that many MGEs can not be unambigouosly grouped into a particular type of mobile 

elements due to their mosaic properties. Previous sections showed that GIs have phage- or transposon-

like features, such as the integration/excision process with the help of an integrase and RDF or DDE 

transposase, respectively, and plasmid-like features, such as the conjugation and replication. In 
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addition to GIs, other MGEs have plasmid-like properties as well. CTXΦ, a filamentous bacteriophage 

can either integrate into the chromosome of Vibrio cholerae or replicate as a plasmid in the absence 

of its target site89. P1 prophage also shows plasmid-like characteristics, as it is maintained and 

replicates autonomously as a circular low-copy number plasmid in the lysogenic cycle instead of 

integrating into the host chromosome90. Unlike many other GIs, certain ICEs are able to replicate 

autonomously, similarly to plasmids. Replication was shown in the case of ICEBs1, ICEMlSymR7A, SXT 

and ICEHin1056 among others78.  

Certain GIs can be regarded as a derivative of another MGE. The staphylococcal pathogenicity islands 

(SaPIs) are satellite prophages, which encode their own integration/excision and replication functions, 

but require a helper prophage for mobilization52.  

III. The complex interaction of SGI1 and IncA/C plasmids 

The SGI1-family islands are typical IMEs, which integrate into or excise from the bacterial chromosome 

autonomously, but require the conjugation system of an IncA/C plasmids for their horizontal transfer81. 

The interaction of SGI1 and IncA/C plasmids seems to be a good model system for investigation of IME 

mobilization. Understanding of the crosstalk between these MGEs is of importance, as it seems to 

contribute to the spread of multidrug resistance.  

III.1. Salmonella genomic island 1 (SGI1) 

SGI1 was discovered, when MDR clones of Salmonella enterica Typhimurium DT104 strain, which is 

often associated with gastrointestinal diseases in humans, appeared during the mid-1980s91. The 

common multidrug resistance phenotype (ACSSuT) of this epidemic clone proved to be conferred by 

SGI1.  

 

Figure 11. Genetic organization of SGI1 (adapted from92). The annotated ORFs are shown as arrows and color-coded 

as shown. Names of genes are indicated where the function or homologs are known. ORFs with unknown functions are 

marked with numbers based on the original annotation. Vertical blue lines indicate attL and attR sites. 
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The 42.4-kb genomic island contains 44 predicted open reading frames (ORFs) (Fig. 11). SGI1 has a 

specific target location on the bacterial chromosome (attB site), as it integrates site-specifically at the 

3’ end of trmE (formerly thdF) gene. The integrated SGI1 is followed by the int2 gene of a retron phage 

in S. Typhimurium, yidY in other S. enterica serovars87,93 or hipB in Proteus mirabilis94. However, 

integration into a secondary target site (between the chromosomal sodB and purR genes) have been 

observed as well95. The element is bordered by direct repeats (DRL and DRR). DRR is identical to the 

attB that is the last 18 bp of trmE gene, while DRL must derive from the joined end of the excised 

circular SGI1 (attP). DRR and DRL surround a conserved bakcbone and a variable ABR gene cluster. 

Similarly to other IMEs, SGI1 carries different functional modules. Based on homology with other genes 

of identified functions, ORFs on SGI1 backbone seem to be involved in DNA recombination (int, xis, 

S020, res), DNA replication (S003) conjugation (traNGH), regulatory functions (S006-7, tetR), stability 

(sgiTA) or they have unknown or hypothetical functions (Fig. 11)93,96. 

The 15 kb antibiotic resistance gene cluster called In104 is a complex class 1 integron, which is located 

near the 3’ end of SGI1 backbone between the res (S027) and S044 genes (Fig. 12). This region 

constitutes the adaptation module, which confers resistance to seven different drugs. As in the case of 

other IMEs these auxiliary genes are associated with a MGE. In104 is flanked by inverted repeats of 25 

bp (IRi and IRt) and contains insertion sequences (IS6100, ISCR3) besides resistance gene cassettes (Fig. 

12). It is also flanked by 5 bp direct repeats which refers to the possibility that In104 have been acquired 

by transposition97.  

 

Figure 12. In104 in SGI198. The backbone region of SGI1 (bottom) is drawn as open rectangles. Regions not shown are 

indicated with slashes. The sequences with different origins in In104 (top) are drawn as lines with different heights. Tall 

open rectangles indicate attI1 sites, while open rectangles with bar at one end represent attC sites. The central open box 

indicates the region which is not derived from integron. CS - Conserved segment; IR - Inverted repeat; orf - Open reading 

frame. 
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Genetic rearrangments within the In104 (loss, acquisition or exchange of ABR genes, IS-induced 

reorganizations) and backbone alterations led to the emergence of 43 SGI1 variants identified to date 

(SGI1-A to SGI1-Z12, SGI2). Variants of SGI1 have been reported in numerous S. enterica serovars99–103, 

Proteus mirabilis94,104 and Morganella morganii105. Further SGI1-related GIs and other uncharacterized 

SGI1-related elements have been identified in Acinetobacter baumanni106, P. mirabilis107, Aeromonas 

veronii, Vibrio cholerae108, V. mimicus, Shewanella and Enterobacter spp. 

Certain genes encoded by SGI1 have been confirmed to assist in the process of mobilization. Similarly 

to ICEs and other IMEs, SGI1 has to be excised and form a circular intermediate before conjugative 

transfer. SGI1 encodes an integrase (Int) and a RDF (Xis) at its 5’ end involved in the integration and 

excision of the island. Int proved to be a constitutively expressed gene, while the promoter of xis is 

regulated by the AcaCD activator encoded by the IncA/C helper plasmid83,109. SGI1 encodes putative 

transfer genes such as traN, traG and traH (Fig. 11). Even though these ORFs seem to be dispensable 

for SGI1 mobilization103, Carraro et al. observed a considerable decrease of transfer (ca. 4,000-fold) in 

absence of these genes92. The oriT of the island has not been identified to date.  

III.2. IncA/C plasmids 

Plasmids of incompatibility group A and C (referred as IncA/C plasmids) are large (110-320 kb), single-

copy plasmids, which have been described in diverse groups of Enterobacteriaceae, and also in 

Pseudomonadaceae, Aeromonadaceae, Morganellaceae, Shewanellaceae and Vibrionaceae. Due to 

their effective conjugation machinery and the carriage of various ABR genes, these plasmids are often 

associated with the dissemination of multidrug resistance. IncA and C plasmids are closely related 

according to their backbone sequence including the transfer genes, however, they were shown to be 

compatible, and thus considered as two distinct groups according to Ambrose et al.110. IncA group 

includes only one sequenced plasmid, RA1, while IncC group contains more than 200 sequenced 

members.  

IncA/C plasmids have a ca. 130 kb conserved plasmid backbone and variable antibiotic resistance 

islands (ARIs) that are mainly integrated at specific backbone positions (Fig. 14). The plasmid backbone 

carries conserved genes associated with replication, regulation, maintenance, DNA metabolism and 

conjugation, and also harbours many genes of unknown functions (Fig. 13-14)85,111–113. Most gene 

functions are predicted by homologies, and are not proved experimentally. ARIs carry various ABR 

genes and MGIs, such as transposons and/or integrons (Fig. 13).  



 

 

  

Figure 13. Genetic organization of the backbone 

and ARIs of five IncA/C plasmids compared to 

pRA1111.  

Maintenance, recombination/transposition, conjugation, 

ABR, other and hypothetical functions are indicated by 

blue, yellow, green, red, black and grey colours, 

respectively. The inner circle represents the pRA1 

plasmid. Conserved regions are shaded in green, while 

differing region in the representative IncA/C plasmids are 

shaded in blue.

 

Based on the alleles of rhs and orf1832/1847 backbone genes and the presence or absence of two 

insertions, i1 and i2, IncC group can be divided into two subgroups: type 1 and type 2 plasmids72. Based 

on the conjugative transfer system, IncA/C plasmids have been classified into the MOBH family51. 

The transfer genes of IncA/C plasmids are located in two regions (Fig. 14). The putative relaxase (traI), 

coupling protein (traD), mating pair stabilization protein (traN) and proteins implicated in T4SS 

assembly (traLEKBVACWU) are clustered in one region (tra1 region), while three additional putative 

proteins associated with T4SS assembly (traFHG) are located on the other transfer region (tra2 

region)72. Tra2 region also encodes a transcriptional activator complex, AcaCD (Fig. 14), which shares 

homology with FlhDC-family master activators of flagellar operons in bacteria. AcaCD is required for 

the transfer as its mutation abolishes the plasmid transfer. Similarly to other FlhDC master regulators, 

AcaCD is involved in transcriptional activation of several genes constituting a regulon83. Three 

predicted T4SS subunit-encoding genes, traN, traG, traH and another transfer gene, the mobI (Fig. 14) 

are indispensable for conjugation of the plasmid92,114. Although functional analyses have not been 

performed, mobI shares 28% identity with mobI of SXT/R391 ICEs, which is involved in the recognition 

of oriTSXT
115. An analogy with SXT/R391 ICEs also helped to identify the locus containing oriTIncA/C, albeit 

ambiguously114. Even though the oriT of IncA/C plasmids was originally predicted to be located near 

traD, the region was then proposed to be within the intergenic region of vcrx001 (mobI) and vcrx152 
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on pVCR94 plasmids. This region was confirmed to be a suitable substrate for transfer initiation, 

although two different mutations within this locus did not lead to the abolition of transfer. Therefore, 

the presence of a second oriT was suggested114.  

 

Figure 14. Genetic organization of IncA/C plasmid backbone (adapted from72). ORFs are indicated as horizontal 

arrows. Vertical arrows show the location of resistance islands ARI-A and ARI-B. Tra1 and tra2 regions are shown as blue 

horizontal lines. 

 

IncA/C plasmids are able to mobilize SGI1 and other unrelated GIs as well. In addition to the 

transmission of SGI1, plasmid pVCR94 was shown to induce the excision (PCR detection of the attP site) 

and mobilization (frequency of transconjugant formation) of MGIVmi1 and MGIVchHai6, which were 

recovered originally from a Vibrio mimicus and a V. cholerae isolate, respectively83,84. 

III.3. Mobilization of SGI1 

Similarly to other IMEs, SGI1 is not self-transmissible, but it can be mobilized specifically by IncA/C 

plasmids. In addition to R55 plasmid, other IncA/C plasmids were verified in mobilization assays as well, 

such as R16a, IP40, pVCR94 or plasmid pRA1 among others82,83. Mobilization of SGI1 has been observed 

in the presence of IncA/C plasmids at wide range of transfer frequencies (10-1-10-6 transconjugants per 

donor) from S. enterica or E. coli donor to the E. coli recipient strains81–83. Conjugative plasmids from 

other incompatibility groups (IncFI, FII, HI2, I1, L/M, N, P) were also tested. In spite of their occurence 

in MDR Salmonella and other Enterobacteriaceae strains, none of them could mobilize the island82.  

In nature, SGI1 variants and SGI1-related elements have been described from several bacterial species 

as mentioned above (III. 1.). Under laboratory conditions, mobilization of SGI1 has been detected from 

Salmonella Typhimurium to ten different recipient species bearing an IncA/C plasmid: Escherichia coli, 

Enterobacter cloacae, Klebsiella pneumoniae, Proteus mirabilis, Enterobacter aerogenes, Citrobacter 

freundii, Klebsiella oxytoca, Proteus vulgaris, Providencia stuartii and Serratia marcescens recipients116. 
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As the SGI1-donor strains originally did not carry IncA/C plasmid, the helper plasmid possibly entered 

to the SGI1-donor cells before mobilization of SGI1 to the recipients. Even though the intercellular 

transfer of SGI1 has been demonstrated in vitro, the transmission of the island under natural conditions 

has not been reported to date. 

III.4. Regulation of the excision and conjugation of SGI1 

In addition to activation of expression of the plasmid-borne transfer genes, the IncA/C encoded AcaCD 

was shown to trigger the excision and mobilization of SGI1 and an unrelated GI, MGIVmi1. The excision 

of both GIs was not only detected (amplification of attP and attB sites) in the presence of the IncA/C 

plasmids pVCR94 or R55, but also upon ectopic expression of acaCD in the absence of the helper 

plasmid83,109. The deletion of AcaCD abolished the transfer of both the plasmid and SGI1, which 

confirms its key role in the mobilization109. The excision of SGI1 is triggered via the AcaCD-dependent 

activation of xis gene. An AcaCD binding motif has been predicted at the xis promoter region, which 

was confirmed by deletion analyses and footprinting83,109. Thus, in the presence of an IncA/C plasmid, 

the plasmid encoded AcaCD binds to the promoter of the SGI1-encoded xis gene, and activates its 

transcription. Xis and Int then trigger the excision of SGI1. Conversely, in the absence of IncA/C plasmid, 

xis remains silent and the constitutively expressed int possibly pushes the process toward integration. 

In addition to xis, AcaCD activates five additional SGI1-encoded genes: traN (S005), traH/traG (S012-

11), S004 and S018 (Fig. 11)83,92,117. TraN (S005), traG (S011) and traH (S012) encodes for putative T4SS 

components, while S004 and S018 have unknown functions. ORFs S007-S006 (from now: FlhDCSGI1) 

carried by SGI1 also seem to be members of flhDC-family as they share 79 and 46% homology with the 

AcaC and AcaD subunits respectively. FlhDCSGI1 binds to the same site on Pxis, although it activates xis 

weaker than AcaCD. Besides, FlhDCSGI1 was also shown to complement in trans the acaCD KO mutation 

of the helper plasmid by restoring the conjugation of both SGI1 and the mutant R16a plasmid. Thus, 

overexpressed FlhDCSGI1 is able to replace the regulatory functions of AcaCD. FlhDCSGI1 also induces the 

above mentioned SGI1 encoded genes (traN, traH, traG, S004 and S018). However, only the 

overexpressed FlhDCSGI1 triggers the excision of SGI1, and the deletion of FlhDCSGI1 have no detectable 

effect on the transfer of SGI1117. Thus, the function of this regulator is not clear. 

III.5. Stability of SGI1 

IncA/C plasmids have not only considerable impact on the transfer of SGI1 but also its stability. In the 

absence of the helper plasmid, high stability of SGI1 has been observed, as no SGI1-free clone has been 
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detected after 350 generations among the clones of 17 Salmonella Typhimurium strains. This proved 

the great stability of the chromosomally integrated state of the island, although low rate of 

spontaneous excision have been detected by PCR103. In the absence of xis expression, the 

recombination activity of the constitutively expressed Int might drive the process toward integration, 

which results in the low level of excision and contributes to the stable maintenance of SGI1.  

Upon AcaCD-induced excision, SGI1 might be highly exposed to loss. Indeed, AcaCD has been shown to 

be responsible for high rate of SGI1 loss in addition to its role in triggering its excision and transfer gene 

expression109. The transient maintenance of the extrachromosomal form of certain GIs is ensured by 

replication or addiction systems53. Even though SGI1 encodes a putative replication initiation protein 

(RepA), the replication of the island has not been detected to date. On the other hand ORFs S025-S026 

of SGI1 encode a Toxin-Antitoxin (TA) system (sgiAT), which was shown to play a role in the stabilization 

of SGI1 when IncA/C plasmid is present. S025 is a subtilisin serine protease homologous gene encoding 

the toxin, while S026 encodes for an AAA-ATPase protein homologous antitoxin. In the absence of the 

helper plasmid, the deletion of sgiAT has no effect on the stability of SGI1 in S. Agona. However, high 

rate of SGI1 loss was observed when the IncA/C plasmid was concomitantly present in the strain 

carrying the sgiAT mutant SGI1. QPCR analysis revealed ~ 40% loss of SGI1, and the SGI1 stability test 

showed a decrease from 40% to 9% without antibiotic selection118. Thus, sgiAT seems to play a role in 

the maintenance of the excised SGI1 in the presence of the IncA/C helper plasmids. 

Certain observations suggest incompatibility between SGI1 and IncA/C plasmids. First of all, no clinical 

or environmental isolates have been found which carry both elements. Besides, in conjugation tests, 

the frequency of co-acquisition of these MGEs was considerably lower than expected from the transfer 

frequencies of either elements83,119. Huguet et al. confirmed the incompatibility in a S. Agona strain 

carrying R55 and SGI1. In the absence of antibiotic selection only 32% of the population contained both 

elements, while the rest of the population carried either SGI1 (40 %) or R55 (23 %)118. Even though 

IncA/C plasmids play key role in destabilization of SGI1, the island itself may also have adverse effect 

on the maintenance of the helper plasmid. Harmer et al. showed that maintenance of IncA/C plasmid 

pRMH760 was negatively affected when SGI1-I, SGI1-F or SGI2 was copresent in E. coli or S. enterica 

strains, while SGI1-K had no effect on the plasmid loss, which can be explained by the lack of two 

backbone regions in this variant. Destabilization of pRA1 was also observed in the presence of SGI2-A. 

Besides, supression of pRMH760 plasmid transfer was also found in the case of SGI1-I and SGI1-K72.  



45 

 

III.6. Effective dissemination of SGI1 in the context of IncA/C plasmids 

Previous sections describe the complex interactions and a kind of incompatibility between SGI1 and 

IncA/C plasmids, in which the stability of both elements is affected. Whereas the transfer of SGI1 is 

IncA/C-dependent, the conjugation frequency of the island even exceeds that of the helper plasmid in 

many cases83,119. A recent report showed that high transfer rate of SGI1 is achieved with the aid of 

predicted mating pore proteins encoded by the island via alteration of the helper-encoded mating 

pore92. Unlike canonical IMEs, SGI1 encodes two putative T4SS components (TraGS and TraHS) and a 

mating pair stabilization protein (TraNS) which share week homology with TraGC, TraHC, and TraNC 

encoded by the IncA/C plasmids. TraS genes and traC counterparts are simultaneously activated by 

AcaCD as mentioned above83,92,117. While TraGC, TraHC and TraNC are indispensable for the plasmid 

transfer, the absence of the traS cluster does not abolish the SGI1 transfer. Even though Kiss et al. found 

that traS cluster is dispensable for SGI1 mobilization103, Carraro et. al. showed the importance of these 

genes for the optimal transfer. TraS genes are able to replace their plasmid-borne counterparts, as they 

can complement either mutant of traGC, traHC or traNC in the IncA/C plasmid pVCR94 and restore the 

transfer. Thus, traS genes encode for functional mating pore components. Even though SGI1 can be 

mobilized through the plasmid IncA/C-encoded mating pore, TraHs together with TraGs are required 

for the optimal conjugation of SGI1, which is further enhanced by TraNS
92.  

The key role of TraGS in the dissemination of SGI1 among strains carrying IncA/C plasmids was also 

suggested. As TraGC codes for a putative entry exclusion determinant, it may prevent DNA exchange 

(including SGI1 transfer) between cells bearing IncA/C plasmids. By using a mating pore containing 

TraGS instead of TraGC, SGI1 escapes from this entry exclusion mechanism, therefore, invasion of 

IncA/C-carrying cells is not prevented92. 

Based on these results, SGI1 can not be regarded as a passive beneficiary of the IncA/C-encoded 

conjugative apparatus, but an active exploiter of this system. In addition to the inherent advantages of 

the hitchiking, SGI1 itself also contributes to its high conjugation frequency, relatively high stability, 

and the efficient dissemination among bacterial populations. 
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As a mobilisable element, SGI1 is not self-transferable, but hijacks the mating apparatus of the 

conjugative IncA/C plasmids. Not only SGI1, but also the helper plasmids carry several ABR genes, thus, 

both elements are involved in the dissemination of multidrug resistance. Therefore, understanding the 

transfer mechanism of SGI1 and the helper plasmid may help to combat the spread of MDR pathogens. 

In this work we set goals in two main areas: 

 

I. We set out to explore the conjugation apparatus of IncA/C plasmids. We planned to characterize the 

oriT region, and aimed to analyse the second putative oriT sequence of IncA/C plasmids. Thus, we 

wanted to know whether IncA/C plasmids have a sole oriT or a dual oriT system. We also planned to 

test if the helper-encoded MobI transfer protein is involved in the conjugation of SGI1. Finally, we 

wanted to know whether the identified elements of the transfer system are conserved in the IncA/C 

family. 

 

II. We intended to unravel the details of the mobilization process of SGI1. Regarding the conjugative 

transfer of SGI1, three potential mobilization proteins encoded by SGI1 – S019, S020, S021 – were 

planned to be analysed. We wanted to confirm their importance in mobilization, and examine their 

putative functions by structure predictions and in vitro biochemical analyses, if possible. Besides, we 

had the objective to test the importance of the helper plasmid-encoded relaxase in the conjugation of 

SGI1. Studies were planned to demonstrate the interactions between the identified transfer proteins 

and the oriT of SGI1. In addition to in vitro studies, we aimed to investigate the in vivo transmission of 

SGI1 in chicken gut flora under nearly natural and selective (antibiotic treatment) conditions. 
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Materials and methods 
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I. General DNA and microbial techniques 

I.1. Bacterial strains and media 

Relevant features of bacterial strains are listed in Appendix 1. Bacterial strains were maintained at -80 

°C in LB (Luria Bertani) broth (prepared according to120) containing 20-30% glycerol. Bacteria were 

routinely grown at 37 °C in LB broth or agar supplemented with the appropriate antibiotics used at a 

final concentration as follows: ampicillin (Ap) 150 μg/ml, chloramphenicol (Cm) 20 μg/ml, kanamycin 

(Km) 30 μg/ml, streptomycin (Sm) 50 μg/ml, spectinomycin (Sp) 50 μg/ml, nalidixic acid (Nal) 20 μg/ml, 

tetracycline (Tc) 10 μg/ml, gentamicin (Gm) 25 μg/ml, zeocin (Zeo) 80 μg/ml.  

SOC medium (2% Tryptone, 0.5% Yeast Extract, 20 mM glucose, 10 mM NaCl, 10 mM KCl, 2,5 mM 

MgCl2, 10 mM MgSO4) was used for regeneration of cells after electroporation. 

I.2. Chemicals 

Enzymes and chemicals were purchased from New England Biolabs, Thermo Fischer Scientific, 

Promega, Qiagen and Roche. 

I.3. Isolation and purification of DNA 

Standard DNA procedures were carried out according to120 or using DNA purification kits according to 

the manufacturer’s recommendations: 

Total DNA was purified from fecal and ceacal samples by QIAamp DNA Stool Mini Kit (Qiagen). 

Plasmid purifiaction was carried out by QIAGEN Plasmid Mini Kit (Qiagen) or Wizard Plus SV Miniprep 

DNA purification system (Promega). For higher quantities of plasmid DNA, QIAGEN Plasmid Midi Kit 

(Qiagen) or NucleoBond Xtra Midi Plus (Macherey-Nagel) was used. Certain digested DNA fragments 

were purified by gel extraction as follows: after agarose gel electrophoresis, the DNA fragments were 

cut out from the gel and extracted by the QIAquick Gel Extraction Kit (Qiagen) or the QIAEX II Gel 

Extraction Kit (Qiagen).  

The purity and quantity of DNA was determined by gel electrophoresis and also by spectrophotometer 

(NanoDrop 1000, Thermo Fisher Scientific) when required. For agarose gel electrophoresis, 0.8-1.2 % 

agarose gels were used, which was dissolved and run in 1 x Tris-Borate-EDTA buffer supplemented with 

0,5 μg/ml ethidium-bromid. 

https://www.biocompare.com/Product-Reviews/40874-QIAamp-DNA-Stool-Mini-Kit-From-Qiagen/
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I.4. Digestion of DNA  

Digestions of DNA were carried out in 20-50 μl final volume with 5-30 units of restriction enzyme(s), 1 

x buffer provided by the manufacturers, 100 ng-10 μg of DNA and 100 μg/ml RNase in the cases of 

lower purity plasmid isolates. The digestion reactions were incubated at 37 °C for 2 hours. 

For ligations, the appropriate amount of vector and insert DNA were mixed with 1 Weiss unit T4 DNA 

ligase (Thermo Fisher Scientific) and 1x T4 DNA ligase buffer in 20 μl final volume. 

After cloning or mutagenesis, plasmid constructs were verified by restriction mapping and sequencing 

(if required), which was performed on ABI Prism 3100 Genetic Analyzer (Thermo Fischer Scientific) by 

Biomi Ltd. (Gödöllő, Hungary) or provided by Beckman Coulter Genomic Inc (Takeley, UK). 

I.5. Bioinformatical analyses 

NCBI BLAST was used for sequence similarity searches. The verifications and comparisons of sequences 

were performed with the help of EMBOSS Needle BLAST. 

Sequence alignment of IncA/C plasmids were generated by the MultAlin interface. Identification of 

IncA/C family plasmids were based on megaBLAST database search with the DNA sequence of the repA 

gene of R55 as query sequence. Plasmids having a repA homolog with ≥98% alignment length coverage 

and ≥80% identity with repA gene of R55, and bearing the vast parts of the conserved backbone of R55 

were considered as IncA/C plasmid. 

BPROM program was used for prediction of promoter sequences on SGI1 

(http://www.softberry.com/berry.phtml?topic=bprom&group=programs&subgroup=gfindb).For 

prediction of non-annotated ORFs, we used the Gene Infinity program 

(http://www.geneinfinity.org/sms/sms_orffinder.html).  

Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index),  

Swiss-Model (https://swissmodel.expasy.org/) and Pfam database (https://pfam.xfam.org/) were used 

for protein structure predictions. 

I.6. Polymerase chain reaction (PCR) and primers 

PCR reactions were carried out in a final reaction volume of 25 or 50 μl containing 200-1000 nM of 

each primers, 200 μM dNTP, 1.5-2.0 mM MgCl2, 1 x Dream Taq buffer or 1 x Green GoTaq Flexi buffer, 

0,05U/μl Dream Taq polymerase (Thermo Fisher Scientific) or 0,1U/μl GoTaq Flexi DNA polymerase 

(Promega) and the appropriate amount of template DNA. For PCR verification of clones, bacterial 

colonies suspended in 50 μl 0.9% NaCl solution or bacterial cultures (2,5 μl) were directly used as 

http://www.softberry.com/berry.phtml?topic=bprom&group=programs&subgroup=gfindb
http://www.geneinfinity.org/sms/sms_orffinder.html
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
https://swissmodel.expasy.org/
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template (colony PCR). For cloning the amplicons, Q5 High-Fidelity (New England Biolabs), Pwo 

polymerase (Roche), Velocity Polymerase (Bioline) or Phusion High-Fidelity DNA Polymerase (Thermo 

Fischer Scientific) was  applied, and the cloned fragments were sequenced. 

The general cycling parameters for colony PCRs were as follows: initial denaturation of the templat (94 

oC for 2 min) was followed by 30-35 cycles of denaturation (94 oC, 20 sec), annealing of primers (55 oC, 

30 sec) and elongation (72 oC, 1-2 min with respect of the size of the expexcted PCR product). The 

reaction was terminated by a final extension (72 oC, 5 min). 

PCR fragments devoted to cloning or gene replacement experiments were purified by ethanol 

precipitation. 

Primers used in this work are listed in Appendix 2. Primers for knockout experiments were designed 

based on the published sequences of IncA/C plasmid R55 (GenBank: JQ010984), R16a (GenBank: 

KX156773), IP40a (GenBank: KX156772) and SGI1 (GenBank:AF261825). 

I.7. Plasmid constructions 

Plasmid constructs are listed in Appendix 3. Detailed construction of plasmids are described in the 

Appendix 4.  

II. Conjugation assays 

For mating assays, 100-300 µl of stationary phase LB cultures of recipient and donor cells 

supplemented with the appropriate antibiotics were mixed, centrifuged, washed with 0.5 ml 0.9% NaCl 

solution, spread on LB agar plates and incubated overnight at 37°C. The bacterial lawn was suspended 

in 4 ml 0.9% NaCl solution. 1–107× dilutions were prepared in 96-well plates and 5 µl of dilutions were 

dropped onto selective LB plates to determine the titers of donor, recipient and transconjugant cells. 

The ABR markers of the recipient, and that/those of the transferred plasmid/genomic island were used 

for selection of the transconjugants. Conjugation frequency was calculated from data of 3–5 parallels. 

The transfer frequencies were given as the ratio of transconjugant and recipient titers if other is not 

indicatated. In most cases we used the E. coli TG1Nal (NalR) as donor and TG2 (TcR) as recipient strain 

depending on the experimental setup.  

For the construction or genetic manipulation of certain strains, some plasmids were introduced by 

conjugation. For example, the oriTRP4 (also named as mob)-carrying pAHG19, 20, 22 and 24 plasmids 

could be transferred to the appropriate recipient by using the E. coli S17-1 donor strain. As S17-1 

https://www.thermofisher.com/order/catalog/product/F530S
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encodes RP4 transfer functions, it serves as a helper for the conjugation of any plasmids carrying the 

corresponding oriTRP4. 

III. Mutagenesis 

III.1. One-step gene inactivation method 

III.1.1. General mechanism 

The method allows for the exchange of the targeted DNA sequence for an ABR gene by homology-

dependent recombination, which can be subsequently removed via site-specific recombination. The 

process starts with the generation of a PCR product containing the ABR gene flanked with FRTs 

(recognition site of FLP recombinase) and 40-60 bp homologous sequences of the regions 

encompassing the target sequence (Fig. 15. Step 1). The PCR fragment is electroporated into a strain 

bearing the plasmid pKD46 or its derivatives expressing the λ Red recombinase, which enables the 

recombination between the homologies of the target sequence and the PCR product. Elimination of 

ABR gene can be induced by the introduction of the plasmid pCP20 or its derivatives encoding the FLP 

(flippase) recombinase, which results in the removal of the FRT-flanked resistance gene via 

recombination of the FRT sites (Fig. 15). Worthy of note that the generated mutation is not a simple 

deletion, as a 84 bp-long sequence remains at the position of the deleted sequence121.  
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Figure 15. Schematic workflow of the one-step inactivation method122. 

 

III.1.2. Deletion of oriT1, oriT2, traI, mobI and ORF128 of plasmid R16a and IP40a  

In all cases, plasmid pKD3 was used as PCR template for the amplification of the DNA fragment 

containing a CmR gene cassette bordered by the FRT sites. Primers consisted of a 20 bp homologous 

fragment to the CmR-FRT-flanked region of the template plasmid and a sequence of 50 bp identical to 

adjacent region of the targeted region respectively. R55_T2delfor–delrev, R55_T1delfor–

IP40/R16_T1delrev, deltraIR55for–deltraIR55rev, R55_001delstart–R55_001delstop, and 

R55_128delfor–R55_128delrev primers were used for the deletion of oriT1, ‘oriT2’, traI, mobI and 

ORF128, respectively (Appendix 2). 

 
Before the introduction of the generated PCR product, the appropriate strain bearing a λ Red 

recombinase producer plasmid and R16a or IP40a has been created. Since R16a and IP40a carries ApR 

gene, the use of the original ApR Red-expression plasmid, pKD46, was not an option. Thus, we used 

pJKI648, the GmR derivative of pKD46, which was transformed into the TG1Nal/R16a and TG1Nal/IP40a 

strains. The PCR products were then electroporated into the resulting pJKI648-bearing strains after 
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induction of λ Red recombination sytem with 1% arabinose (1,5 mM) at the beginning of 

electrocompetent cell preparation, which enabled the exchange of the target sequence with the FRT-

flanked CmR cassette. The thermosensitive pJKI648 plasmid was eliminated at 42°C. The exchange of 

the target to the FRT-flanked CmR was verified with colony PCR. 

A particular experiment required the use of the CmS derivative of R16aΔoriT2::CmR plasmid. For the 

removal of the FRT-flanked CmR gene,  the SmR pCP20 derivative FLP- expressing plasmid, the pAHG22 

was used. FLP expression was activated, and pAHG22 was cured at 42°C. The absence of CmR gene was 

verified on selective plates. 

III.1.3. Deletion of the chromosomal asd (aspartate-semialdehyde dehydrogenase) 

gene of Salmonella Typhimurium  

The target asd gene was eliminated from the chromosome of the SGI1-cured S. Typhimurium ST1375 

strain and its NalR derivative (ST1375 SGI1- and ST1375Nal SGI1-). Maintenance of the KO strains 

required the presence of diaminopimelic acid (DAP). 

Preparation of the PCR product for deletion of asd gene was performed similarly to the KO experiments 

in the previous section. Asddelfor2–asddelrev2 primers (Appendix 2) were used for the amplification 

of the KO DNA fragment from pKD3 template plasmid. 

The ApR λ Red recombinase producer plasmid pKD46 has been transformed into ST1375 SGI1- and 

ST1375Nal SGI1- strains by electroporation. The asd KO PCR product was then electroporated into the 

resulting pKD46-bearing strains after induction of λ Red recombination sytem with 1% arabinose (1,5 

mM). The thermosensitive pKD46 was cured from the CmR, DAP-dependent asd KO mutants at 42°C. 

The exchange of the asd gene to the FRT-flanked CmR was verified by colony PCR. 

For the elimination of the CmR gene from the ST1375Δasd::CmR SGI1- and ST1375NalΔasd::CmR SGI1- strains, 

plasmid pCP20 or its derivative, pAHG22 was used respectively. Induction of FLP expression and the 

elimination of the thermosensitive pCP20 or pAHG22 were carried out at 42°C. 

III.2. Lambda Red–mediated scarless deletion method  

III.2.1. General mechanism 

Lambda Red–mediated scarless deletion is a linear DNA–based method, which enables the deletion of 

a chosen segment without leaving any exogenous sequence behind123. In addition to Red recombinase 

activity, meganuclease I-SceI cleavage and RecA-mediated double-strand break (DSB) repair are 

deployed during the process. 
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Similarly to the gene inactivation method we have used, the process starts with replacing a part of the 

target region with an ABR gene, flanked by A and B boxes (Fig. 16). For this purpose, plasmid pSG76-CS 

is used as PCR template carrying the CmR gene flanked by two I-SceI sites. The primers contain 5’ 

extensions: ab primer carries a homologous region to A and B boxes, while the extension of primer c is 

identical with the sequence of the C box, which is located close to the B box, but it takes part of the 

target region. The generated composit PCR product carrying a CmR gene with I-SceI sites surrounded 

by the AB box from one side and the C box from the other side is electroporated into the target cells. 

Arabinose-inducible recombinase activity of plasmid pKD46, present in the target cells, allows 

recombination within the A and C homology boxes of the PCR fragment and the target site. As a result, 

the target region between A and C boxes is replaced by the CmR gene along with the I-SceI sites. Thus, 

the generated mutants can be selected for CmR. This is followed by cleavage of the I-SceI recognition 

sites of the chromosome provided by the plasmid pSTKST encoding I-SceI. The presence of two 

homologous B boxes enables scarless deletion of the remaining target region via RecA mediated 

recombination repair. Primers d and e are used for the verification of the generated deletion (Fig. 

16)123. 

 

Figure 16. Overview of the Lambda Red–mediated scarless deletion method123. Homology boxes (arbitrarily 

chosen DNA segments) are represented as A, B, and C. Lowercase (a, b, c, d, e, ab) indicates PCR primers. Lengths of the 

boxes are indicated. I-SceI cleavage site is abbreviated as S. 
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III.2.2. Scarless deletion of Tn6187 of R55 

Tn6187 of R55 carrying ApR, KmR/GmR and CmR genes have been deleted, however, the CmR/floR 

gene located outside of the transposon was not affected by this scarless deletion step. pJKI1023 

template plasmid was used for the amplification of the KO DNA fragment containing the SmR/SpR 

gene, bordered by I-SceI recognition sites. The following primers were used: R55_dTn6187ABfor and 

R55_dTn6187Crev carrying a 22 or 24 bp fragment homologous to pJKI1023 and a 5’ extension, 

identical to the AB (99 bp) or the C (50 bp) homology boxes of the target region respectively.  

The PCR product has been electroporated into the Ara-induced TG1Nal/R55 electrocompetent cells 

bearing the the pKD46 derivative TcR pJK842 plasmid, which encodes Red-recombinase. After curing 

pJKI842, the KmR and ApR ts plasmid pMSZ934 carrying the I-SceI gene under the control of a Tet-

inducible promoter was introduced. I-SceI expression was induced by addition of 30 μg/ml heat-treated 

chlortetracyclin. The deletion site was verified by resistance test, colony PCR and sequencing. The ts 

pMSZ934 plasmid was then eliminated at 42°C. The resulting CmR/floR plasmid derivative was named 

as R55ΔTn6187. 

III.2.3. Replacement of floR gene 

In order to generate an R55 derivative with a selectable marker, that is absent from SGI1 

(Sm/SpApTcCm/floSul)R, the floR gene of R55ΔTn6187 have been replaced by the aadB gene of R55 

conferring resistance to Gm an Km. The process of this replacement was based on the principle of the 

one-step gene inactivation method, but the FRT sites were absent from the template plasmid, which 

made the introduced aadB gene stable. 

PCR amplification of KO DNA fragment carrying the KmR/GmR gene was performed using plasmid 

pJKI1026 as template and R55_dflofor—R55_dflorev primers carrying a 22 or 24 bp homologous 

fragment to the pJKI1026 template plasmid and a 48 or 46 bp 5’ extension, homologous to the flanking 

sequence of the target floR gene respectively. The PCR product was electroporated into the 

TG1Nal/R55ΔTn6187 strain bearing the ApR pKD46. After electroporation of Ara-induced 

electrocompetent cells, the exchange of floR was selected on LB+Km agar plates and confirmed by PCR 

amplification, then pKD46 was cured at 42°C. The resulting R55 derivative was named as R55ΔTnΔfloR, 

and was used as helper plasmid later in SGI1 donor strains for the in vivo experiments. 

III.3. Point mutation on SGI1 

In order to cause a frameshift mutation of a non-annotated short ORF, an adenine nucleotide was 

inserted in the minimal mobilizable region of SGI1 (mobSGI1, 18079th bp on SGI1). As two BglI sites are 
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present in mobSGI1 encompassing the putative ORF, BglI cleavage was used for the exchange of the WT 

BglI fragment for its insertion-carrying counterpart in a mobSGI1-containing vector. 

Genomic DNA of TG1Nal::SGI1-C was used as template for the amplification of a fragment carrying the 

putative ORF overlapping with ORF S022, and partly with S021 and oriT. The mutation was introduced 

by using the sgi1_18080fs_PvuI primer (carrying the adenosine insertion and one of the two BglI sites) 

with S022promrev primer, which resulted in a 623 bp fragment spanning the BglI fragment of mobSGI1. 

Introduction of the adenine nucleotide generated a new and unique PvuI restriction site: cgtcg 

cgAtcg. This PvuI site helped later to select for the proper mutants. After BglI cleavage, PCR product 

was cloned into the BglI-cleaved pMSZ949 vector, which is a p15A-based plasmid carrying the mobSGI1 

region. The resulting plasmid, containing the frameshifting adenine insertion at the putative ORF of 

mobSGI1, was verified by PvuI digestion and sequencing and then named as pAHG36.  

IV. Protein purification 

IV.1. Purification of the SGI1-encoded S019 and S020 mobilization proteins, 

and the IncA/C plasmid-encoded relaxase  

IV.1.1. Construction of expression vectors of intein-tagged proteins 

For the purification of each protein, pTXB1 expression vector was used. This vector enables the cloning 

of the target gene into its NdeI-SapI site without addition of extra codons. The inserted target gene 

becomes fused to the coding sequence of an intein tag (28 kDa) resulting in C-terminal fusion of intein 

tag to the expressed target proteins. 

S019, S020 and traI genes were amplified from TG1Nal::SGI1-C (S019, S020) or TG1Nal/R55 (traI) 

strains using the S019Ndefor-S019SpeRev2, S020Ndefor-S020SapRev and traINdefor-traISapRev 

primers, respectively. PCR products were cleaved with NdeI (5’ end of the insert) and SapI (3’ end of 

the insert), and inserted into the NdeI-SapI-digested pTXB1 vector except S019 which contains an inner 

SapI site. Instead, it was cloned into the NdeI and SpeI site of the vector. The resulting plasmids, 

pAHG29, pAHG33 and pAHG35, respectively, were verified by sequencing and protein expression tests. 

IV.1.2. Optimization of fusion protein expression 

The plasmid constructs were transformed into E. coli BL21(DE3) strain and overnight cultures of 

transformants bearing pAHG29, pAHG33 and pAHG35 were diluted 100-fold in 5 ml fresh LB+Ap 

medium and were grown to OD600 of 0.5 at 37oC. The cultures were then induced with 0.2 mM IPTG 

(3h, 37oC) under vigorous shaking, harvested by centrifugation and used directly for the protein 
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purification or frozen at –70oC. The same conditions were used for the expression of the same genes 

cloned into a pET22b(+) vector (traI, ORF S019 and S020 carried by pJKI915, pJKI925 and pJKI926 

plasmids, respectively).  

CBD buffer (NaCl 500 mM, Tris-HCI 20 mM, EDTA 1 mM, Tween-20 0.1%, pH=8, 25°C) with salt 

concentrations of 100 mM, 500 mM and 1 M were tested to determine the optimal solubility conditions 

of the proteins. For this optimization test, extracts containing untagged proteins obtained from the 

pET22b(+)-based expression vectors (pJKI915, 925, 926) were used. The induced cultures were 

harvested by centrifugation and resuspended in 160 µl CBD buffer with 100 mM, 500 mM and 1 M 

NaCl. After that, 40 µl 10 x BugBuster (Merck Millipore) protein extraction reagent and 20 µl 5 x Pierce 

protease inhibitor were added, and the suspensions were incubated on a shaking platform for 10 min 

on ice. The lysates were centrifuged (15 min, 4oC, 15000 g), and the supernatants were submitted to a 

second centrifugation (30 min, 15 min, 4oC, 15000 g). Samples were taken from the precipitations of 

the two centrifugations and from the supernatant of the second centrifugation step. Samples were 

analysed by SDS-PAGE120. 

IV.1.3. Purification protocol 

Proteins were purified using chitin magnetic beads (NEB-New England Biolabs), and the protocol was 

based on the protocol of NEB IMPACT System. The plasmid constructs were transformed into E. coli 

BL21(DE3) strain and overnight cultures of transformants bearing pAHG29, pAHG33, pAHG35 were 

diluted 100-fold in 5 ml fresh LB+Ap medium and were grown to OD600 of 0.5 at 37 oC. The cultures 

were induced with 0.2 mM IPTG (3h, 37oC) under vigorous shaking, harvested by centrifugation and 

used immedietaly for the protein purification or frozen at –70oC. The pellets of the induced cultures 

were resuspended in 160 µl buffer A (0,5% Triton-X-100, 10% glycerol, 50 mM Tris-HCl, 0,1 mM EDTA, 

pH= 7,3) supplemented with 500 mM NaCl. After that, 40 µl 10 x BugBuster (Merck Millipore) protein 

extraction reagent and 20 µl 5 x Pierce protease inhibitor was added, and the suspensions were 

incubated on a shaking platform for 10 min on ice. The lysates were centrifuged (15 min, 4oC, 15000 

g), and the supernatants (the cleared lysates) were transferred to 50 µl chitin magnetic bead 

suspension (previously washed 2 times with buffer A supplemented with 500 mM NaCl), and incubated 

for 1h at 4 oC. After discarding the supernatants, the magnetic beads were washed 3 times with the 

same buffer. For the cleavage of target proteins from the chitin-bound intein tag, 3 bed volumes of 

buffer A were added containing 50 mM DTT, and the solutions were incubated at 23°C for 16-18 hours. 

After collection, the magnetic beads were washed with an additional 50 µl buffer A, and the 

supernatants were collected. Samples were taken at different stages for analysis by SDS-PAGE120. 
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For the verification of the size of the cleaved eluated proteins, total protein samples obtained with 

pET22b(+)-based vectors pJKI915, 925 and 926 expressing the untagged TraI, S019 and S020 proteins 

were used as controls. 

V. Construction of SGI1 donor strains 

For experiments to track horizontal transfer of SGI1 in vivo in chicken gut flora, we constructed S. 

Typhimurium SGI1 donor strains with conditional lethal mutation. The asd gene was knocked out 

(III.1.3.), and the lethal effect was complemented by plasmids expressing the asd under certain 

conditions normally absent in gut. This was followed by the re-introduction of SGI1 and the modified 

R55 helper plasmid.  

V.1. Construction of complementing plasmids  

Two plasmids have been constructed. One of them requires L-arabinose (Ara) for the asd expression, 

while the other one has a thermosensitive replication system that is unable to stably replicate at the 

normal body temperature of chickens (40-42°C).  

For the two types of complementing plasmids the asd gene was amplified from the S. Typhimurium 

chromosome as two fragments of different length. The shorter PCR product, containing the 

promoterless asd gene (the coding sequence only), was used for construction of a vector expressing 

asd from the Ara-inducible promoter PAraBAD. The longer amplicon carrying asd gene along with its 

original promoter was inserted into the ts vector. As a selectable marker of the asd-complementing 

plasmids, ZeoR has been chosen, as it is absent from both SGI1 and the IncA/C helper plasmid. Cloning 

steps were as follows: 

The promoterless asd gene and the asd gene with its promoter were amplified with primers 

asdNdefor–asdXbarev and asdpromfor–asdXbarev, respectively. 

For the construction of asd complementing plasmid with Ara inducible promoter, a vector bearing the 

Ara-inducible PAraBAD promoter and the araC gene was used, which expresses the repressor of PAraBAD in 

the absence of arabinose. As a first step, rrnB gene was cloned into the p15A-based pJKI625 with the 

aim of serving as a terminator of the asd gene. Then the promoterless asd fragment was inserted, 

which was followed by the subcloning of the 150 bp oriT region of RK2 plasmid with the purpose of 

making this plasmid mobilizable from the S17-1 strain. Finally, the ZeoR cassette was inserted, which 

was previously amplified from plasmid pPICZA using primers Zeofor-Zeorev. The Ara-dependent asd-

complementing plasmid was named as pAHG19 (Fig. 33, Appendix 4). 
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For the construction of the complementing plasmid with ts replication, the vector pST76-K carrying the 

ts pSC101 replication system was used. Due to the ts sytem, replication becomes suicidal at 37-42°C. 

The asd gene with its promoter sequence was subcloned into the pST76-K vector, which was followed 

by the insertion of oriTRK2 and then the ZeoR cassette. The constructed ts asd-complementing plasmid 

was named as pAHG20 (Fig. 33, Appendix 4).  

Each step of plasmid constructions including the appropriate location, size and orientation of the 

insertions was verified by restriction analysis and PCR amplification. 

V.2. Construction of the conditionally Asd-complemented S. Typhimurium 

donor strains  

To enable asd KO on the chromosome of ST1375 and ST1375Nal strains, SGI1 conferring resistance for 

7 antibiotics was eliminated using the ts KmR pJKI846 plasmid expressing AcaCD, the activator of SGI1 

excision83,109. pJKI846 was electroporated into the ST1375 and ST1375Nal strains. Several transformant 

colonies were confirmed by PCR to carry the attP site of SGI1 indicating the excision of the island. These 

colonies were subjected to five passages in LB+Km at 30°C without selection for SGI1, and the cultures 

were then spread on LB (ST1375), or LB+Nal (ST1375Nal) plates. Colonies free from SGI1 were selected 

by resistance test (Sm/SpS, ApS, TcS, CmS). Then pJKI846 was cured on LB or LB+Nal at 42°C. KmS 

colonies were tested by attB specific PCR for the lack of SGI1 (presence of attB, absence of the right 

and left junctions and attP site). 

The inactivation of asd gene was carried out on the resulting SGI1-free strains as described earlier 

(III.1.3). For construction of ST1375Δasd and ST1375NalΔasd strains carrying pAHG19/pAHG20, SGI1 and 

the complementing plasmids, pAHG19 or pAHG20 were introduced into ST1375Δasd SGI1- and 

ST1375NalΔasd SGI1- strains by conjugation from S17-1 donor strain. Viability of the cells in the absence 

of DAP was verified, which indicated that the asd complementation is functional.  

SGI1 was reintroduced into ST1375Δasd SGI1-/pAHG19, ST1375Δasd SGI1-/pAHG20, ST1375NalΔasd SGI1-

/pAHG19, and ST1375NalΔasd SGI1-/pAHG20 strains from the TG1Nal::SGI1+R16aΔmobI donor strain. The 

reintroduced SGI1 was derived from the original ST1375 and ST1375Nal strains. The presence of all 

ABR markers of SGI1 was verified by resistance test, and the insertion of SGI1 into attB in S. 

Typhimurium was confirmed by appropriate PCRs.  

In order to test the effect of the asd mutation, compared to the WT (SGI1-carrying) ST1375 and 

ST1375Nal, uncomplemented S1375Δasd and ST1375NalΔasd strains were also constructed. For this 
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purpose, the ts pAHG20 was cured at 42°C from the pAHG20 carrying ST1375Δasd and ST1375NalΔasd 

strains. The absence of pAHG20 was verified by resistance test (loss of ZeoR). 

Finally, the KmR GmR helper R55ΔTnΔflo plasmid was introduced by conjugation from TG1Nal strain to 

provide mobilization function for SGI1. In addition to pAHG19 and pAHG20-bearing ST1375 and 

ST1375Δasd strains, R55ΔTnΔflo was also introduced into their WT counterparts. The final donor strains 

(Fig. 34) were verified by PCR specific for attP (excised SGI1), DRR of SGI1 in S. Typhimurium, parB of 

the helper plasmid, and the absence of DRR specific for SGI1 in E. coli.  

VI. Experimental setup for investigation of SGI1 transmission 

in chicken gut floraa 

VI.1. SGI1 transmission in vivo into E. coli PC2 strain 

To demonstrate the SGI1 transmission to a particular recipient strain, the NalS conditionally asd-

complemented Δasd SGI1 donor strains (ts and Ara-dependent) and their WT counterpart were used 

as donors and the chicken-adapted WT PC2 E. coli isolate as recipient. Bromothymol blue (BTB) media 

supplemented with Cm, Km and Ap was used for the selection of donor strains at 37°C (WT and Ara-

dependent donor) or 30°C (ts donor), which contained 1% Ara in the case of the Ara-dependent strain. 

PC2 was selected on Rif and Nal at 37°C.  

In two separate experiments, six 1-day-old (SPF - Specific Pathogen Free) and six 6-day-old Bábolna 

Ross 308, chicks have been infected with the PC2 recipient strain in 107 CFU/chick per os and after 2 

hours with the SGI1 donor strains in 5×108 CFU/chick. A control group was only infected with the PC2 

recipient. The 6-day-old animals are supposed to have a developed gut flora, while it is absent from 

the one-day-old chicks. Donor and recipient strains were monitored in fecal and caecal samples for 13 

days post infection (dpi).  

In the case of one-day-old chicks, fecal and caecal samples were taken at 2nd, 4th, 6th, 8th 10th and at 6th 

and 13th dpi, respectively. In the case of 6-day-old chicks, fecal samples were taken at 2nd, 4th and 13th 

dpi, and caecal samples were collected at 13th dpi. Samples have been diluted and grown overnight in 

LB at 37°C for enrichment. Fecal shedding of the donor and recipient strains was monitored by 

                                                           
a The animal experiments have been carried out by our collaborators Béla Nagy and Ama Szmolka in the 

Institute for Veterinary Medical Research (MTA ÁOTI), Budapest. 

 

http://www.vmri.hu/en/about_us
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spreading these enriched cultures onto selective plates (containing ABs as described above) and CFU 

counting (CFU/g). Transconjugants were selected on BTB agar plates containing Rif, Nal, Cm, Tc at 37°C. 

Transconjugant colonies were confirmed by PCR amplification specific for E. coli and SGI1 markers.  

VI.2. Monitoring of SGI1 spread in the intestinal flora by metagenomic 

analyses 

The experiments were carried out in two setups. The ts and WT donor strains have been administered 

to a group of 6-day-old Bábolna Ross 308 chicks (5×108 CFU/chick) W/O addition of 100 mg/BWT (body 

weight) kg tetracycline/day. In the other setup, a group of one-day-old (SPF) Bábolna Ross 308 chicks 

have been infected with the Ara-dependent and WT donor (5×108 CFU/chick) W/O tetracycline 

administration. The absence of Salmonellae was verified before infections. Both group consisted of 12 

chicks (six Tc treated, six untreated), which has been infected, then fecal and caecal samples as well as 

enriched agar cultures in 20% glycerol-PBS from caecum were collected at 3rd, 6th and 9th dpi from 3 

chicks/group/sampling. Donor titers have been monitored, and verified by PCR. Ca. 200 samples were 

collected and stored at -70°C. Metagenomic DNA extraction from the samples was done by using the 

QIAamp DNA Stool Mini Kit (Qiagen). 

PCR-based metagenomic-sequencing approach was deployed for the detection of SGI1 transconjugant 

bacteria in gut. PCR was applied in order to avoid sequencing vast amounts of chicken and indigenous 

microbial DNA. After total DNA fragmentation, end-repair, A-tailing and adapter ligation, PCR 

amplification selective for SGI1-target junctions was carried out to enrich DNA fragments deriving from 

the putative transconjugants by using primers annealing to the ligated adapter with primers facing 

outward of SGI1 ends. The metagenome sequencing (Xenovea Kft.) on Illumina MySeq platform was 

performed on total DNA samples derived from 6-day-old chickens from which PC2::SGI1 

transconjugants could previously be isolated and provedb. This first experiment served for optimization 

of the method and controlling the sensitivity of detection. Before sequencing, the presence of SGI1 

transconjugants in the E. coli strain has been confirmed by semi-nested PCR using the attsgi1rev-RJ2 

and then the attsgi1rev-RJ4 primer pairs.  

Due to the reduced specificity of amplification, semi-nested PCR method will be used for further 

optimization of library preparation, in which two consecutive amplification steps are applied with the 

use of two SGI1-specific primers.

                                                           
b Data obtained from the sequencing reaction has been analysed by Tímea Wilk and János Kiss 

https://www.biocompare.com/Product-Reviews/40874-QIAamp-DNA-Stool-Mini-Kit-From-Qiagen/
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I. Analysis of a mobilizable region and identification of 

a recombination hotspot in IncA/C plasmids 

I.1. Introduction 

To understand the mechanism of spread of SGI1, it is worthwhile to investigate the 

conjugation functions encoded by the helper IncA/C plasmids. Identification of the oriT and 

the transfer genes of this plasmid family may help to understand its own conjugation 

mechanism, and also the interaction of SGI1 and the helper required for the transfer of SGI1.  

Relaxase (traI) gene encoding for the key enzyme of bacterial conjugation is often located in 

the proximity of oriT. The predicted traI gene of the IncA/C plasmid R16a was confirmed to be 

necessary for conjugation, as its inactivation abolished R16a transfer124. As oriT was originally 

predicted to be close to traI gene111,113, it was initially attempted to find in the surrounding 

region of traI. The search for oriT was based on the general observation that any plasmid can 

be mobilized by a conjugative plasmid if it contains the oriT sequence deriving from the 

plasmid. Thus, a fragment of R16a carrying >4.2 kb flanking regions of both sides of traI was 

cloned into a non-mobilizable vector. However, the conjugation frequency of the created 

plasmid from E. coli donor strain bearing plasmid R16a was under the detection limit, 

indicating that no functional oriT can be found in this region124.  

Conversely, two mobilizable regions (designated as Mob 1 and Mob 2) have been detected 

(Fig. 17) beyond the surrounding region of traI. To find Mob 1 and Mob 2, libraries have been 

constructed in a p15A-based vector from plasmid R55, a close relative of R16a. Conjugation 

analysis of the generated libraries revealed two R55-derived regions, which made the vector 

mobilizable in the presence of the intact R55124. This finding suggested that R55 has two oriTs. 

Carraro et al. also implied the presence of two oriT in other IncA/C plasmid, pVCR94. They 

identified the locus containing the oriT of this plasmid within the intergenic region of vcrx001 

(mobI) and vcrx152. However, two different mutations within this sequence did not lead to 

the abolition of transfer suggesting the presence of a second oriT114. End-sequencing showed 

that Mob 1 region spans the intergenic region of two divergent genes of R55, ORF180 and 

mobI (Fig. 17a), while Mob 2 region carries the intergenic region and 5’ portion of ORFs 128 

and 196 of R55 (Fig. 17c). Progressive shortening of Mob 1 and Mob 2 regions followed by 
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conjugation tests of the resulting subclones allowed the identification of a minimal functional 

oriT-like sequences, which proved to be located between 139–323 bp in Mob 1 and between 

119169–119224 bp in the Mob 2 fragment (Fig. 17 a, c)124. 

 

Figure 17. Mobilizable fragments of plasmid R55 adapted from124.  

(a) Schematic map of Mob 1 of R55. Open arrows indicate the annotated ORFs. Stretches with coordinates 

indicate the R55 fragments carried by the test plasmids. (b) Detailed map of oriT1 region. Colour-coded arrows 

indicate the inversely (IR) and directly (DR) repeated sequence motifs of at least 4 bp length (IR1: 6 bp with 1 

mismatch, IR2: 4 bp, IR3: 5 bp, IR4: 6 bp, IR5: 6 bp and IR6: 7 bp with 1 mismatch). Asterisk in IR1 and IR6 refers 

to the imperfect repeat. Red region in IR4 and IR5 represent the occurrence of the 4-bp IR2 motif as a part of 

these repeats. The potential secondary structure of the region is also shown. Red arrows point to the base 

positions where IncA/C family plasmids most frequently carry divergent bases (c) Schematic map of Mob 2 

fragment of R55. The perfect 11-bp IR1 and the 14-bp imperfect IR2 inverse repeat motifs are shown as blue 

arrows.  

 

Based on sequence analysis and secondary structure prediction, oriT contains several short 

IRs and DRs (Fig. 17b). Further deletions affecting certain IRs revealed the minimal functional 

oriT within the 227–300 bp region, which contains the IR4, IR5 and one copy of the 14-bp DR 

(Fig. 17b). This sequence showed a low, but detectable conjugation frequency indicating that 

several important motifs were absent. However, the fully functional oriT including each 

important sequence motifs was confirmed to be located between the 139–323 bp region of 

R55124.  
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I.2. Dissection of genetic context of oriT1 and mobI, a gene required 

for IncA/C transfer  

To confirm the role of the putative oriT (from now: oriT1) of Mob 1 in the process of 

conjugation, we performed oriT1 deletion by the one-step inactivation method121. We used 

the IncA/C plasmids R16a and IP40a containing less ABR genes than R55, as they were 

considered to be close relatives of plasmid R55 based on their restriction profile and transfer 

properties82. However, we had to rely on the published nucleotide sequence of R55, as it was 

not available for the other two plasmids at that time. Thus, we amplified and sequenced a 

segment from the Mob 1 (corresponding to 97–399 bp of R55) of plasmid R16a and IP40a in 

order to compare the putative oriT1 sequences of the three plasmids. The oriT1 region of 

plasmid R55 and IP40a proved to be identical, while that of R16a differed only by the presence 

of an additional copy of the 14-bp DR. The divergent putative oriT1 sequences of plasmid 

R55/IP40a and R16a were cloned into the non-mobilizable pACYC177-derivative vector, 

pJK708, and were shown to be similarly mobilized by R55 or R16a helper plasmids (Fig. 18). 

Thus, R16a and IP40a seemed to be appropriate plasmids for investigating this region. 

 

 

Figure 18. OriT1 region of plasmid R16a and R55/IP40a are equally mobilized by R16a and R55. 

Mobilization of plasmids containing oriT1 of R16a or R55/IP40a was measured using TG2/R16a or TG2/R55 donor 

and TG1Nal recipient strains. Relative transfer frequencies of the oriT-containing p15A plasmids were calculated 

as the ratio of transfer frequencies of p15A test and the helper plasmids.  
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Deletion of oriT1 of either plasmid R16a or IP40a led to the abolition of transfer, as the 

conjugation frequencies were below the detection limit (<2 ± 0.96 × 10−7 and 2.2 ± 1.5 × 10−7, 

respectively) (Fig. 19). This was surprising as the other presumed oriT (from now: oriT2) in the 

Mob 2 region remained intact, but could not substitute the role of the deleted oriT1. This 

suggested that oriT2 is not functional. Other possibility was that oriT2 might be functional, but 

an important factor required for the function of oriT2 was missing in this setup. MobI, the 

adjacent gene of oriT1 was suspected to be this factor, as it could have been affected by the 

oriT1 deletion (see in the next two paragraphs). 

Figure 19. Knockout of oriT1 and mobI in Mob 1 region. (a) Schematic map of deletion mutants 

generated in Mob 1 region of plasmid R16a and IP40a (thick line). The map of Mob 1 region (shown in scale) and 

the coordinates are according to the published sequence of plasmid R55. Open boxes represent the deleted 

regions in R16a and IP40a. (b) Conjugation assay was carried out using TG1Nal/R16a or TG1Nal/IP40a donor 

strains. Conjugation of plasmid R16aΔoriT1, R16aΔmobI, IP40aΔoriT1, and IP40aΔmobI was undetectable (<2 x 10-7, 6.9 x 

10-8, 2.2 x 10-7, 3.4 x 10-8, respectively), which is indicated with ’*’.  

 

MobI gene was previously reported to be essential for conjugation of the IncA/C plasmid 

pVCR94114. In addition to oriT1 deletion, we also carried out the inactivation of mobI and 

confirmed that similarly to oriT1 KO, the transfer frequencies of mobI KO mutant IncA/C 

plasmids were under the detection limit (<6.9 ± 5.2 × 10−8 for R16a, and 3.4 ± 1.4 × 10−8 for 



68 

 

IP40a) (Fig. 19). As oriT1 is located immedietaly upstream of mobI (Fig. 17a, Fig. 20a), the 

deletion of oriT1 possibly affected the promoter region of mobI. If MobI expression was 

eliminated by the oriT1 deletion, the conjugation-deficient phenotype of plasmid R16aΔoriT1 

can also be attributed to the inactivation of mobI and the real effect of the oriT1 deletion 

remains obscure.  

 

Figure 20. Complementation of deletion mutants in Mob 1 region (adapted from124)  

(a) Schematic map of deletion mutants generated in Mob 1 region of plasmid R16a (thick line) and the regions 

cloned from R55 into a p15A-based non-mobile vector (thin arrows) that were applied in complementation tests. 

The map of Mob 1 region (shown in scale) and the coordinates are according to the published plasmid R55 

sequence. Open boxes represent the deleted regions in R16a. (b) Conjugation assays were carried out to analyse 

the effect of the different fragments of R55 Mob 1 region on the trans-mobilization of transfer-defective R16a 

deletion mutants. The bars show the mean transfer frequencies of R16aΔoriT1, R16aΔmobI and the complementing 

p15A-based plasmids from the donor TG1Nal E. coli strain. * indicates that transfer frequency was below the 

detection limit (<10-8). ** indicates the very low transfer frequency of R16aΔoriT1 when the complementing 

plasmid carried oriT1 and mobI. In this case cotransfer of the two plasmids was >67%.  

 

To investigate the real effect of oriT1 deletion on conjugation, we carried out 

complementation of the oriT1 and mobI deletions by providing mobI in trans. For this purpose, 

three p15A-based plasmids have been used. pJKI1011 (oriT1+, mobI+) and pJK969 (oriT1+, 

mobI-) contained the Mob 1 region with or without the mobI gene, while pJKI1021 (oriT1-, 

mobI+) carried solely the mobI gene expressed from a Ptac promoter (Fig. 20a). The 

complementation assay revealed that mobI-expressing plasmids (pJKI1011, 1021) effectively 

restored the transfer of R16aΔmobI mutant, while neither plasmid was able to complement the 

R16aΔoriT1 (Fig. 20b). These results proved that abolition of transfer in oriT KO mutant IncA/C 

plasmids was due to ΔoriT1 mutation itself and not to the lack of MobI expression. Besides, 

this experiment also rules out the presumption mentioned above that oriT2 becomes 
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functional when MobI is present, as intact oriT2 of plasmid R16aΔoriT1 did not restored the 

conjugation in the presence of MobI (Fig. 20b). Thus, oriT1 seems to be the sole active and 

functional oriT of IncA/C plasmids. 

The effect of oriT1 deletion on MobI expression could be deduced by examining the transfer 

frequency of the p15A-based plasmids used for complementation. Plasmid pJKI1011 (oriT+, 

mobI+) showed a high transfer rate in the presence of either R16aΔoriT1 or R16aΔmobI (Fig. 20b). 

This was expected, as mobI and oriT1 were provided by the plasmid itself. Unlike pJKI1011, no 

transconjugants were observed for the pJKI969 plasmid (oriT1+, mobI-), in the presence of 

either R16a mutant. The lack of conjugation of the oriT1-carrying pJKI969 in the presence of 

R16aΔoriT1 clearly supports that expression of mobI on R16a was inactivated by deletion of 

oriT1, possibly by removing its promoter. 

Even though plasmid R16aΔoriT1 had a transfer-deficient phenotype, a few R16aΔoriT1 

transconjugants were obtained in the presence of pJKI1011 (Fig. 20b). Resistance markers of 

these rare transconjugants revealed that 67% of them were cotransferred with pJKI1011. This 

raises the possibility of R16aΔoriT1::pJKI1011 cointegrate formation via homologous 

recombination, in which intact oriT1 and mobI (both required for R16a conjugation) are 

provided by pJKI1011. Conversely, no R16a transconjugants were obtained in the presence of 

pJKI969, despite the similar possibility of cointegrate formation. As no MobI was provided to 

enable the transfer of the mobI- pJKI969 plasmid, this might explain the lack of similar co-

transfer of R16aΔoriT1 together with pJKI969 as observed with pJKI1011. These observations 

also support the importance of both oriT1 and MobI in the conjugation. 

The transfer deficiency of R16aΔoriT1 in the presence of the mobI-expressing plasmids 

confirmed, that the region previously identified as oriT1 on Mob 1 region is necessary for 

transfer and also indicated that the intact oriT2 could not complement oriT1 KO mutation. 

Therefore, IncA/C plasmids seem to have a single oriT located in Mob 1 instead of a dual oriT 

system. The importance of mobI in conjugation was confirmed, and its promoter region 

appears to overlap oriT1.  

I.3. MobI is not required for the conjugation of SGI1  

As SGI1 hijack the conjugation machinery of IncA/C plasmids, we investigated whether mobI 

is involved in the mobilization of SGI1. The transfer frequency of SGI1-C, (SmSpSulR variant of 
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SGI1) from the TG1Nal donor strain bearing the ΔmobI or the WT R16a/IP40a helper plasmids 

was tested. Conjugation of SGI1 was not negatively affected by the deletion of mobI, instead, 

it was higher than in the presence of WT helper plasmid (Fig. 21). This might be explained by 

the lack of competition between SGI1 and the helper for certain mating components, because 

the mobI mutant helper plasmid was not transferable. Therefore, mobI is not necessary for 

mobilization of SGI1 and appears to be a plasmid-specific mobilization factor.

 

Figure 21. Mobilization of SGI1-C by WT and 

ΔmobI R16a.  

Transfer frequency was measured by using 

TG1Nal::SGI1-C donor strains. Transfer frequency of 

R16aΔmobI (<3.5 x 10-6) was below the detection limit, 

which is indicated as *.  

  

I.4. Mob 1 region is conserved in the IncA/C family 

In order to examine whether oriT1 is conserved throughout the IncA/C family, Mob 1 region 

(corresponding to the 139-353 bp of R55) of 152 sequenced IncA/C family members have been 

compared (Fig. 22). Despite the absence of oriT and mobI from 5 plasmids, this sequence 

proved to be well conserved. OriT1 region of 89 plasmids is identical to that of R55, while 57 

family members show some sequence divergence compared to the oriT locus of R55. In the 

most divergent plasmid, the oriT1 begins from position corresponding to the 169/170 bp of 

R55. Single-base variances occur mostly in three positions of the 170-323 bp region of R55 

(Fig. 17b, red arrows), which are located in the spacing sequences of IRs. R16a is the only 

plasmid where considerable divergence occurs in the core region of oriT, as it carries an 

additional copy of the 14-bp DR. However, it was shown previously, that this divergence does 

not alter the conjugation ability of plasmid R16a compared to IP40a and R55 (Fig. 18). This 

comparison supports that oriT1 carrying IRs from IR2 to IR5 and the 14-bp DRs is located in 

170-323 bp region of R55 and its genetic context is highly conserved in the whole family. 
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Figure 22. Aligment of the Mob 1 region of 152 IncA/C plasmids124. 

The aligment shows the sequence divergence in Mob 1 compared to the 135-354 bp sequence of R55 including 

the fully active oriT. The 90 plasmids identical to R55 in this region are represented by the single R55 sequence 

at the top and the 57 divergent sequences are shown below. Identical bases are indicated as dots. The core oriT1 

region (deleted in R16aΔoriT1and IP40aΔoriT1) is boxed. Base positions are shown based on the plasmid R55 

sequence. 
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I.5. ’OriT2’ is a recombination hotspot 

As mentioned above (I.1. section), the region called oriT2 cloned into a p15A-based vector was 

shown to be mobilizable in the presence of the R55 helper plasmid with a similar frequency to 

oriT1-bearing plasmids. However, other experiments suggested that oriT2 is not a functional 

oriT: (i) The intact oriT2 could not complement the deleterious effects of the oriT1 KO 

mutation of R16a and IP40a (I.2. chapter and Fig. 19), (ii) we found that conjugation of the 

oriT2-carrying vector is strictly dependent on the transfer of helper plasmid, which was 

observed during the investigation of oriT2-based transfer in the presence of R16aΔoriT1 and 

R16aWT. This experiment was carried out as follows. The oriT2 was inserted into a p15A vector 

(Fig. 23b) (MobI was also present in the p15A vector, as it was not known at the time of this 

experiment whether MobI is needed for oriT2-dependent mobilization). The conjugation rate 

of the constructed plasmid (pJKI1045) was 2.7 ± 1.7 × 10−6 in the presence of WT R16a, while 

it was below the detection limit (<2.8 ± 1.0 × 10−8) when the transfer-deficient R16aΔoriT1 helper 

was applied (Fig. 23a). Thus, mobilization of pJKI1045 was solely observed in the presence of  

WT conjugative helper plasmid.  

 

Figure 23. Conjugation of oriT2-bearing tester plasmid in the presence of transferable (WT) and 

transfer deficient (ΔoriT1) plasmid R16a. (a) Mating assay was carried out using TG2/R16aWT or 

TG2/R16aΔoriT1 donor and TG1Nal recipient. * indicates that transfer frequency was below the detection limit 

(<1.8 x 10-8). (b) Schematic representation of the p15A-based pJKI1045 plasmid.  

 

Similarly to the investigation of Mob 1, deletion analysis of Mob 2 region was preceded by the 

sequence aligment of the oriT2 segment in plasmid R55, R16a and IP40a. OriT2 was localised 
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on R55 between the divergent ORFs 128 and 196. In addition to 3 mismatches in the oriT2 

sequences, large interrupting regions were found in the Mob 2 region of plasmid R16a and 

IP40a compared to R5585. The interrupting regions (the 30-kb ARIR16a and the 11.5-kb Tn6333) 

are inserted between the oriT2 and the homologs of ORF R55_196. As the genetic context of 

this ORF appeared to be not conserved due to these insertions, and the plasmid conjugation 

was not affected by these regions, the other adjacent gene of oriT2, ORF128 was investigated 

whether it has a role in the oriT2-based conjugation as an accessory element, similarly to mobI 

in the Mob 1 region. Therefore, we generated deletions of oriT2 and ORF128 in plasmid R16a 

and IP40a (Fig. 24a). Transfer rates of the oriT2 or ORF128 KO mutant plasmids were not 

changed considerably compared to those of WT IncA/C plasmids (Fig. 24b), which further 

supported that oriT2 is not involved in the conjugation, and that ORF128 is not required for 

transfer either. 

 

Figure 24. Deletions of oriT2 or ORF128 in Mob 2 region do not affect the conjugation frequency of 

plasmid R16a and IP40a. (a) Schematic map of Mob 2 region. Symbols are indicated as in Fig. 19. (b) 

Conjugation assay of WT R16a and IP40a and their KO variants (ΔoriT1, ΔORF128) was carried out using the 

TG1Nal/R16a or TG1Nal/IP40a donor and TG90 recipient strains.  

 

In order to understand the reason of transferability of the p15A vectors carrying the oriT2 

fragments, we tested the cotransfer rate of several p15A plasmids carrying fragments of Mob 
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1 or Mob 2 along with the helper plasmid R55. Transconjugants of several oriT1- (pJKI1001, 

pJKI1006, pJKI1007 and pJKI1008) and oriT2- (pJKI972, pJKI984 or pJKI998) containing p15A 

plasmids (previously shown to be mobilizable) were tested for the presence of the ABR marker 

(CmR) of R55 helper. We found that 25-61 % of the Mob 1 plasmid transconjugants contained 

also the helper plasmid, while in the case of Mob 2-carrying plasmids this rate was ≥99%. The 

transconjugants of plasmid pJKI1045 (oriT2+, mobI+) showed similarly high co-transfer rate 

with the WT R16a helper. As lower co-transfer rate was expected in case of independent 

transfer, we supposed that cointegrate formation might occur via a homology-dependent 

recombination between the Mob 2 fragments present in the helper and the Mob 2-bearing 

plasmids. To investigate this possibility we performed PCR amplification of the expected 

junctions of the putative cointegrates in the transconjugant colonies carrying plasmid pJKI972 

or pJKI998 along with R55. However, the junction fragment could not be detected. As the p15A 

plasmids have 10–15-copies/cell, we supposed that transconjugants that received the 

cointegrates of these plasmids and the 170-kb one-copy IncA/C plasmid are not viable until 

the cointegrates are resolved. Theoretically, the replication of such cointegrates in 10-15 

copies would entail the synthesis of ca. 2.3 Mb additional DNA of recipients in each cell cycle. 

Therefore, these cells may escape this load by the resolution of the cointegrates. 

To test this hyphothesis, one-copy vector was used instead of the p15A vector. We cloned the 

350 bp and the shortest, 56 bp, transferable fragment of the Mob 2 region into the single copy 

F plasmid derivative pBeloBac11. The transfer frequency of the resulting pJKI1051 and 

pJKI1056 plasmids, respectively, was measured from the TG1Nal/R16aWT and CmS derivative 

of TG1Nal/R16aΔ”oriT2” donor strains into the F′-cured TG90 recipient strain. The conjugation 

rate of both pJKI1051 and pJKI1056 was ca. 1/10 that of the WT R16a helper plasmid, while 

no transconjugants were detected in the presence of the R16aΔ”oriT2” (Fig. 25a), despite that 

this helper plasmid transfered at a similar rate as the WT R16a. The coexistence of pJKI1051 

or pJKI1056 with the helper plasmid was then tested in >60 transconjugants from four 

independent experiments. The co-transfer rate was 100% as previously observed in the case 

of p15A vectors. We performed the same experiment using the RecA- TG2 recipient strain to 

avoid the homologous recombination between R16a and the cloned Mob 2 fragments. 

However, we got similar results, although the conjugation rates of the Bac-vectors were 

considerably lower than in the previous experiment, which might be explained by the 
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presence of the incompatible F plasmid in the recipient strain. Appropriate PCRs proved the 

presence of the predicted cointegrate and its resolution derivatives, the free pJKI1056 and 

R16a (Fig. 25b, c). These results suggested, that the one-copy cointegrates are stable enough 

to be present in the transconjugant colonies, although the reverse recombinational process, 

the resolution is also detectable. The previous experiments clearly showed, that ”oriT2” is not 

a real oriT, instead, it contains a particularly recombinogenic sequence, which is active even 

in a RecA- background. Accordingly, oriT2 was renamed as RecHS (Recombination Hot Spot). 
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Figure 25. Transfer of the RecHS-bearing plasmids via cointegrate formation with R16a helper 

plasmid (adapted from124). (a) Transfer frequency of pJKI1051 and pJKI1056 by the R16aWT and the R16a“ΔoriT2” 

helper plasmids. The donor strain TG1Nal carried the helper plasmid along with the Bac-based RecHS-bearing 

plasmids pJKI1051 or pJKI1056. TG90F- was used as recipient strain. Asterisks indicate that transfer of pBeloBac11 

vector by WT R16aWT and the RecHS-bearing plasmids by R16a“ΔoriT2” helper plasmid was undetectable (<3.0×10-

8). (b) Schematic representation of pJKI1056 (thick grey line), the WT R16a (thin blue line) and the expected 

cointegrate formed by recombination via the RecHS copies (green box). ARIR16a refers to the antibiotic resistance 

island in R16a inserted downstream of RecHS, ORF128 indicates the homolog of ORF R55_128 located upstream 

of RecHS, and CmR indicates the position of the resistance gene in pJKI1056. Primers used for amplification of 

the left (LJ) and right (RJ) junctions of R16a::pJKI1056 cointegrate and the free pJKI1056 and R16a plasmids are 

indicated. (c) The presence of the R16a::pJKI1056 cointegrate and the free plasmids in six independent 

transconjugant colonies obtained with TG90F- (lanes 1-6) and recA-deficient TG2 (lanes 8-13) recipients was 

tested by colony PCR. Primer pairs used and the length of the amplicons were as follows: c-b for LJ (513 bp), a-d 

for RJ (516 bp), a-b for pJKI1056 (515 bp) and c-d for R16a (499 bp) (a, cat3; b, pUCfor; c, R55_T1for; d, 

IP40/R16_T1rev). Mw: 100 bp ladder (Invitrogen). 

I.6. RecHS is conserved in the IncA/C family  

Comparison of the RecHS sequence in 152 sequenced IncA/C plasmids revealed that RecHS is 

highly conserved, although 14 plasmids lacked this region (Fig. 26). RecHS sequence contains 

two inverted repeats (Fig. 17b), although only the 14-bp IR2 was proved to be indispensable 
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for the recombination124. Only two plasmids, XNC1_p and XNC2 contained a single A→G 

change in the right arm of IR2 (IR2R), and 28 members carried 1 or 3 divergent bases in the 

spacer region (Fig. 26), which further supports that IR2 has an important role in IncA/C 

plasmids. 

 

Figure 26. Sequence alignment of RecHS locus of 152 IncCA/C plasmids. The alignment shows the 

sequence divergence in RecHS region compared to the 119190-119224 bp sequence of plasmid R55. 14 of 152 

plasmids lack the RecHS region. The 102 plasmids identical to R55 in RecHS region are represented by the single 

R55 sequence at the top, and the 36 divergent sequences are shown below. Identical bases are shown as dots. 

The 14 bp inverted repeats are indicated by arrows above the R55 sequence. Asterisk shows mismatches of the 

IRs, vertical arrow points to the insertion site of Tn6333 in IP40a and Tn6333-based ARI in R16a and pS1, 

respectively. The most conserved regions are boxed.  

II. Analysis of key elements of SGI1 conjugation 

II.1. Introduction 

The previous chapter describes the identification and analysis of the essential conjugation-

related elements (oriT and MobI protein) of IncA/C plasmids. As this plasmid family is 

necessary for the mobilization of SGI1, these findings may help to understand the mobilization 

process of SGI1 as well. Although the importance of some SGI1-encoded transfer genes (traGS, 
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traHS, traNS) for the optimal transfer has already been reported92, the basic mobility functions 

(oriT, relaxase and other indispensable genes) have not been identified yet. This section 

describes the basic SGI1-encoded elements of transfer and the importance of the helper-

encoded relaxase (TraI) in the mobilization of SGI1. 

II.1.1. Minimal mobilizable region of SGI1 

A 2.2 kb long fragment of SGI1 named as mobSGI1 region was previously identified as the 

shortest region containing all necessary mobilization functions of the island (Fig. 27). When it 

was cloned into a non-mobilizable p15A-based vector, mobSGI1 was sufficient to make the 

plasmid transferable in the presence of IncA/C helper plasmids125, indicating that this region 

carries also the oriT of the island.  

 

 

Figure 27. Location of mobilization region mobSGI1 and oriT in SGI1. Symbols are as in Figure 11.  

 

MobSGI1 contains four annotated ORFs, S019, 20, 21 and 22 and the noncoding upstream 

region of ORF S022 (16447-18680 bp) (Fig. 27). Several observations suggested that not only 

oriT, but other essential transfer elements are located on this fragment. First, plasmid vectors 

carrying the shorter versions of the mobSGI1 region with partially or entirely missing ORFs 

(S019, S020, S021 or S022) lost their transferability in the same setup. Second, KO mutations 

generated in ORF S019, S020 and S021 of SGI1-C also led to the loss of conjugation. KO of S022 

gene, however, did not affect the conjugation frequency125. Thus, ORFs S019-21 seemed to be 

involved in the conjugative functions of SGI1. 
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II.1.2. The origin of transfer 

OriT is the only cis-acting element required for conjugation of mobile elements (conjugative 

or mobilizable plasmids and GIs). Unlike oriT, the transfer proteins can be provided in trans as 

well, and do not need to be expressed by the mobilizable element itself. As mobSGI1 region 

seemed to carry all the essential SGI1-encoded transfer elements, including oriT, this region 

has been integrated into the chromosome of the E. coli strain TG1Nal to provide the presumed 

transfer elements in trans prior to the search for oriT, and R55 helper plasmid was also used 

to supply the helper-encoded transfer functions as well. OriT was sought by mating 

experiments using a p15A-based vector carrying progressively reduced fragments of mobSGI1 

region. By this method, oriT was identified as the shortest fully transferable subclone of 

mobSGI1. The 124-bp oriTSGI1 was located in the 3’ part of ORF S021 including the overlapping 

region of S022 (Fig. 27). Deletion of oriTSGI1 sequence in the chromosomally integrated SGI1 

was shown to abolish the transfer of the island125, which further supports its importance in 

conjugation.  

II.2. Identification of ORFs S019 and S020 coding for essential 

mobilization proteins 

The preliminary results described above revealed the location of oriT, and also suggested that 

ORFs S019-21 are required for conjugation. Thus, we attempted to investigate whether the 

transfer-deficient phenotypes, caused by the deletion of these ORFs, were due to the absence 

of the respective proteins.  

For this purpose, expression vectors were constructed carrying ORF S019 (pJKI935), S020 

(pJKI937) and S021 (pJKI900) under the control of Ptac promoter (Fig. 28a). After sequencing 

and verification of proper expression of the proteins by SDS PAGE analysis, these plasmids 

were applied to complement the transfer-deficient TG1Nal::SGI1-CΔS019, TG1Nal::SGI1-CΔS020 

and TG1Nal::SGI1-CΔS021 strains harbouring the IncA/C helper plasmid R16a. Complementation 

of SGI1-C KO mutants was examined in mating assay (Fig. 28b) where plasmid pJKI948 carrying 

the complete mobSGI1 region was used as positive control (Fig. 28a).  
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Figure 28. Complementation of KO mutants of SGI1. (a) Schematic representation of KO mutants generated 

in the annotated ORFs of mobSGI1 in the chromosomal SGI1-C and the cloned mobSGI1 fragments (pJKI937, 935, 

900, 948) in a p15A-based vector (thick arrows) that were applied in complementation tests. The targeted regions 

of ORFs for gene inactivation are indicated as black boxes, and the resulting inactivated ORFs are shown as red 

framed boxes boxes (the replacement of short sequences in ORFs caused frameshift and early stop codons). (b) 

The bars show the mean transfer frequencies of SGI1-CΔS019, SGI1-CΔS020, SGI1-CΔS021 and the WT SGI1-C from 

TG1Nal donor carrying the R16a helper plasmid and the appropriate complementing plasmid. pJKI948 contains 

the entire mobSGI1 region, while pJKI937, pJKI935 and pJKI900 expression vectors carry ORFs S019, S020 and S021, 

respectively, under the control of Ptac promoter. * indicates that transfer frequency was below the detection limit 

(<1.5 x 10-8).  

 

Both SGI1-CΔS019 and SGI1-CΔS020 were proved to be mobilizable in the presence of the 

corresponding complementing plasmid as well as in the presence of the complete mobSGI1-

carrying plasmid (Fig. 28b). The transfer frequencies of these SGI1 mutants were not only 

restored, but they were about tenfold higher with the expressed ORFs than with the complete 

mobSGI1 region. As the mobSGI1–carrying plasmid pJKI948 is mobilizable by R16a (unlike pJKI935 
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and pJKI937 expression vectors, which lack oriTSGI1), the bias in the complementation 

efficiency might be explained by the competition for the conjugation apparatus between the 

complementing plasmid pJKI948 and SGI1 or simply by the higher level expression of S019 and 

S020 proteins from pJKI935 and pJKI937. These results indicate that ORFs S020 and S019 are 

involved in the conjugation at protein level, and they can be considered as genes of essential 

mobilization proteins of SGI1. 

Unlike SGI1-CΔS019 and SGI1-CΔS020, SGI1-CΔS021 could not be complemented in trans by the 

appropriate S021-expressing plasmid, although the complete mobSGI1 restored its conjugation 

capacity (Fig. 28b).  

II.3. Investigation of the transfer-deficient phenotype of SGI1-CΔS021 

Our results showed that the conjugation-deficiency of SGI1-CΔS021 could not be rescued by the 

S021 protein expressed in trans. This raised the possibility of the involvement of other key 

element in the region affected by ORF S021 KO mutation. 

First, we examined if the promoter sequence of S019 and S020 genes had been affected by 

the KO of S021, which was designed to replace 83 bp after the start codon with 84 bp 

extraneous sequence, thus caused frameshift and early stop codon in ORF S021125. Among the 

putative promoter sequences of S019 and/or S020 (predicted by the BPROM promoter finder 

software), a potential -35 box was found in the deleted sequence. If the promoter sequence 

of S019 and/or S020 gene(s) was indeed located on this fragment, its deletion might explain 

the transfer-deficient phenotype of the SGI1-CΔS021–carrying strain as well as the lack of  

transfer even in the presence of the S021-expressing plasmid, and the restoration of its 

conjugation by the mobSGI1-carrying plasmid (which contains the intact coding and promoter 

sequences of S019 and S020). Therefore, we investigated this possibility by a 

complementation assay, in which S019 together with S020 protein were expressed in trans 

from a bicistronic operon carried by the plasmid pAHG25. The results (Fig. 29) showed that, 

unlike the negative control pAHG26, the presence of pAHG25 restored the conjugation of 

SGI1-CΔS019 and SGI1-CΔS020 (in the presence of R16a), as expected. This proved that both S019 

and S020 proteins are expressed properly by pAHG25. However, for the transfer-deficiency of 

SGI1-CΔS021 could be restored neither by pAHG25 or pAHG26 (<2.6±0.12×10-9 and 2.5±0.92×10-
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9, respectively) indicating that this phenotype was not due to the expression failure of ORF 

S019 and/or S020 caused by the deletion of their potential promoter sequence. 

 

 

Figure 29. Complementation of SGI1 deletion mutants by a bicistronic expression vector carrying 

S019 and S020 genes. The bars show the mean transfer frequencies of SGI1-CΔS019, SGI1-CΔS020 and SGI1-CΔS021 

from the donor TG1Nal E. coli cells carrying R16a helper plasmid and the complementing plasmid to TG90 

recipient strain. ORFs S019 and S020 are carried by pAHG25 expression vector as a bicistronic operon (Ptac::S020-

19, orange bars). pAHG26, the empty vector is used as negative control. * indicates that transfer frequency was 

below the detection limit (<2.5 x 10-9).  

 

In order to further examine the reasons of transfer-deficient phenotype of SGI1-CΔS021, we 

investigated the involvement of another, non-annotated ORFs in the conjugation, which could 

have been affected by the S021 KO mutation. We found a 117 bp ORF with the Gene Infinity 

ORF finder program, which is located at 18061-18177 bp on SGI1, starting at the overlapping 

part of ORFs S021 and S022 (Fig. 30a). Besides, a putative promoter sequence and ribosome 

binding site could also be found at its upstream region further suggesting that it is a functional 

ORF. Even though the sequence of ORF itself was not affected by the deletion of ORF S021, its 

predicted promoter sequence (including the -35 and -10 box) was located within the deleted 

segment. If this ORF has an important function in the conjugation of SGI1, deletion of its 

promoter might explain the abolition of SGI1 transfer.  

To test this hypothesis, we introduced a single base insertion causing frameshift mutation in 

this short ORF (as well as in the overlapping S021 and S022) and tested its effect on 

conjugation. As the largest part of the ORF overlaps the oriT as well, the mutation had to be 
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planned to a position where it possibly does not affect the function of oriT. The importance of 

certain inverted repeats of oriT in the conjugation of SGI1 has been characterised125, thus the 

mutation was introduced into the spacing sequence between two IRs. An adenosine was 

inserted after the 58th nucleotide of the short ORF (Fig. 30a), by which a new PvuI restriction 

site appeared. Transfer of the plasmid pAHG36 carrying the mobSGI1 with this point mutation 

was tested from E. coli TG1Nal strain bearing R55ΔTn6187 helper plasmid. The results showed 

that the point mutation did not reduce the conjugation frequency of pAHG36 compared to 

the WT control indicating that the putative ORF, if it encodes for a protein at all, is not required 

for the transfer. Since the frameshift mutation also affected ORFs S021 and S022 as well, the 

results also supported our previous observations that non of them encodes proteins that are 

required for SGI1 transfer. Besides this, all of the non-annotated ORFs (seven ORFs) of this 

region were tested in a similar way, which also ruled out their role in conjugation (I. Nagy, M. 

Szabó unpublished results). 

 

Figure 30. Conjugation assay for mobSGI1 carrying a frameshift mutation (insA). (a) Schematic 

representation of mobSGI1 with the non-annotated ORF and its putative promoter boxes shown as green arrow 

and green arrowheads, respectively. The site of the adenine insertion (after 18079 bp position) is indicated. (b) 

Transfer frequency of mobSGI1 region with the mutated ORF was measured. The bars show the mean transfer 

frequencies of the KmR plasmids containing the WT (pMSZ949, blue bar) or the frameshift mutant (pAHG36, red 

bar) mobSGI1 from E. coli TG1Nal bearing the R55ΔTn6187 helper plasmid to TG90 recipient.  
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Our results suggest that the absence of an unknown soluble factor, other than a protein, might 

be responsible for the transfer deficiency of SGI1-CΔS021. This raises the possibility that an RNA 

factor is implicated in the conjugation process, whose transcription or functionality is 

interfered by the ORF S021 KO mutation. This RNA appears to be transcribed properly from 

mobSGI1, as the transfer of SGI1-CΔS021 was fully restored, when this region was provided in 

trans. 

II.4. Conjugation of mobSGI1 in the absence of the helper plasmid-

encoded relaxase  

Mobilization of certain non-canonical IMEs requires the relaxase of the helper element53. SGI1 

seems to belong to non-canonical IMEs, which does not carry any known relaxase 

homologues. In order to test if conjugation of SGI1 depends on the relaxase of the helper 

plasmid, we compared the transfer frequency of mobSGI1 in the presence of the WT helper 

plasmid and its relaxase-deleted counterpart, R16aWT and R16aΔtraI, respectively.  

For this purpose, conjugation of pJKI780, a p15A-based plasmid carrying mobSGI1 was assayed. 

The plasmid was efficiently mobilized by R16aWT, as expected (Fig. 31). Surprisingly, the 

pJKI780 could also be mobilized by the transfer-deficient R16aΔtraI, although with ~3.3 logs 

lower frequency. pJKI780 transconjugants were proved to be devoid of the R16aΔtraI helper 

plasmid supporting that they derived via regular trans mobilization. Later, the trans-

mobilization of the chromosomally integrated SGI1-C was also demonstrated by R16aΔtraI, 

although with lower frequency125.  
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Figure 31. Mobilization of WT mobSGI1-carrying plasmid by R16aΔtraI or R16aWT helper plasmid. 

The bars show the mean transfer frequencies of the Sm/SpR pJKI780 carrying the mobSGI1 in the presence of the 

WT (light blue bar) or the traI KO mutant (dark blue bar) R16a helper plasmid from E. coli TG1Nal to TG90 

recipient strain.  

 

These results indicate that efficient mobilization of SGI1 requires the helper-encoded relaxase. 

However, mobSGI1 seems to encode for relaxase functions, which are sufficient to fulfil 

detectable mobilization of SGI1 even in absence of the plasmid-borne relaxase. S019 and S020 

was proved to be required for this conjugation activity, as deletion of either gene from mobSGI1 

led to the complete abolition of transfer by either R16aΔtraI or R16aWT 125. 

 

Thus we could conclude the key role in SGI1 conjugation of the SGI1-encoded S019 and S020 

proteins and the supplementary role of the IncA/C plasmid-encoded relaxase. Furthermore, 

we have demonstrated that further putative proteins encoded by either S021, S022 or other 

non-annotated ORFs in mobSGI1 are not involved in the transfer process. Instead, an additional 

soluble factor, possibly a yet unidentified regulatory RNA transcribed from mobSGI1 region 

appears to contribute significantly to the conjugation process. 
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III. Ongoing experiments of purification of conjugation 

proteins 

III.1. Introduction 

The pivotal role of the SGI1-encoded ORFs S019 and S020 as well as the IncA/C plasmid-

encoded relaxase (traI) gene in conjugation of SGI1 was described in the former section (II.).  

At the initial step of conjugation, DNA processing starts with the assembly of the relaxosome 

complex around oriT. In order to demonstrate the potential interactions between oriTSGI1 and 

the putative relaxosome components (S019-20 proteins, TraI), protein expression vectors 

have been constructed and the purification protocols of each protein has been worked out. 

Purification of proteins was carried out by chitin magnetic beads (New England Biolabs) and 

was based on the protocol of New England Biolabs IMPACT (Intein Mediated Purification with 

an Affinity Chitin-binding Tag) System. IMPACT System allows for the affinity chromatographic 

purification of a native protein without the use of a protease. It takes advantage of the 

inducible self-cleavage activity of a protein splicing element (named intein), which separates 

the target protein from the affinity tag, and thus the released protein is free from any vector-

derived amino-acids. We used pTXB1 vector, which allows for the fusion of the intein tag to 

the C-terminus of the target protein (C-terminal fusion). Due to the chitin binding domain 

(CBD) carried by the intein, affinity purification can be performed on a chitin resin or chitin 

magnetic beads. Upon addition of dithiothreitol (DTT), self-cleavage activity of intein is 

induced leading to the release of the target protein from the chitin-bound affinity tag. 

III.2. Purification of S019, S020, and TraI proteins 

The pTXB1 derivative vectors pAHG35, pAHG28 and pAHG33 were used for the expression of 

S019, S020 and TraI proteins, respectively. As these proteins had not been purified before, 

expression conditions had to be optimized in order to get soluble (and presumably active) 

proteins. For this purpose, optimization of the expression conditions (temperature and 

duration of induction, concentration of the inductor IPTG) and the composition of the buffer 

used for the extraction, washing and elution of the proteins, were carried out.  
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Based on the optimization experiments, buffer A (0,5 % Triton-X-100, 10% glycerol, 50 mM 

Tris-HCl, 0.1 mM EDTA, 500 mM NaCl, pH= 7,3)126 supplemented with 500mM NaCl was used 

for the purification of S019, S020 and TraI.  

The polyacrylamid gels with samples taken at different stages of the purification protocol are 

shown in Fig. 32. SDS-PAGE analysis revealed that considerable amount of eluted S019 (11.3 

kDa) protein could be obtained (Fig. 32a lane 6-7), while the expression of TraI (109.5 kDa) 

(Fig. 32c lane 6-7), and S020 (35.78 kDa) (Fig. 32b lane 6-7), resulted in fewer amount of eluted 

protein. 

Induction of each protein under the applied conditions (0.2mM IPTG, 3 hr, 37 oC) seemed to 

be efficient (Fig. 32. a, b, c, lane 2), although expression of S020 and TraI resulted in less 

amount of protein, than that of S019. Cleared lysates (lane 3 in Fig. 32. a, b, c,) seemed to 

contain a considerable amount of the target proteins, indicating that the expressed protein 

was mostly in soluble state. However, in the case of S019 and TraI a considerable fraction of 

the protein was not bound to the chitin beads, and could be washed away (Fig. 32. a, c, lane 

4). This may be attributed to the saturation of the chitin resin due to the large quantity of 

protein in the case of S019. This fraction was absent in the case of S020 (Fig. 32b, lane 4). 

Anyway, samples from the chitin resin before cleavage (Fig. 32. a, b, c, lane 5) showed that 

considerable proportion of the target protein were still bound to the beads after washing 

steps. Addition of DTT to the bound protein fraction led to the elution of the free, untagged 

proteins (Fig. 32. a, b, c, lane 6-7). However, after cleavage, similar (S019) or larger (S020 and 

TraI) amount of the protein (compared to the eluted fraction) remained attached to the chitin 

beads despite the DTT-induced cleavage (Fig. 32.  a, b, c, lane 8). This indicated that the target 

protein was cut from the intein tag, but formed protein aggregates, which attached non-

specifically to the chitin beads.  
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Figure 32. SDS-PAGE analysis of protein purification steps with chitin magnetic beads. S019, S020 and 

TraI proteins were expressed in fusion with the intein affinity tag in BL21 strains carrying pAHG35, pAHG29 or 

pAHG33 expression vectors, respectively. Purification of (a) S019, (b) S020 and (c) TraI was performed by using 

chitin magnetic beads (New England Biolabs). Gel concentrations of 15%, 10% and 8% were used for the SDS-

PAGE analysis of S019, S020 and TraI, respectively. Red arrows point at the corresponding bands of each protein 

with (lanes 2-5) or without (lanes 6-10) the intein tag, based on their expected size. 

Lane 1: Uninduced total protein extract. Lane 2: IPTG-induced total protein extract. Lane 3: Clarified protein 

extract (cleared lysate). Lane 4: Unbound fraction (supernatant of chitin beads to discard before washing). Lane 

5: Chitin resin before cleavage reaction. Lane 6: 1st eluted fraction. Lane 7: 2nd eluted fraction. Lane 8: Sample 

from the chitin resin after cleavage reaction. Lane 9: Uninduced total protein extract of the expressed proteins 

without affinity tag. Lane 10: IPTG-induced total protein extract of the proteins produced by a pET22b(+) vector 

without affinity tag, used as size marker for the eluted protein band: pJKI925 for S019, pJKI926 for S020, pJKI915 

for TraI.  

A small portion of the target protein still bound to the intein tag are also present in the same sample (a, b, c, lane 

8). The 28 kDa intein released from the target protein is clearly detectable in the chitin resin sampled after the 

cleavage (a, b, lane 8) as expected, although it is also present in the eluate (a, b, c, lane 6,) in small quantity. 

III.3. Ongoing experiments  

Purification protocol of S019 and S020 proteins of SGI1 and the relaxase of the IncA/C plasmid 

R55 was established to examine in vitro the conjugation initiation complex of the SGI1-helper 

system. To accomplish these objectives, electrophoretic mobility shift assay (EMSA) and 

nicking assay experiments have been established and are ongoing. EMSA would detect 

interaction of the three proteins or their combinations with the oriTSGI1 and binding of the 
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relaxase to oriTA/C of the helper plasmid. Nicking assay is applied to analyse the nuclease 

activity of the purified proteins by detecting in vitro single-strand cleavage on the oriTs. 

The performed and ongoing experiments will hopefully contribute to the characterization of 

the SGI1 and IncA/C relaxosome. 

IV. Assay for in vivo horizontal spread of SGI1 in chicken 

gut flora 

SGI1 has been isolated from certain bacterial species and several S. Typhimurium serovars so 

far94,99–107, although members of the normal gut flora have not been reported to carry SGI1 

under natural conditions. Even though the laboratory strains of E. coli K12 proved to be good 

recipients of SGI1 in vitro, the island has not been reported so far in commensal or pathogenic 

E. coli, which constitutes integral part of the intestinal flora of livestock animals such as swine 

or chicken. The presence and spread of multidrug resistance traits among the intestinal 

bacteria of livestock would entail food safety issues, as these animals may become reservoirs 

of zoonotic diseases caused by MDR pathogens. Thus, our objective was to investigate the 

horizontal spread of SGI1 in chicken gut flora under nearly natural conditions and antibiotic 

selective pressure by applying metagenomics and classical methods. 

IV.1. SGI1+ donor strains 

The investigation of in vivo spread of SGI1 required the construction of SGI1 donor strains (Fig. 

34). An appropriate donor strain must contain the mobilizable SGI1 and a helper IncA/C 

plasmid. Besides, short-time survival of donor strains in chicken gut is also needed in order to 

avoid the vast amount of donor cells in the samples collected for the metagenomic analysis, 

as large quantity of these cells may encumber the detection of the possibly rare SGI1 

transconjugants. However, SGI1 donor should be viable for a certain period in order to achieve 

SGI1 distribution. In addition, appropriate resistance and PCR markers are also needed which 

enable the identification and separation of this strain from other members of the intestinal 

flora by microbial methods and PCR. 

To fulfil these requirements, we have developed a balanced lethal system, which enables the 

maintenance of the donor strains under laboratory conditions, but prevents their growth 
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under in vivo circumstances in chicken intestine. The asd gene has been chosen as a target 

gene for mutation, as Asd (Aspartate-semialdehyde dehydrogenase) plays important role in 

the cell wall sythesis and biosynthesis of several amino acids, and thus its deletion leads to 

lysis of cells127,128. Before the deletion of asd gene of WT S. T. DT104 strain, ST1375 and 

ST1375Nal, the SGI1 carried by these strains was cured to facilitate the genetic manipulations 

by the temporary elimination of of its 7 ABR genes. Asd gene of the ST1375 SGI1- and 

ST1375Nal SGI1- strains then was knocked-out by the one-step gene inactivation method, and 

the resistance marker gene used in the KO experiment was subsequently removed. The 

resulting asd- auxotrophic mutant strains could be grown in the presence of DAP 

(diaminopimelic acid), which rescues the lethal phenotype of asd- strains.  

In order to the conditional complementation of asd KO mutation two types of complementing 

plasmids have been constructed (Fig. 33): pAHG19 carries asd gene under the control of 

pAraBAD promoter, thus requires L-arabinose (Ara) for asd expression, while pAHG20 contains 

asd gene along with its original promoter region amplified from Salmonella, but the plasmid 

replicates in a thermosensitive manner, preferably at 30°C due to a ts mutation in the 

replication initiation protein gene repA of the pSC101-derived replicon129. Thus, asd 

expression in the gut of chicken is expectedly impeded by the lack of Ara in case of pAHG19, 

and by the high gut temperature, which is around 42°C, in the case of pAHG20. Consequently, 

the conditionally asd-complemented strains were expected to show reduced fitness and to be 

unable to proliferate or stably maintained in the chicken intestine due to the lethal effect of 

Δasd in the absence of appropriate complementation. The complementing plasmids were 

introduced into the ST1375Δasd and ST1375NalΔasd strains.  
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Figure 33. Schematic representation of the asd-complementing pAHG19 and pAHG20 plasmids. 

Genes are indicated as arrows, triangles represent promoter sequences, while oriT and FRT sequences are shown 

as rectangles. Ts rep ori represents the pSC101 derived thermosensitive replication system. 

 

Establishment of the balanced-lethal system was followed by the reintroduction of SGI1 to the 

asd-complemented SGI1-free ST1375Δasd and ST1375NalΔasd strains. Finally, the (GmKm)R 

helper R55ΔTnΔFlo was introduced into the donor strains (Fig. 34). Multiple gene deletions were 

performed on WT R55 in order to eliminate its common resistance markers with SGI1 (ApR, 

CmR), and to provide stable resistance markers. As the ABR genes of the WT R55 are 

incorporated in transposons causing instability, the aadB (KmR/GmR) of R55 (the only retained 

ABR gene) was relocated to the plasmid backbone.  
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Figure 34. SGI1 donor strains used for in vitro and in vivo experiments. The illustrated strains have NalS 

(ST1375 derivatives) and NalR (ST1375Nal derivatives) variants. The strains were used for in vitro conjugation 

assays and in vivo experiments, except for the DAP-complemented donor strains. Required growth conditions 

(other than the standard) are indicated below the figures. The bacterial chromosome, the asd gene and the 

integrated SGI1 are indicated as thick dark red line, yellow box and red box, respectively. R55ΔTnΔFlo is shown as a 

blue circle, while the complementing pAHG19 and pAHG20 plasmids are represented as green circles. The ts 

replication region (repA and replication origin) of the pAHG20 plasmid, as well as the Ara inducible PBAD promoter 

of pAHG19 is indicated. The site of the chromosomal asd deletion is shown as black triangle. WT donor strains: 

ST1375 + R55ΔTnΔFlo and ST1375Nal + R55ΔTnΔFlo; ts donor strains: ST1375Δasd/pAHG20 + R55ΔTnΔFlo and 

ST1375NalΔasd/pAHG20 + R55ΔTnΔFlo; Ara-dependent donor strains: ST1375Δasd/pAHG19 + R55ΔTnΔFlo and 

ST1375NalΔasd/pAHG19 + R55ΔTnΔFlo; DAP-complemented donor strains: ST1375Δasd/R55ΔTnΔFlo and 

ST1375NalΔasd/R55ΔTnΔFlo. 

 

In order to create control strains for the in vitro growth assays and mating tests (shown in 

chapter IV.2 and IV.3), R55ΔTnΔFlo helper was introduced into the WT ST1375 and ST1375Nal 

strains (already carrying SGI1) (Fig. 34). Besides, SGI1 and R55ΔTnΔFlo were also introduced into 

the DAP-dependent SGI1-free ST1375Δasd and ST1375NalΔasd SGI1- strains. 

IV.2. Examination of growth properties of Δasd strains  

Different growth assays were performed under laboratory conditions in order to characterise 

the effect of the asd deletion and the efficiency of asd-complementing plasmids under 

restrictive and permissive conditions.  
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First of all, the effect of asd mutation on viability of cells was investigated in absence of DAP 

by bacterial cell number measurement. Figure 35 clearly shows the decreasing bacterial cell 

number (CFU/ml) of the ST1375NalΔasd strain in the absence of DAP. CFU/ml dropped more 

than 2 orders of magnitude by 8th hour (480 min) of growth time. Even though the cultures 

contained >105/ml viable cells at the end of incubation period, the importance of Asd was 

clearly demonstrated.  

 

Figure 35. Growth curve of ST1375NalΔasd SGI1+ in the absence of DAP. Overnight bacterial cultures from 

three independent colonies were grown in LB supplemented with Cm and DAP. Bacterial pellet was washed in 

0.9% NaCl solution, and resuspended in fresh LB medium without DAP. Following 10 x dilution, the samples were 

incubated in a shaker at 37°C and the bacterial titer was measured in samples taken by every 90 minutes. Titers 

of viable cells were determined on LB plates supplemented with Cm and DAP. 

 

Bacterial cell number and optical density (OD) of ST1375NalΔasd were assessed in the presence 

of DAP as well, and were compared with that of the WT ST1375Nal. Comparison of optical 

densities showed that the asd mutant strain can reach the same OD as the WT, although in 

longer incubation time (Fig. 36a). Bacterial titer of the Δasd strain was slightly lower than that 

of the WT strain in the exponential and stationary phase (Fig. 36b). 
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Figure 36. Assessment of growing capacity of WT and Δasd ST1375Nal strains under permissive 

conditions. Overnight bacterial cultures of three independent colonies were grown in shaker at 37°C in LB 

supplemented with Cm and DAP after dilution to OD600=0.02 (100-500x). (a) OD600 was measured after 1 and 

2 hours, and then every 30 minutes until OD600=2 was reached. The figure shows the mean OD values of three 

samples. (b) Bacterial titer was measured at the exponential (OD600:0.4-0.5), stationary (OD600=2) and death 

phase (after 16h incubation). The bars show the mean titers of the three samples.  

 

These experiments were followed by the investigation of the same strains in the presence of 

the asd-complementing plasmids. ST1375NalΔasd bearing the pAHG19 (shortly: Ara-dependent 

donor strain) was investigated in the presence and absence of Ara, and was compared to the 

WT ST1375Nal strain. Unexpectedly, Ara-depletion did not lead to detectable growth 

inhibition over time compared to the WT strain or the same strain in the presence of Ara, 

which was reflected by the OD600 values (Fig. 37a) and the bacterial titers (Fig. 37b). 
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Figure 37. Assessment of growth rate of the WT and Ara-dependent donor strains by OD600 and CFU 

measurements. Overnight cultures of ST1375Nal and ST1375NalΔasd/pAHG19 strains were grown in shaker at 

37°C after dilution to OD600=0.02 in LB+Cm w/o Ara (in case of the complemented strain). (a) The figure shows 

the mean OD600 values of three independent samples measured every second hour. (b) Bacterial titer was 

measured at different dates on LB plates supplemented with Cm and Ara. The figure shows the mean values of 

samples derived from three independent cultures.  

 

In the case of the ST1375NalΔasd harbouring the ts pAHG20 (shortly: ts donor strain), the 

cultures were incubated at 30°C (permissive) and 42°C (restrictive). The growth curve did not 

reveal considerable differences regarding the OD600 values under restrictive or permissive 

conditions (Fig. 38a). However, the bacterial titers clearly indicated that the growth of 
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pAHG20-bearing strain at 30°C exceeds that of the same strain at 42°C from 6th hour (Fig. 

38b). This difference might be attributed to the imperfect complementation of the balanced 

lethal system under the restrictive condition, as the CFU of the WT strain was not affected 

considerably by the temperature differences in the 4-12 hour interval. Besides, the bacterial 

titer of ts strain at 42°C is ~ 1 order of magnitude lower, than the WT strain at the same 

temperature during the whole tested period. The low cell number of the WT strain at 30°C at 

3th hour can be explained by the higher optimal growth temperature for Salmonellae, which 

is 35-43°C130. 

The growth assays suggest that the manifestation of Δasd phenotype in the conditionally 

complemented strains is not complete under restrictive conditions and/or needs longer time 

period, especially in the case of the Ara-dependent strain. 
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Figure 38. Assessment of growth rate of the WT and ts donor strains by OD600 and CFU 

measurements. Overnight bacterial cultures of ST1375Nal and ST1375NalΔasd/pAHG20 were grown in LB 

supplemented with Cm at 30°C. Overnight cultures were set to OD600=0.02 by dilution (150-500x) in LB 

supplemented with Cm. Cultures of both strains were divided and grown under different conditions. The first 

portion was incubated in a shaker at 30°C (permissive condition), while the other part of the liquid cultures were 

shaken at 42°C (restrictive condition). (a) OD600 was measured every second hour. The figure shows the mean 

values of samples derived from three independent colonies. (b) Bacterial titer of the samples measured on LB 

plates supplemented with Cm at 30°C or Cm at 42°C, where it is indicated. The figure shows the mean values of 

samples derived from three independent cultures. 

IV.3. Mating tests of SGI1 donor strains  

Before using the donor strains in vivo, the transfer frequency of SGI1 from the Salmonella 

donor strains (Fig. 34) have been tested in vitro under restrictive and permissive conditions 

(Fig. 39).  
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Figure 39. SGI1 transfer from the SGI1 donor strains under permissive and restrictive conditions. 

Mobilization of SGI1 was measured using the ST1375-derived donor strains carrying R55ΔTnΔFlo helper plasmid and 

SGI1wt, ST1375Δasd or the conditionally complemented ST1375Δasd/pAHG19 (Ara-dependent) or 

ST1375Δasd/pAHG20 (ts) strains. E. coli TG1Nal or the natural isolate PC2 was used as recipient. Restrictive or 

permissive conditions applied during the mating are indicated above the columns. (a) SGI1 transfer into TG1Nal 

recipient. (b) SGI1 transfer into PC2 recipient.  

 

In addition to the conditionally complemented strains, the SGI1 transfer frequencies of the 

WT and the uncomplemented ST1375Δasd and ST1375NalΔasd strains were also examined. 

Laboratory strain TG1Nal and the chicken-adapted natural isolate E. coli strain PC2 was used 

as recipient. PC2 was also planned to be used as recipient in the chicken in vivo experiments. 

Due to the Nal resistance of PC2, only the NalS ST1375 derivative strains were mated with this 

recipient (Fig. 39). 
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SGI1 transfer could be observed in the case of all donor strains into both TG1Nal and PC2 

recipient at either 30, 37 or 42°C. The DAP depletion caused reduced SGI1 transfer frequencies 

from the uncomplemented ST1375Δasd strain as expected, although it had a considerable effect 

(2 orders of magnitude decrease) only when TG1Nal recipient was used. This must be 

associated with the reduced viability of asd mutant strains (Fig. 38). Conjugation rate of SGI1 

from the ts donor strain was slightly reduced at 42°C into both recipients compared to the WT 

strain at the same temperature (Fig. 39. a, b). Interestingly, transfer frequencies from either 

the WT or ST1375Δasd donor into PC2 strain were considerably higher at 42°C, than at 37°C or 

30°C, respectively (Fig. 39b). This may be associated with the temperature preference of the 

chicken-adapted PC2, which is possibly adapted to the gut temperature of chicken (~42°C). In 

the case of the Ara-dependent donor strain, Ara depletion did not affect considerably the SGI1 

transfer frequency to the TG1Nal, while it entailed decreased conjugation to PC2 recipient 

strains compared to the WT counterpart (Fig. 39. a, b). 

In general, transfer frequencies into the TG1Nal were ~3-5 orders of magnitude higher, than 

those obtained with the PC2 strain (Fig. 39. a, b). This can be explained by the presence of 

restriction-modification systems in the natural isolate PC2, which are absent from the 

laboratory TG1Nal strain.  

Overall, the conjugation test of the donor strains demonstrated that both the Ara-dependent 

and the ts donor strains are applicable to spread SGI1 under restrictive conditions present in 

the chicken gut. This is favourable, as effective transmission of SGI1 from the donor strains 

was required in addition to short-term viability. 

IV.4. SGI1 transmission in vivo in chicken gut flora 

After the in vitro conjugation experiments, SGI1 transfer was investigated in chicken intestinal 

flora. To show the transmission of SGI1, two types of experiment have been performed. The 

first aimed to demonstrate the SGI1 transmission from our constructed donor strains to a 

particular recipient strain (E. coli PC2). The other type of assay was a large scale experiment 

with the objective to examine the horizontal transfer of the island in the presence/absence of 

tetracycline from the donor strains to any members of the intestinal flora. In the latter case, 

metagenomic sequencing was applied for the detection of SGI1 transconjugants.  
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IV.4.1. Interspecific transmission of SGI1 from Salmonella to E. coli PC2  

For the detection of transfer of SGI1 into the E. coli PC2, both the donor and the PC2 recipient 

strain were introduced experimentally into the animals. In two separate experiments, 6-day 

old (with developed gut flora, experiment I.), and 1-day-old chicks (experiment II.) have been 

infected with the PC2 E. coli strain and the NalS SGI1 donor strains (ts or Ara-dependent and 

their WT counterpart).  

Shedding of donor and recipient strains were monitored in fecal and caecal samples for 13 

days post infection (dpi). In the case of 6-day-old chicks, the introduced ts donor strain was 

not detectable at the 7th dpi, while the Ara-dependent and WT strains showed a high and 

stagnant or constantly increasing cell number during the tested period, respectively. 

Disappearance of ts donor strain might be explained by its reduced viability compared to the 

other strains (Fig. 38b), which could be manifested in the developed gut flora involving 

competitive strains. However, in one-day-old chicks, all strains showed reduced viability by 

the 10th dpi, especially the Ara-dependent strain, although all strains remained detectable till 

the end of the experimental period in the fecal and caecal samples as well. The tested strains 

might have been displaced by the developing flora emerging in the meantime of the tested 

period. Bacterial titer of recipient with all donor strains did not change considerably 

throughout the tested period in both chicken experiments (I-II). 

These experiments enabled the isolation of PC2::SGI1 transconjugants from fecal and caecal 

samples in the case of each donor strains (Table 1). Most transconjugants have been detected 

with the use of the Ara-dependent donor strain, which had been isolated during the II. 

experiment. The use of one-day-old chicks (II.) without developed gut flora may raise the 

possibility of interaction between the donor and recipient cells possibly due to the higher 

growth rate of the inoculated strains in absence of innate competitors. However, the only type 

of transconjugants, in which SGI1 derived from the ts donor strain was isolated from a 6-days-

old chick (Table 1). 
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      Table 1. PC2::SGI1 transconjugant strains isolated from faecal or caecal samples 

SGI1 donor: 

R55ΔTnΔFlo + Recip Exp. 

 

Sample 

Sampling 

(dpi) 

Total 

isolated No. SGI1 PCR E. coli PCR 

ST1375 PC2 II.   faeces 3 2 1 + + 

         2 + + 

ST1375 PC2 II.  caecum 6 4 1 + + 

      2 + + 

       3 + + 

          4 + + 

ST1375 PC2 II.  faeces 8 3 1 + + 

      2 + + 

          3 + + 

ST1375Δasd + 

pAHG19 
PC2 

II.   
caecum 6 154 1 + + 

      2 + + 

       3 + + 

       4 + + 

       5 + + 

       6 + + 

       7 + + 

       8 + + 

       9 + + 

       10 + + 

       11 + + 

       12 + + 

       13 + + 

       14 + + 

       15 + + 

          16 + + 

ST1375Δasd + 

pAHG20 
PC2 I.  

 
faeces 1 1 1 + + 

 

To sum up, interspecific horizontal transfer of SGI1 has been demonstrated in living animal for 

the first time. Besides, the transmission occurred into E. coli, where in vivo horizontal transfer 

of SGI1 has not been reported so far. 
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IV.4.2. NGS metagenome-sequencing 

Construction of SGI1 donor strains was carried out with the purpose of investigating the 

transmission of SGI1 in vivo, in the chicken gut flora. Based on the latter results (Table 1), the 

use of either the one-day-old or the 6-day-old chicks seemed to be promising. While more 

SGI1 transconjugants could be obtained in one-day-old chicks (Table 1), more potential 

recipient may be present in 6-day-old chicks due to their developed gut flora. 

PCR-based NGS metagenome-sequencing approach was applied in order to detect the 

transmission of SGI1 from the donor strains into other members of the intestinal flora. The 

experiments have been carried out in the presence and absence of tetracyclin. As antibiotics 

(including Tc) were extensively used in poultry farming, we supposed, that these drugs may 

facilitate the dissemination of the SGI1-carrying Salmonella. Thus, the planned experiments 

may enable us to model the effect of preventive AB treatment on the horizontal spread of 

SGI1 in chicken gut. 

This first sequencing experiment served for optimization of the method, which also allows for 

the control of sensitivity of detection. This pilot metagenome sequencing was performed on 

total DNA samples derived from chickens infected at 6-day-old age, from which PC2::SGI1 

transconjugants (SGI1 derived from ts donor strain, Table 1) had been isolated as described 

above (IV.4.1). The total DNA was isolated from the caecal samples then the presence of 

PC2::SGI1 transconjugants was confirmed by semi-nested PCR (Fig. 40), as conventional PCR 

was not appropriate for the detection of transconjugants. This indicated that the transmission 

of SGI1 from the donor strains is a rare event, and high sensitivity method is required to 

demonstrate it.  
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Figure 40. Semi-nested PCR detection of PC2::SGI1 transconjugants from chicken caecal samples. 

DNA was isolated with QIAamp DNA Stool Mini Kit from the caecal samples. attsgi1rev – RJ2 and attsgi1rev – RJ4 

primers were used for the 1st PCR, and 2nd PCR reaction, respectively. Lanes 1-8: extracted metagenomic DNA 

template samples; +: E. coli TG1Nal::SGI1 genomic DNA template (+ control); –: nontemplate control; Mw: 

molecular weight marker.  

The DNA sample was then sequenced on Illumina Myseq platform. The workflow involved a 

PCR amplification step after the adapter ligation to the fragmented DNA. SGI1 integration into 

new hosts was attempted to be detected by amplifying the emerging junctions of the 

integrated SGI1 and the host att site. Therefore, primers facing outward from SGI1 were 

paired with primers attaching to the adapter, and they were used in a PCR reaction with 

reduced amplification cycles. This PCR step was deployed to enrich target sequences among 

the unnecessary fraction. 

The average length of the libraries for the left (DRL) and right (DRR) end of SGI1 was 650 and 

700 bp, respectively. 4.0 and 3.2 Mbase assembled sequence has been obtained from the first 

sequencing. However, only ~1000 reads were derived from SGI1-junctions, all of which 

originated from the donor strain. The majority of the reads came from off-target sequences 

including chicken and microbial DNA. 

In order to obtain increased specificity in the future, the optimization of the PCR reaction for 

library preparation is ongoing. This includes the increase of the annealing temperature to 

avoid the amplification of off-target sequences and/or replacement of the primers. Besides, 

the amplification step of the workflow prior to sequencing is planned to be a semi-nested PCR. 

Hopefully, the more specific library will allow for the detection of the potential SGI1 recipients 

in the intestinal flora, and also for detection of the impact of Tc treatment on SGI1 spread.  

To sum up, interspecific transmission of SGI1 into PC2 E. coli strain was demonstrated in living 

animal (artificially infected by the donor and PC2 recipient strain) by isolation of SGI1 
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transconjugants and nested PCR, although the presence of SGI1 transconjugants could not be 

confirmed by NGS sequencing due to the large amount of off-target sequences and the low 

sensitivity of PCR amplification during library preparation. Further optimization of the method 

is required to be able to demonstrate the transmission of SGI1 into the members of the natural 

gut flora. 
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Discussion 
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Mobile genetic elements, such as genomic islands, are key players of bacterial evolution as 

they enable horizontal gene transfer and genetic rearrangments. IMEs of SGI1-family provide 

multidrug resistance to several S. enterica serovars as well as to strains of Proteus mirabilis 

and other species. Although it is not self-transmissible, SGI1 is specifically mobilized by the 

helper IncA/C plasmids. In this work I attempted to analyse certain cis- and trans-acting 

transfer elements encoded by the island and also by the helper plasmids, which contribute to 

the conjugation of both elements. We also examined the in vivo transmission of SGI1 into the 

members of chicken gut flora. 

The mobilizable region and recombination hotspot of IncA/C plasmids 

Not only SGI1, but also the helper IncA/C plasmids confer resistance to multiple antibiotics, 

which contribute to the spread of multidrug resistance among Enterobacteriaceae and other 

γ-Proteobacteria including enteric pathogens of humans and animals. Thus, understanding of 

the conjugation machinery of these plasmids is of great importance. 

Identification of most transfer genes of IncA/C family plasmids were based on homology with 

other genes of known functions from other plasmid families. Regulation of tra genes and the 

crosstalk between IncA/C plasmids and SGI1 were analysed by Carraro et al., Kiss et al. and 

Murányi et al.83,92,109,117,131. OriT, the cis-acting transfer element, was originally predicted to 

be between traD and traJ genes, close to the traI gene111,113. However, Carraro et al. did not 

find oriT in this region of the IncA/C plasmid pVCR94114, and our group has also confirmed the 

absence of oriT in the surrounding region of traI in R55124. Instead, the oriT region was 

proposed to be within the noncoding upstream region of mobI gene by Carraro et al 114. Even 

though two different mutations within this locus decreased the transfer frequency with one 

order of magnitude, they did not abolish the conjugation, which suggested the presence of a 

second oriT114. 

We investigated whether IncA/C plasmids have two functional oriTs indeed, and we also 

wanted to know if the genes adjacent to the oriT-like structures are associated with transfer 

functions.  

We have identified the precise localization of oriT proposed by Carraro et al.114 using 

progressively shortened subclones of a sequence termed as Mob 1 region: the oriT1 sequence 
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is located in the 139–323 bp region of plasmid R55 immediately upstream of the mobI gene. 

Similarly to other oriT regions, oriT1 of IncA/C plasmids was found to have lower (37%) GC 

content compared to the plasmid backbone sequence (51%). Besides, it carries a complex 

array of short perfect and imperfect inverted and direct repeats (Fig. 17b), as many oriT 

sequences. Comparison of transfer frequency of p15A-based plasmids containing the full oriT1 

or different oriT1 sequences with deletions affecting the IRs and DRs supported that the 

sequence preceding mobI contains the most important motifs including IR4, IR5 and at least 

one copy of the 14-bp DR. Thus, this 227–300 bp fragment carries the core oriT, although the 

fully functional oriT spans the 139–323 bp region124. Comparison of the Mob 1 sequence of 

152 sequenced IncA/C plasmids supported the identified location of oriT. The 170–323 bp of 

R55 is highly conserved throughout the family and carries IRs from IR2 to IR5 and the 14-bp 

DRs in all members (Fig. 22). 

Deletion analysis of Mob 1 region revealed that both oriT1 and the adjacent mobI gene are 

required for conjugation (Fig. 20). In addition to the oriT-carrying Mob 1 region, we found 

another region, named as Mob 2, which seemed to be mobilizable, and thus raised the 

possibility of a dual oriT system124. However, oriT1 proved to be the sole functional oriT, as 

plasmid R16aΔoriT1 was transfer-deficient in spite of the presence of the intact oriT2 (Fig. 20). 

Even though Carraro et al. identified the oriT of pVCR94 IncA/C plasmid in a region 

corresponding to the Mob 1 region of R55, two deletions on oriT region of plasmid pVCR94 

did not abolish the transfer114. This can be explained by the fact, that these deletions did not 

affect the most important core region of oriT1 (227-300 bp): the deleted regions correspond 

to 39-203 bp and 17067-203 bp sequences of R55, which partly overlaps the oriT1 sequence 

(139-323 bp) identified by us, but the mobI-adjacent core region remained intact. Therefore, 

deletion of the less important regions possibly led to decreased, but still efficient transfer 

observed by Carraro et al 114. As our deletion (targeting the 208-323 bp sequence) affected 

the whole core region (Fig. 19-20), it is not surprising that no R16aΔoriT1 transconjugants could 

be detected (Fig. 20). 

In addition to oriT1, its adjacent gene, mobI was proved to be essential for the transfer of 

plasmid R16a (Fig. 19-20). Identification of mobI was originally based on the similarity of its 

genetic context as well as its homology to mobI of SXT114. Deletion of mobI gene from R16a 

and IP40a led to abolition of transfer, while complementation by a mobI-expressing plasmid 
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restored the transfer frequency (Fig. 20). These results demonstrated the importance of MobI 

in conjugation, and confirmed the former observation of Carraro et al. who get similar results 

with the mobI of plasmid pVCR94114. Even though the importance of MobI in conjugation is 

unambiguous, its exact function is not clear. Based on Swiss-Model and Phyre2 modeling, C 

terminus of MobI shows homology with the DNA-binding domain of the EIN3 transcription 

factor of Arabidopsis thaliana. The possibility of its DNA-binding activity suggests that MobI 

might be an auxiliary transfer factor like TraJ of RP455, TraY of F factor132, TrwA of R38856 or 

MobC of RA3133. Even though the mobilization of SGI1 requires certain transfer elements from 

the IncA/C plasmids, we demonstrated that MobI is not needed for the transfer of SGI1 (Fig. 

21).  

As oriT1 is located adjacent to mobI gene, we supposed that the promoter of the gene overlaps 

the oriT sequence. Conjugation of the oriT-carrying pJKI969 plasmid was not detectable in the 

presence of R16aΔoriT1, which not only lacks oriT but is also unable to express mobI, while the 

oriT1-mobI-carrying counterpart of pJKI969, plasmid pJKI1011 were fully transferable in the 

same setup (Fig. 20). This indicates the proper expression of mobI. This observation was 

further supported by the fact that a relatively strong promoter activity of oriT1 region was 

detectable by β-galactosidase assay. To find the exact location of the promoter boxes, the 

transcription start site (TSS) of mobI on oriT1 was determined in a primer extension assay124. 

The strongest signal indicated that the TSS of mobI is positioned at 229 bp of R55. The -35 box 

corresponds to the σ70 consensus (TTGACA), while the −10 box is less obvious in the case of 

the primary TSS. Other possible promoter boxes assigned to the secondary TSSs could also be 

found in the core region of oriT124. The overlap of oriT and the promoter of the adjacent gene 

occurs in other plasmids, such as in RP461, R100134, RA3133, pMV1584135 and pIP501136. This 

proximity suggests the crosstalk between the formation of initiation complex of IncA/C 

plasmids and the transcription initiation of mobI, and also raises the possibility of 

autoregulation of mobI transcription via oriT binding. 

The oriT1 was proved to carry several sequence motifs, such as IRs from IR1 to IR6 and the 

14-bp DRs (Fig. 17b), which were investigated by deletion analysis124. The analysis revealed 

that the core region of oriT is a 227–300 bp fragment including IR4, IR5 and at least one 

copy of the 14-bp DR. IR1 and IR2 must have accessory roles in the transfer, as their absence 

caused slight decrease of transfer. Unlike these IRs, removal of the DRs abolished the 
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transfer suggesting that important binding sites and the nic site can be located in this 

region124. Primer extension and interrupted mating124 were used to determine the nic site 

without success. The use of purified protein for in vitro assays may help in the future to 

provide positive results.  

In addition to Mob 1, another region, Mob 2 was found, which seemed to be mobilizable in 

the same setup. An 56 bp sequence region – later termed as RecHS – of Mob 2 was proved 

to be the shortest mobilizable region in the presence of WT plasmid R55124. However, we 

proved, that Mob 2 does not carry oriT. While the deletion of RecHS from plasmid R16a did 

not affect the transfer frequency, that of oriT1 led to the termination of conjugation. This 

observation indicated that oriT1 is the only functional oriT. Furthermore, the co-transfer 

rate of the RecHS-carrying p15A- or Bac-based plasmids with the helper IncA/C plasmid was 

found to be nearly 100%. This observation as well as the lack of conjugation in the presence 

of plasmid R16aΔRecHS (formerly named as R16aΔ’oriT2’) or the transfer-deficient R16aΔoriT1 

suggested that mobilization of Mob 2 region is due to cointegrate formation with the helper 

plasmid. Cointegrate formation was shown to occur via a RecA-independent recombination 

between two RecHS sequences. The cognate recombinase was proved to be encoded by 

the helper plasmid itself instead of the host cell124. In addition to cointegrate formation, 

the recombinase proved to be responsible for cointegrate resolution as well.  

The RecHS region is a conserved sequence (Fig. 26), which contains the 14-bp IR2 with 6-bp 

spacing. This sequence motif seems to have a key role in recombination-dependent 

cointegrate formation124. Similiarities can be found between IR2 and the recombination 

sites of certain site-specific recombination systems, such as loxP of P1 phage137, rfsF of F 

factor138 or FRT of 2 μm plasmid139 of yeast. These recombination systems are involved in 

dimer resolution of plasmids, and their recombination sites contain 10-14 bp imperfect 

inverse repeats with a central 6-8 bp spacer. Strand cleavage and rejoining in these 

recombination sites are carried out by their cognate recombinases. Besides, the res loci of 

cointegrate resolution system of Tn3-family transposons also carry IRs (generally three 

copies) with 2-7 bp repeats140. Despite similar functions, not all the dimer resolution 

systems contain IRs in their recombination sites (e.g. dif/cer sites of XerCD)141. However, 

the similarities suggest that IR2 of RecHS may serve as a recombination site of a site-specific 

recombination system. The exact function of this recombination system remains to be 
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identified. Analogy with other dimer resolution systems implies that RecHS has a role in 

plasmid stability. However, RecHS region is absent from 14 of 152 IncA/C plasmids (Fig. 26), 

which rules out the possibility of having crucial role in plasmid maintenance. The analysis 

of this recombination system is ongoing. 

Potential relaxosome components of SGI1 

In order to understand the conjugation process of SGI1 by the helper IncA/C plasmids, the 

identification and comparison of the mobilization functions provided by both elements is 

required. Even though certain helper-encoded transfer elements had been reported at the 

beginning of my PhD work, other transfer-related elements of SGI1 remained to be identified 

or characterized.  

Two genes encoding putative T4SS subunits, TraG and TraH as well as TraN, a gene coding for 

a putative mating pair stabilization protein, were confirmed to be important for SGI1 

mobilization92. Similarly to several helper-encoded transfer genes, and the recombination 

directionality factor encoding gene xis of SGI183,109,117, traG, traH and traN are also under 

AcaCD control92.  

Prior to the identification of the oriTSGI1, the 2.2 kb mobSGI1 region has been determined as the 

minimal mobilizable region of SGI1. It was identified in similar way as Mob 1 and Mob 2 regions 

of plasmid R55 (previous section). MobSGI1 was the shortest sequence mobilizable by IncA/C 

helper plasmids if cloned into a p15A-based vector. The oriT was identifed on mobSGI1 as a 124 

bp sequence between 18016-18140 bp positions of SGI1, which overlaps the 3’ ends of the 

predicted overlapping ORFs S021 and S022. Similarly to other oriTs, oriTSGI1 also carries IR 

motifs. Among the three long IRs (IRs1-3), the perfect 7-bp IR1 and the long imperfect IR3 

proved to be the most important for oriT functions. Unlike most oriT sequences, oriTSGI1 has a 

high GC content (60%) compared to the SGI1 backbone (44%). The GC-rich IR1 seems to be 

the key component of oriTSGI1 implying that the nic site may be located near this motif. 

However, nic site could not be defined, even though several alternative methods were applied 

(primer extension, RACE PCR, in vitro nicking assay, in vivo interrupted mating). Apart from 

their proximity to transfer genes, oriTSGI1 and the oriT of IncA/C plasmids do not share 

similarities, as their sequence, potential secondary structures, sequence motifs, genetic 

context and GC-content are different125. 
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In addition to the oriTSGI1, three of the four mobSGI1-encoded ORFs –S019, 20, 21 – appeared 

to be required for the conjugation of the island, as their KO mutation abolished the transfer. 

In contrast, KO of ORF S022 did not reduce the conjugation frequency, thus this ORF seems 

not to be necessary for conjugation125.  

Our aim was to confirm and analyse the role of these putative transfer-related ORFs (S019, 

S020, S021) in SGI1 conjugation and consequently to define the key components of the 

transfer initiation complex encoded by either SGI1 or the IncA/C helper plasmids.  

SGI1 in TG1Nal::SGI1-CΔS019 and TG1Nal::SGI1-CΔS020 strains was confirmed to be not 

mobilizable. Expression vectors of S019 and S020 restored the mobilization of SGI1 in the KO 

strains indicating that transfer-deficient phenotype of TG1Nal::SGI1-CΔS019 and TG1Nal::SGI1-

CΔS020 were due to the absence of the respective proteins (Fig. 28). Therefore, S020 and S019 

can be regarded as essential mobilization proteins for SGI1. In contrast, TG1Nal::SGI1-CΔS021 

could not be complemented by the S021-expressing vector, only by the plasmid carrying the 

whole mobSGI1 (Fig. 28) suggesting that S021 is not involved in conjugation at protein level.  

When we investigated the potential causative factors of the transfer-deficiency of SGI1-CΔS021, 

we excluded that it was due to the deletion of the potential promoter sequence of S019 

and/or S020. The involvement of other, non-annotated short ORFs in this region was also ruled 

out, as frameshift mutations of these ORFs did not changed the transfer frequency (Fig. 30. 

and I. Nagy, M. Szabó unpublished results). In addition, SGI1-CΔoriT could efficiently mobilize 

an oriT-carrying plasmid by providing mobilization functions in trans125, despite the fact that 

ΔoriT mutation abolishes both S021 and S022 ORFs (I. Nagy, M. Szabó, personal 

communication). This clearly indicates that S021 (as well as S022) do not encode proteins 

necessary for SGI1 transfer. Furthermore, it is not evident, whether S021 is expressed at all. 

However, mRNA of S021 was detected, although it was reported to be the least abundant 

transcript compared to the other 43 SGI1 ORFs142. Our observations imply that the transfer-

deficiency of the S021-deleted SGI1 can be attributed to an unknown soluble factor, other 

than a protein. It is possible that S021 deletion interferes the transcription or function of a 

putative conjugation-related RNA factor. This RNA can be transcibed properly from mobSGI1, 

but not from the ΔS021 mutant as the transfer of SGI1-CΔS021 was fully restored, when mobSGI1 

region was provided in trans (Fig. 28).  
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In addition to oriTSGI1 and the S019-S020 mobilization proteins of SGI1, the IncA/C- plasmid 

encoded relaxase (TraI) also proved to be important for the efficient mobilization of SGI1. As 

no relaxase homolog can be found on SGI1, it seemed possible that TraI fulfils all the relaxase 

functions required for SGI1 mobilization. Although the conjugation of IncA/C plasmids proved 

strictly dependent on TraI124, unexpectedly, decreased, but well detectable mobilization of the 

mobSGI1-carrying plasmid and SGI1 was observed in absence of the plasmid-borne relaxase, 

when R16aΔtraI was provided as helper (Fig. 31). This indicates that relaxase functions are 

encoded on mobSGI1. The latter observation as well as the considerably higher (~3 order of 

magnitude) transfer frequency in the presence of TraI suggests that the plasmid-borne 

relaxase has important function in the efficient SGI1 mobilization, but it is not required for the 

initiation of SGI1 transfer. Instead, SGI1 might encode its own relaxase. As the oriT sequence 

of the helper and SGI1 appear unrelated, the relaxosome of the plasmid and the SGI1 can not 

be the same either. Even though their conjugation apparatus exploits the same TraI protein, 

the function of this protein seems to be different in SGI1 and the helper plasmid. In the case 

of SGI1, TraI might be involved in processes following the nicking of oriTSGI1, such as unwinding 

the donor DNA or recruiting the coupling protein, which delivers the relaxosome to T4SS. In 

addition to the relaxase domain responsible for DNA nicking, relaxases of certain conjugation 

systems contain other functional domains, such as helicase, primase, DNA binding domains or 

translocation signals. Helicase domain typically occurs in IncW/N/F family relaxases, in which 

it is responsible for unwinding the DNA strands after strand cleavage. Translocation signals 

are internally positioned sequences which target the relaxosome to the T4SS. These signals 

are widely conserved in MOBF and MOBQ families of relaxases. As no helicase domain could 

be identified in TraI of IncA/C plasmids, it is more possible that TraI facilitates the mobilization 

of SGI1 via translocation sequence(s) by enabling the transport of relaxosome to T4SS. 

Since TraI appeared not indispensable for SGI1 transfer, we aimed to identify the SGI1-

encoded elements fulfiling the relaxase function. Our results and structure predictions 

suggested that S020 may be the best candidate. When S020 was deleted from the mobSGI1-

carrying plasmid, the conjugation was completely abolished either in the presence or absence 

of TraI (R16aWT or R16aΔtraI), as it is expected in the absence of a cognate relaxase. Considering 

its 3D structure predicted by Phyre2 protein fold recognition server, S020 seems to be related 

to XerH and Cre recombinases of the lambda tyrosine recombinase family. Even though S020 
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has no sequence similarity to known relaxases, it may be an atypical relaxase. This is not a 

unique feature: TcpM of plasmid pCW3 was the first reported atypical relaxase64, which, 

similarly to S020, is related to tyrosine recombinases with the greatest homology to XerH.  

In addition to S020, the expression of S019 is also strictly required for the conjugation of SGI1 

regardless of the presence of TraI. This suggests that S019 is also involved in the initiation of 

transfer. Even though no function is assigned to S019, it shows structural similarity to the N-

terminal SAM-4 like domain of lambda integrases (Pfam database) and the N-terminal DNA 

binding domains of XerH and Cre recombinases (Phyre2 server). This raises the possibility that 

S019 is involved in binding oriTSGI1 and/or S020 or in recruiting protein(s) into the initiation 

complex. Similar roles are fulfiled by auxiliary relaxosome components in several other 

conjugation systems. TraJ protein of IncPα plasmids binds to oriT and directs the relaxase near 

to the nic site, while TraH stabilizes the oriT-DNA complex through specific protein-protein 

interactions143. TrwA accessory protein of the IncW plasmid R388 binds to the oriT, and also 

stimulates the ATPase activity of the coupling protein TrwB56. Similar auxiliary functions are 

not yet determined in the conjugation system of SGI1, and IncA/C plasmids, although the 

helper-encoded MobI and the SGI1-encoded S019 may be involved in such functions. 

Even though further investigations are required to unravel the exact role of these elements, 

we suggest that S020 acts as an atypical relaxase, which requires S019 for binding and/or 

nicking oriTSGI1. The helper plasmid-borne relaxase, TraI is not needed for the initiation of SGI1 

transfer, but it considerably increases the mobilization frequency by an unknown mechanism, 

which might be the transport of relaxosome to T4SS or the unwinding of the donor DNA. 

In order to examine the conjugation initiation complex of the SGI1-helper system in vitro the 

purification protocol of S019, S020 and TraI has been established. IMPACT  System was used 

to get soluble protein by affinity chromatographic purification.  

To uncover interactions between the purified S019, S020 and TraI proteins with the oriTSGI1, 

electrophoretic mobility shift assay (EMSA) and nicking assay experiments are ongoing. The 

interaction of each protein with the oriT is investigated individually and in combination. EMSA 

is a widely used method, which was successfully applied to detect interaction of TcpM atypical 

relaxase of plasmid pCW364, the TraY of plasmid R1144, or traM DNA binding protein of plasmid 

F145 with the cognate oriT regions. 
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Nicking assay may enable to analyse the nuclease activity of the purified proteins by detecting 

in vitro single-strand cleavage of oriTSGI1. This method was used to demonstrate the nicking 

activity of several relaxases, such as TcpM64, TraI of IncP plasmid RP461,146 or TrwC of IncW 

plasmid R388147. 

In addition to protein-DNA interaction studies, investigation of protein-protein interactions 

would be worthwhile, as it would further contribute to the characterization of the relaxosome 

components.  

Horizontal spread of SGI1 in chicken gut 

SGI1 and SGI1-related elements have been detected in several S. enterica serovars99–103 and 

in a few other bacterial species such as Proteus mirabilis94,104,107, Morganella morganii105, 

Acinetobacter baumannii106. SGI1-carrying bacteria have been isolated from various sources 

such as humans, food-producing animals, companion animals, sewage, etc. Under laboratory 

conditions SGI1 transfer has been detected from Salmonella Typhimurium to ten different 

recipient species bearing an IncA/C plasmid: Escherichia coli, Enterobacter cloacae, Klebsiella 

pneumoniae, Proteus mirabilis, Enterobacter aerogenes, Citrobacter freundii, Klebsiella 

oxytoca, Proteus vulgaris, Providencia stuartii and Serratia marcescens116. Besides, numerous 

bacterial species were reported to have potential SGI1 target site which further raises the 

number of potential recipient strains of SGI1148. However, the presence of SGI1 has not been 

reported in most of these species in nature so far.  

Even though the horizontal spread of SGI1 was tested under laboratory conditions, the 

transmission of the island was not yet investigated in vivo. Our aim was to demonstrate the 

horizontal spread of SGI1 in chicken gut flora under nearly natural conditions and antibiotic 

selection. 

Two different, conditional lethal (asd- mutants complemented by an Ara-dependent or a 

thermosensitve manner) SGI1 donor strains were constructed to introduce SGI1 into one-day-

old or 6-days-old chicks. Transmission of SGI1 from both donor strains to a particular recipient 

strain (E. coli PC2) was succesfully demonstrated by nested PCR and isolation of SGI1-

transconjugants. The SGI1-carrying PC2 strains could be isolated form fecal and caecal samples 

of 7-days-old chicks, which were previously infected experimentally with the SGI1 donor 
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strains and the PC2 recipient. Interestingly, SGI1 has not been detected before in commensal 

or pathogenic E. coli isolates, despite the fact that the laboratory strains of E. coli K12 are good 

recipients of SGI1 under laboratory conditions. This is surprising, as E. coli constitutes integral 

part of the intestinal flora of livestock animals. Here, we report for the first time the in vivo 

transmission of SGI1 into an E. coli strain. 

This experiment aimed to show the emergence of SGI1 in the experimentally introduced PC2 

recipient strain. However, we also had the objective to demonstrate the transmission of SGI1 

from the donor strains into any member of the chicken gut flora (without introducing a 

particular recipient strain). Thus, PCR-based NGS metagenome-sequencing approach was 

planned to be used to search for SGI1 transconjugants from coecum and fecal samples. We 

also aimed to model the effect of antibiotic (Tc) treatment by comparing samples deriving 

from antibiotic-treated or untreated chicks. Thus, a pilot experiment was performed in order 

to test the sensitivity of the method. For this purpose, we used the metagenomic DNA samples 

from which the PC2::SGI1 transconjugants were previously detected (see previous paragraph). 

However, the majority of reads came from off-target sequences including chicken and 

microbial DNA. Thus, optimization of the workflow is ongoing in order to increase the 

specificity of detection. Once we achieve higher sensitivity, this experiment can reveal the 

range of potential recipients of SGI1 in the chicken gut, and demonstrate its interspecific 

spread in vivo. It can also show the effect of antibiotic treatment on transmission of SGI1. 

Although the in vitro experiments showed that SGI1 can be efficiently mobilized by a helper 

IncA/C plasmid into laboratory E. coli81,82 and other bacterial species116. The fact that SGI1 

could be isolated from a limited number of species compared to the potential targets suggests 

the presence of a natural barrier of the horizontal transfer under natural conditions. It was 

suggested that the emergence and spread of SGI1-carrying serovars of S. enterica is due to 

clonal expansion, while horizontal transfer of SGI1 into new strains is rather rare98. This implies 

that its dissemination mainly occurs via clonal expansion of a limited number of 

transconjugants already acquired SGI1 under occassional selective circumstances, which is 

followed by their geographic spread. 

Theoretically, several factors can limit the horizontal transmission of SGI1 under natural 

conditions (e.g. in gut). The absence of potential integration sites may be a limiting agent, 
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however, 45 bacterial species were shown to have potential attB SGI1 target sites at the 3′ 

end of their thdF gene in addition to E. coli and Salmonella148. The absence of the helper IncA/C 

plasmids required for mobilization can also limit the transmission. IncA/C plasmids were 

identified in several groups of Enterobacteriaceae, Pseudomonadaceae, Aeromonadaceae, 

Morganellaceae, Shewanellaceae and Vibrionaceae. In spite of their broad-host range, IncA/C 

plasmids are possibly not ubiquitous among the more than 900 species described in chicken 

gut flora so far149. Johnson et al. could not detect interspecific dissemination of IncA/C 

plasmids in pig feces150: While in vivo transfer was demonstrated from the E. coli donor into 

indigenous E. coli hosts upon antibiotic treatment, no transfer could be detected into non-E. 

coli strains. However, the ability of IncA/C plasmids to be transferred into non-E. coli recipient 

was proved in vitro150. These results and the limited dissemination of SGI1 across species may 

support the possibility of a natural barrier of horizontal transfer in the case of both elements. 

In addition to the putative barriers affecting the transmission of SGI1, the lack of fixation can 

be limiting factor as well. Without antibiotic selection, the presence of SGI1 may represent an 

added genetic load to the host cell, which can impede the genetic fixation of SGI1 in the 

population.  

Among the SGI1-carrying bacterial isolates many derive from hospitalized humans, who might 

have been affected by antibiotic treatment. The use of antibiotics can select for the SGI1-

carrying strains encoding the appropriate ABR gene(s) and thus enables the detection of these 

MDR strains. It is not evident whether the horizontal spread of SGI1 is enhanced by the 

introduction of antibiotic(s), thereby leading to the emergence of new SGI1-carrying strains. 

Investigation of the effect of tetracyclin treatment on SGI1 transfer in chicken gut is our future 

plan as mentioned above. Resistance to this antibiotic is encoded by the tetA(G) gene of SGI1. 

This experiment may elucidate whether Tc, used extensively in poultry farming, contributes 

to the dissemination of the SGI1-carrying bacterial strains. The effect of antibiotic usage on 

the in vivo transfer of IncA/C plasmids was previously demonstrated by Johnson et al.150. 

Administration of high-dose chlortetracycline was proved to facilitate conjugal transfer of 

IncA/C plasmid (encoding resistance to tetracycline) to other indigenous E. coli hosts in pigs150. 

As antibiotics are widely used for prevention, growth promotion and disease treatment in 

food animals, understanding of their effects on the spread of MDR traits is of great 
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importance, as the emergence MDR pathogens in livestock can lead to food safety problems. 

Our ongoing experiments attempt to improve our knowledge about these processes. 

Summary 

Based on our results and observations and those of other research groups, the mechanism of 

SGI1 mobilization can be summarized as follows:  

Prior to the mobilization, the excision of the island is induced in the presence of the helper 

plasmid. The excision is triggered by the IncA/C plasmid-borne AcaCD master regulator, which 

activates the expression of the xis gene83,109. The SGI1-encoded Xis along with the Int protein 

enable the excision of SGI1 from the chromosome. The initiation of conjugation is carried out 

by the relaxosome complex, during which the oriT is supposed to be nicked by the relaxase 

protein. However, we currently have no evidence of nicking in the SGI1 transfer. It seems that 

the S020 gene of SGI1 codes for an atypical relaxase, unrelated to other relaxases. S019 is 

supposed to be part of the relaxosome complex as an essential auxiliary factor. It can be 

involved in recruiting of proteins in the initiation complex or oriT and/or S020 binding. Even 

though the helper plasmid-borne TraI is not indispensable for the mobilization, its absence 

considerably reduces transfer frequency of SGI1. We suppose that TraI is important in 

processes such as unwinding the donor DNA or recruiting the coupling protein. Exact function 

of S019, S020 and the plasmid-borne TraI remains to be identified. In addition to these 

mobilization proteins, mating pore components are also required for transfer of SGI1. Two 

putative T4SS subunits, TraG and TraH and a putative mating pair stabilization protein, TraN 

are encoded by SGI1, which appear to be homologs of their IncA/C plasmid-borne 

counterparts. Expression of these genes is also induced by the AcaCD activator. SGI1 is able to 

use its own mating pore components as well as their plasmid-borne counterparts. Even though 

SGI1 remains mobilizable in absence of its own Tra proteins, (on the condition that their 

counterparts are provided by the helper plasmid), its optimal transfer requires the 

collaboration of its own TraG, TraH and TraN proteins92. The processes following the 

translocation are not known in details, however, SGI1 integrates into the appropriate attB 

target site of the recipient cell with the help of its constitutively expressed Int protein.  

Several experiments suggest the incompatibility between SGI1 and the IncA/C 

plasmids83,118,119. The fact that no native bacterial strain bearing both elements was isolated 
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to date also supports this idea. This indicates that the coexistence of the IncA/C plasmids and 

SGI1 within a cell might be a short-term event without antibiotic selection for both elements. 

Efficient conjugation of IncA/C plasmids must be a prerequisite of the mobilization of SGI1, as 

the helper plasmid should get into the SGI1-carrying cells despite their incompatibility. 

Conjugation of IncA/C plasmids also requires the AcaCD, which is the master activator of the 

transfer genes. Regarding the initiation complex, the oriT and the putative relaxase, TraI, as 

well as a potential auxiliary protein, MobI, were identified and found to be indispensable for 

conjugation. The plasmid-encoded putative T4SS subunits, TraG and TraH, and the putative 

mating pair stabilization protein TraN were also proved to be essential for IncA/C conjugation. 

Expression of all three proteins is activated by AcaCD. Even though the IncA/C plasmids have 

an effective conjugation system, the transfer frequency of the mobilized SGI1 outperforms 

that of the helper element in many in vitro tests83,92,119. This effect can be associated with the 

homologous mating pore proteins of SGI192. 

Compared to the molecular mechanism of SGI1 transfer, the in vivo transmission is less 

investigated. The in vivo experiments, performed and planned in our group, attempt to show 

the role of HGT in the spread of SGI1. We detected the transmission of SGI1 into an E. coli 

strain for the first time in living animal, which was observed solely under laboratory conditions 

before. The experiments can enable to trace the emergence of SGI1 in other potential 

recipient strains via conjugation. 
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Appendix 

Appendix 1. Bacterial strains 

Strains  Genotype or relevant features References 

E. coli   

TG1 supE hsd5 thi (lac-proAB) F’[traD36 proAB+ lacIq lacZM15] 151 

TG1Nal NalR derivative of TG1 103 

TG2 supE hsd5 thi (lac-proAB)∆(srl-recA)306::Tn10(TcR) F’[traD36 proAB+ lacIq 

lacZM15] 

120 

TG90 pcn B80 zad::Tn10 (TcR) derivative of TG1 152 

TG90F- F’-cured derivative of TG90 85 

S17-1 pro thi recA hsdR (r- m+) TpR SmR,SpR KmS[_ RP4-2-Tc::Mu-Km::Tn7], 
competent in mobilization of oriTRK2  

153 

BL21(DE3) T7 expression E. coli strain, fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS NEB 

TG1Nal/R55 TG1Nal strain; NalR, R55 plasmid; ApR, CmR, floR, SulR, KmR, GmR 109 

TG1Nal/R16a TG1Nal strain; NalR, R16a plasmid; ApR, KmR, SulR 85 

TG1Nal/IP40a TG1Nal strain containing IP40a, NalR, ApR, KmR, SulR 85 

TG1Nal::SGI1-C TG1Nal strain containing SGI1-C variant integrated into E. coli thdF, NalR, SmR, 
SpR 

109 

TG1Nal::SGI1-CΔS019 TG1Nal strain; NalR, SGI1-CΔS019 in which 16656-16739 bp was replaced; SmR, 
SpR, SulR 

125 

TG1Nal::SGI1-CΔS020 TG1Nal strain; NalR, SGI1-CΔS020 in which 17571-17709 bp region was replaced; 
SmR, SpR, SulR 

125 

TG1Nal::SGI1-CΔS021 TG1Nal strain; NalR, SGI1-C ΔS021 in which 17809-17891 region was replaced; 
SmR, SpR, SulR 

this work 

TG2/R55 TG2 containing R55, TcR, ApR, CmR, floR, KmR, GmR, SulR 124 

TG2/R16a TG2 strain containing R16a, NalR, ApR, KmR, SulR 124 

PC2 Chicken-adapted strain, NalR, RifR this work 

S.enterica Typhimurium   

ST1375 WT, SGI1+, ApR, CmR, floR, SmR, SpR, SulR, TcR, RifR 154 

ST1375Nal NalR derivative of ST1375; NalR, SGI1+, ApR, CmR, floR, SmR, SpR, SulR, TcR, 
RifR,  

this work 

ST1375 SGI1- SGI1- this work 

ST1375Nal SGI1- ST1375Nal; NalR, SGI1-,  this work 

ST1375NalΔasd ST1375Nal; NalR, SGI1+; SmR, SpR, ApR, TcR, CmR, SulR this work 

ST1375Δasd /pAHG19 + 
R55ΔtnΔflo 

ST1375Δasd; CmS, SGI1+; SmR, SpR, ApR, TcR, CmR, SulR, pAHG19; ZeoR, 
R55ΔTnΔflo; GmR, KmR 

this work 

ST1375Δasd/pAHG20 + 
R55ΔTnΔflo 

ST1375Δasd; CmS, SGI1+; SmR, SpR, ApR, TcR, CmR, SulR, pAHG20; ZeoR, 
R55ΔTnΔflo; GmR, KmR 

this work 

ST1375NalΔasd/pAHG19 + 
R55ΔTnΔflo 

ST1375NalΔasd; NalR, CmS, SGI1+; SmR, SpR, ApR, TcR, CmR, SulR, pAHG19; 
ZeoR, R55ΔTnΔflo; GmR, KmR 

this work 

ST1375NalΔasd /pAHG20 + 
R55ΔTnΔflo 

ST1375NalΔasd; NalR, CmS, SGI1+; SmR, SpR, ApR, TcR, CmR, SulR, pAHG20; 
ZeoR, R55ΔTnΔflo; GmR, KmR 

this work 
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Appendix 2. Primers 

Name Sequence (5’→3’) reference 

Mutations   

R55_T1delfor CAAGTATGTTCCAGCGAGACATCTTATACCATTCCATCCAAATCTGTAAAGTGTAGGCTG
GAGCTGCTTC 

this work 

IP40/R16_T1delrev CAATCGGTTACGTTAGAAGTGGCTAAATTCAACGCTTTTACCGGCCGGACCATATGAATA
TCCTCCTTAGTTC 

this work 

R55_T2delfor AATAAGAGCATCAAGATTCCAGATAGATAGAGGGAAATTTGACAAATTCCGTGTAGGCT
GGAGCTGCTTC 

this work 

R55_T2delrev TCGAGCTTCGGATCTAGCAGATCTAGCCATCGCTCTGTTGGTAGACTCACATATGAATATC
CTCCTTAGTTC 

this work 

R55_001delstart GAGGGTATTGAGGTGAGTCTACCAACAGAGCGATGGCTAGATCTGCTAGACATATGAAT
ATCCTCCTTAGTTC 

this work 

R55_001delstop TCCCCAGTTTCGCCAATTCAGTGGCCGCTACAGATGCTGTCATGTTGTCAGTGTAGGCTG
GAGCTGCTTC 

this work 

R55_128delfor GAATGAAGTTGTTTCTCAAAGCAAACCCTGAGTAACAAAAAGGAGCCTAAGTGTAGGCT
GGAGCTGCTTC 

this work 

R55_128delrev CAACGATAGTGAAAACATCATGTACAGGTGCGAGAGATAATATGTATAAGCATATGAAT
ATCCTCCTTAGTTC 

this work 

deltraIR55for ATGCTGAAAGCCCTTAACAAGTTATTTGGTGGGCGAAGTGGAGTGATCGAGTGTAGGCT
GGAGCTGCTTC 

124 

deltraIR55rev ATGTGTTTGCTGATGCCGATGTTTTCACCGGCAATCATGTCGAAGGCTTTCATATGAATAT
CCTCCTTAGTTC 

124 

asddelfor2 CCGCCGGATGGCGGCGCTGACGCGCCTTATCCGGCCTACAGAACCACACGGTGTAGGCT
GGAGCTGCTTC 

this work 

asddelrev2 GTACGGTCGGCGCGATTGTCGGGATGATTGCTTTCCAACTGCTGAGCTGACATATGAATA
TCCTCCTTAGTTC 

this work 

R55-dTn6187Abfor GTCTTCGCAGTTCGCCAGCTTTCCAACGCATGGAAAGTTACCCCTTCTGATGCCATCGCGC
TGCTACGCCAATCAGCGTGGATGGACCGAAATTTGTCCTCAACAGGTTGAACTGCGGATC 

this work 

R55-dTn6187Crev CTCAGAAAACGGAATCTATGGTCACTCCCGTTTTTGCAACACCGATTTTGGATTTAGGTGA
CACTATAGAATAC 

this work 

R55-dflofor TCGATGGTTAGTGCGCCGCATCGGAGCGGGCCTGCTACCAGTCGTCGGTCAACAGGTTG
AACTGCGGATC 

this work 

R55-dflorev AGACGTCGCCCGGTATTCCTTAATCGAGGGTTGATTCGTCATGACCGATTTAGGTGACAC
TATAGAATAC 

this work 

sgi1_18080fs_PvuI TAGAGCCCTTGAGGCTCAAGGCTTCCGATCGGGGGCTCTAC this work 

S022promrev AAGAATTCGTAAGTTAGTTGAGCATCCAAAC 125 

Verification of deletions  

R55_T2for TTCTGCAGCCATATCCAATATATCTGGAATC this work 

R55_T1for TTGAATTCGCTTCGCATCCTTGGGAGCTG this work 

R55_T1for2 TTGAATTCCAGCGAGACATCTTATACC this work 

R55_T1rev TTCTGCAGCACCTATCCTATTCCAAAAACTC this work 

R55_T1rev2 TTCTGCAGATACATTTTAATAAGTAGAACAACAG this work 

R55_T1rev4 TTCTGCAGCCAGGCGATCACTGCATCAGC this work 

IP40/R16_T1rev TTCTGCAGACTTTTGAACTGCTGGTTGATTAATTC this work 

R55_001Ndefor GGCCATATGAGTCTACCAACAGAGCGATG this work 

R55_001XhPErev AAGAATTCCTGCAGCTCGAGTCACACCTCGTCGCTATGTGTC this work 

catfor AAATCACTGGATATACCACCGTTG this work 

cat5 GTATCAACAGGGACACCAGGATTTA this work 
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cateco CAGCTCACCGTCTTTCATTGC this work 

asd3’for GACGATGCACCCCTGGTTTAAC this work 

asd5’rev TGGACGATGATGGAAACTATCCTC this work 

recHSfor AATTCTTGAAAAAGTAGAGTTTTTGGAATAGGACTGCA this work 

recHSrev GTCCTATTCCAAAAACTCTACTTTTTCAAG this work 

r55_dTn6187seqfor AACTGCAGGCGTTTTGCAGCGTTC this work 

r55_dTn6187seqrev TAGTCGACAGATTTAGACCATCATGCAACG this work 

SmR3.2 CGAGATCACCAAGGTAGTCGGC this work 

SmR5.2 CCACTGGGTTCGTGCCTTCATC this work 

R55_dfloseqfor CCAAGTCAGCAGACAAGTAAGC this work 

R55_dfloseqrev CCGCATGCCGAAAATTCAGATGC this work 

R55_aadBrevNP ACTGCAGCGGCCGCTTAGGCCGCATATCGCGACCTG this work 

SmRfor CGCTGCAGCCCGGGGTTGCCGGGTGACGCAC this work 

Verification of cointegrate formation 

R55_T1for TTGAATTCGCTTCGCATCCTTGGGAGCTG this work 

R55_T1for1 TTGAATTCATTATCTCTCGCACCTGTACATG this work 

R55_T1rev4 TTCTGCAGCCAGGCGATCACTGCATCAGC this work 

Smrev3 TACTAATTAATTGGGGACCCTAG this work 

cat3 AGTGATAATAAGCGGATGAATGG this work 

pUCfor21 CAGGGTTTTCCCAGTCACGAC 155 

R55_T1for TTGAATTCGCTTCGCATCCTTGGGAGCTG this work 

IP40/R16_T1rev TTCTGCAGACTTTTGAACTGCTGGTTGATTAATTC this work 

pBRBgl TTACCATCTGGCCCCAGTGCTGC 156 

pBRPst GAGCTGAATGAAGCCATACCAAACGAC 156 

Cloning into expression vectors and verification 

S019NdeFor GATGATCATATGGAAAAATGGGTAAGAGAAAGAAGC this work 

S019SpeRev2 GATGATACTAGTGCATCTCCCGTGATGCATGCATCAGCAGAGCCGGTGTT this work 

S020NdeFor GATGATCATATGCGTTCAGAGCGGACTAATCCGGAT this work 

S020SapRev GATGATTGCTCTTCCGCACGTCAAATAACTATTTGTCACATC     this work 

traINdeFor GATGATCATATGCTGAAAGCCCTTAACAAGTTATTT this work 

traISapRev GATGATTGCTCTTCC GCATGTTTCATTTACCTCTAAATAC this work 

ORF001NdeFor GATGATCATATGAGTCTACCAACAGAGCGATG this work 

ORF001SapRev GATGATTGCTCTTCCGCACACCTCGTCGCTATGTGT this work 

pTXB1for CGGAATTAATTCCCGGTTTA this work 

pTXB1rev TGTTGGGCCGCGCACCCGGCAC this work 

traI_inFor1 TCATGGAAGCGATGCTGGAAGCTA this work 

traI_inFor2 AGCAAACCGGGCAAAGCAAAACC this work 

pP99_traIfor AAGAATTCCATATGCTGAAAGCCCTTAACAAGTTATTTG this work 

pP99_traIrev AAGGATCCTCATGTTTCATTTACCTCTAAATACAATTTTC this work 

sgi_orf019for AACATATGGAAAAATGGGTAAGAGAAAG this work 

sgi_orf019rev AACTGCAGGGATCCTTAATCAGCAGAGCCGGTGTTTTTTG 125 

sgi_S020for SGI_ORF020FOR 125 

sgi_S020rev AAGGATCCTTACCCCAAATAACTATTTGTCAC 125 

R55_001Ndefor  GGCCATATGAGTCTACCAACAGAGCGATG this work 

R55_001XhPErev AAGAATTCCTGCAGCTCGAGTCACACCTCGTCGCTATGTGTC this work 

asdNdefor TTCATATGAAAAATGTTGGTTTTATCGGCTG this work 

asdpromfor TTCTGCAGCCAACTGCTGAGCTGAGTCTTG this work 

asdXbarev AATCTAGACTACGCCAACTGGCGCAGCATTCG this work 
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Verification of sgi1donor strains for in vivo experiments 

mobfor TACGTCGACGGTAGCCGGCCAGCCTCG 109 

mobrev CGTGTCGACTTTCCTTGGTGTATCC 109 

GmrevSX AAGTCGACTCTAGATTAGGTGGCGGTACTTGGGTC 109 

Zeofor AGATATCGTGTTGACAATTAATCATCGGCATAG this work 

Zeorev AGATATCAGTCCTGCTCCTCGGCCAC this work 

asd3’for GACGATGCACCCCTGGTTTAAC this work 

asd5’rev TGGACGATGATGGAAACTATCCTC this work 

cateco CAGCTCACCGTCTTTCATTGC this work 

cat5 GTATCAACAGGGACACCAGGATTTA this work 

pBRBgl TTACCATCTGGCCCCAGTGCTGC 156 

pBRPst GAGCTGAATGAAGCCATACCAAACGAC 156 

pUCfor21 CAGGGTTTTCCCAGTCACGAC 103 

pUCrev22 TCACACAGGAAACAGCTATGAC 103 

rrnBfor  AACTCGAGGATCCTGGCGGCAGTAGCGCGGTGG 109 

rrnBrev AATCTAGAGTCGACACAGATAAAACGAAAGGCCCAG 109 

FRTfor ATCGATGAATTGATCCGAAGTTCC this work 

RJ2 AGCTGCAGCGGCCGCTCGAAGAGGTAGAGCAG 103 

RJ4 CTTTATGTGTTTTGTGATTGGTAAG 109 

attsgi1for GCTCTAGAGCGGCCGCATGGAAGGCGGCTTCCTGGC 103 

attsgi1rev GCTCTAGAGCGGCCGCAAATGTGAATCGAATCACAATCG 103 
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Appendix 3. Plasmids3 

IncA/C plasmids 

R55 IncA/C Type2, tra+, ApR, KmR, CmR, floR, GmR, SulR 157 

R16a IncA/C Type1, tra+, ApR, KmR, SulR 157 

IP40a IncA/C Type1, tra+, ApR, KmR, SulR 157 

R16aΔoriT1:CmR oriT1-deleted derivative of R16a, ApR, KmR, SulR, CmR this work 

IP40aΔoriT1:CmR oriT1-deleted derivative of IP40a, ApR, KmR, SulR, CmR this work 

R16aΔmobI:CmR mobI-deleted derivative of R16a, ApR, KmR, SulR, CmR this work 

R16aΔmobI:CmS CmS derivative of R16aΔmobI:CmR, ApR, KmR, SulR, CmS this work 

IP40aΔmobI:CmR mobI-deleted derivative of IP40a, ApR, KmR, SulR, CmR this work 

R16aΔoriT2:CmR oriT2-deleted derivative of R16a, ApR, KmR, SulR, CmR this work 

R16aΔoriT2:CmS CmS derivative of R16aΔoriT2:CmR, ApR, KmR, SulR, CmS this work 

R16aΔORF128:CmR ORF128-deleted derivative of R16a, ApR, KmR, SulR, CmR this work 

IP40aΔORF128:CmR ORF128-deleted derivative of IP40a, ApR, KmR, SulR, CmR this work 

R55ΔTn6187 R55 derivative, Tn6187 was deleted, tra+, CmR, floR, SulR, ApS, KmS, GmS this work 

R55ΔTnΔflo R55 derivative, Tn6187 was deleted, floR gene is replaced by KmRGmR, tra+, 
CmS, FloS, ApS, SulR, KmR, GmR  

this work 

Plasmid vectors or templates 

pBeloBac11 F plasmid based CmR cloning vector NEB 

pBluescript  
II-SK (pBSK) 

pMB1-based ApR cloning vector 158 

pEMBL19 pMB1-based ApR cloning vector  159 

pKD3 CmR, ApR R6Kγ-based PCR template plasmid for one-step recombination gene-
KO 

121 

pKD46 ApR ara-inducible expression vector of λ Red recombinase with temperature-
sensitive temperature-sensitive pSC101 replication system, ApR 

121 

pST76-K KmR, temperature-sensitive pSC101 replication system 129 

pPICZ A ZeoR, pUCori Thermofisher 

pSG76-CS CmR, I-Sce-I recognition sites, template plasmid to generate linear targeting 
fragments by PCR 

160 

pSTKST KmR, tetracyclin-dependent expression of I-SceI, temperature-sensitive pSC101 
replication system 

160 

pTXB1 ApR, E. coli expression vector carrying the Mxe intein/chitin binding domain NEB 

pET22b(+) ApR, E. coli expression vector with T7 promoter and terminator MilliporeSigma 

Plasmids used for the IncA/C oriT experiments  

pJKI648 ApS, GmR derivative of pKD46, the GmR cassette is inserted into the ApR gene 109 

pJKI708 SmR derivative of the p15A-based pJKI88 cloning vector 124 

pJKI969 170501-170810/1-353 bp fragment of R55, HincII deletion derivative of  
pJKI964 (Mob 1 region) 

124 

pJKI972 118978-119327 bp fragment of R55 cloned in pJKI708 (Mob 2 region) 124 

pJKI984 119065-119224 bp fragment of R55 cloned in pJKI708 (Mob 2 region) 124 

pJKI990 pBR322-based β-galactosidase tester plasmid carrying the promoterless lacZ 
gene 

109 

pJKI998 119107-119224 bp fragment of R55 cloned in pJKI708 (Mob 2 region) 124 

pJKI999 119107-119190 bp fragment of R55 cloned in pJKI708 (Mob 2 region) 124 

pJKI1001 208-323 bp fragment of R55 cloned in pJKI708 (Mob 1 region) 124 

                                                           
3 pJKI plasmids have been carried out by János Kiss. pMSZ plasmids have been constructed by Mónika 
Szabó. pFOL plasmid have been made by Ferenc Olasz. 
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pJKI1006 208-300 bp fragment of R55 cloned in pJKI708 (Mob 1 region) 124 

pJKI1007 227-300 bp fragment of R55 cloned in pJKI708 (Mob 1 region) 124 

pJKI1008 227-323 bp fragment of R55 cloned in pJKI708 (Mob 1 region) 124 

pJKI1011 170501-170810/1-863 bp fragment of R55 cloned in pJKI708 (Mob 1 region and 
mobI gene) 

124 

pJKI1021 SmR p15A-based expression vector containing mobI under the control of Ptac 124 

pJKI1045 118978-119326 bp Mob 2 region of R55 inserted into the mobI expressing 
plasmid pJKI1021 

124 

pJKI1051 118978-119326 bp fragment of R55 cloned in pBeloBac11 (Mob 2 region) 124 

pJKI1056 119169-119224 bp fragment of R55 in cloned pBeloBac11 (Mob 2 region) 124 

pAHG22 ApS, SmR CmR derivative of pCP20, the SmR cassette is inserted into the ApR 
gene 

this work 

Plasmids for the investigation of mobSGI1 

pJKI780 16447-18680 bp mobSGI1 region (S019-S022) of SGI1 cloned in pJK708 125 

pJKI900 CmR pJKI391109 derivative p15A-based vector expressing S020 under the 
control of Ptac promoter 

125 

pJKI935 CmR pJKI391 derivative p15A-based vector expressing S019 under the control 
of Ptac promoter  

125 

pJKI937 CmR pJKI391 derivative p15A-based vector expressing S020 under the control 
of Ptac promoter 

125 

pJKI948 CmR derivative of pJKI780 carrying the 16447-18680 bp mobSGI1 region (S019-
S022) of SGI1 

125 

pAHG25 CmR derivative of the p15A-based expression vector pJKI391 carrying the 
17712-16447 bp region (S020-S019) of SGI1 fused to the Ptac promoter 

this work 

pAHG26 CmR derivative of the p15A-based expression vector pJKI391 this work 

pAHG36 pMSZ949 derivative carrying an adenine nucleotide insertion after the 18079 
bp position 

this work 

pMSZ949 16447-18680 bp mobSGI1 region (S019-S022) of SGI1 cloned in pJKI88, a KmR 
equivalent of pJKI780. 

125 

Plasmids for protein purification 

pAHG29 ApR pTXB1 derivative vector expressing S020 this work 

pAHG33 ApR pTXB1 derivative vector expressing traI of R55 this work 

pAHG35 ApR pTXB1 derivative vector expressing S019 this work 

pAHG37 ApR pTXB1 derivative vector expressing mobI of R55 this work 

pJKI913  pET22b(+)  vector expressing traI, ApR this work 

pJKI925  pET22b(+)  vector expressing S019, ApR this work 

pJKI926  pET22b(+) vector expressing S020, ApR this work 

pJKI1020  pET22b(+) vector expressing MobI, ApR 124 

Plasmids used for the prepapration of SGI1 donor strain for in vivo experiments 

pJKI625 p15A-based, araC pAraB, KmR this work 

pJKI691 the p15A-based pJKI88 derivative cloning vector containing MCS-lacZα from 
pBeloBac11, KmR 

109 

pJKI842 TcR, KmS derivative of pKD46 this work 

pJKI846 pST76-K derivative carrying the AcaCD operon (115736-112744 bp) of R55, 
KmR 

this work 

pJKI988 pEMBL19 derivative carrying 4123-4471 bp rrnB terminator fragment of 
pKK223-3 

109 

pJKI1023 SmR/SpR derivative of pSG76-CS this work 

pJKI1026 KmR/GmR derivative of pSG76-CS this work 



138 

 

pHP45Ω ApR, SmR, SpR, the SmR/SpR cassette is flanked by transcriptional and 
translational terminators 

161 

pFOL1535 pCP20 derivative containing the 150 bp oriT region of RK2 plasmid (positions 
51115-51276 bp) CmR KmS ApS  

this work 

pAHG5 pJKI625 derivative carrying 4123-4471 bp rrnB terminator fragment of pKK223-
3 

this work 

pAHG6 pBSK derivative carrying the 1833-2273 bp ZeoR gene and EM7 promoter of 
pPICZ A 

this work 

pAHG7 pBSK derivative carrying the 1107 bp promoterless asd gene of ST1375 strain  this work 

pAHG10 pJKI691 derivative carrying the 1546 bp asd gene and Pasd of ST1375 strain  this work 

pAHG14 pAHG5 derivative carrying the 520 bp 3’ fragment of the asd gene this work 

pAHG15 pAHG14 derivative carrying the whole 1107 bp promterless asd gene this work 

pAHG16 pST76-K derivative containing the 1546 bp asd gene and Pasd of ST1375 strain this work 

pAHG17 pAHG15 derivative containing the 150 bp oriTRK2  this work 

pAHG18 pAHG16 derivative containing the 150 bp oriTRK2 this work 

pAHG19 pAHG17 derivative carrying the 443 bp ZeoR gene and EM7 promoter of pPICZ 
A, pSC101-based, asd gene expressed from Ara inducible promoter, ZeoR, 
mobilizable 

this work 

pAHG20 pAHG18 derivative carrying the 443 bp ZeoR gene and EM7 promoter of pPICZ 
A, p15A-based, thermosensitive replication, asd gene expressed from its own 
promoter, ZeoR, mobilizable 

this work 

pAHG22 ApS, SmR, CmR derivative of pCP20, the SmR cassette is inserted into the ApR 
gene 

this work 

pAHG24 ApS, GmR, CmS, mobilizable derivative of pCP20, the GmR cassette is inserted 
into the ApR gene 

this work 

pMSZ934 KmR, ApR, pSTKST derivative, I-SceI expressed by a tetracyclin-inducible 
promoter 

this work 

 

Appendix 4. Plasmid constructions 

Constructions of R16aΔoriT1:CmR, IP40aΔoriT1:CmR, R16aΔmobI:CmR, R16aΔmobI:CmS, IP40aΔmobI:CmR, 

R16aΔoriT2:CmR, R16aΔoriT2:CmS, R16aΔorf128:CmR, IP40aΔORF128:CmR plasmids are described in III.1.2. 

section of Materials and methods.  

Constructions of R55ΔTn6187 and R55ΔTnΔflo are written in III.2.2. and III.2.3. sections of Materials 

and methods. 

pJKI625: For the construction of pJKI625, the sequence carrying araC and PAraB of pKD46 was 

cleaved by EcoRI and ClaI, and inserted into the EcoRI-ClaI site of pBluescript II-SK cloning 

vector. This fragment was subsequently subcloned into the p15A-based pJKI39109 resulting in 

pJK625. 

pJKI842: Tetracyclin gene has been amplified from pBR322 and inserted into the PstI site of 

pBSK. Multiple cloning steps were carried out to add appropriate flanking restriction sites, 

then the TcR cassette was ligated into the PvuI site of pKD46 as a SmaI fragment. 
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pJKI846: 112744-115736 bp region of plasmid R55 has been amplified, cleaved by EcoRI-PstI 

and then inserted into the EcoRI-PstI site of pST76-K vector. 

pJKI915: traI gene was amplified using pP99_traIfor— pP99_traIrev primers and ligated into 

the EcoRI-BamHI site of the pBluescript II-SK cloning vector. The insert was subsequently 

cleaved and ligated into the NdeI-BamHI site of pET22b(+) vector. 

pJKI925: S019 gene was amplified from plasmid R55 using sgi_orf019for— sgi_orf019rev 

primers and ligated into the SmaI site of the pBluescript II-SK cloning vector. The inserted gene 

was subsequently cleaved and ligated into the NdeI-BamHI site of pET22b(+) vector. 

pJKI926: S020 gene was amplified from R55 plasmid by using sgi_S020for—sgi_S020rev 

primers and ligated into the SmaI site of the pBluescript II-SK cloning vector. The inserted gene 

was then cleaved and ligated into the NdeI-BamHI site of pET22b(+) vector. 

pJKI1020: mobI gene was amplified from plasmid R16a using R55_001Ndefor— 

R55_001XhPErev primers and ligated into the SmaI site of the pBluescript II-SK cloning vector. 

The insert was subsequently cleaved and ligated into the NdeI-BamHI site of pET22b(+) vector. 

pJKI1023: SmR gene of pHP45 Ω was amplified by using the SmRforSmP—SmRrevSmP primers 

and then ligated into the PstI site of the pBluescript II-SK cloning vector. The fragment was 

then cleaved by NotI and HincII enzymes and then inserted into the NotI-SmaI site of the 

pSG76-CS vector. 

pJKI1026: aadB gene (KmR/GmR) of R55 was amplified, cleaved by the PstI enzmye and ligated 

into the PstI site of the pBluescript II-SK cloning vector. The fragment was subsequently 

cleaved by NotI and SmaI enzymes and then inserted into the NotI-SmaI site of the pSG76-CS 

vector. 

pAHG5: The 4123-4471 bp rrnB terminator fragment of pKK223-3 was inserted into the p15A-

based pJKI625 as a XhoI fragment. 

pAHG6: The 1833-2273 bp ZeoR gene and EM7 cassette was amplified from pPICZ A plasmid 

using primers Zeofor-Zeorev and was inserted into the EcoRV site of pBSK. The cassette was 

subsequently cloned into the EcoRV site of pBSK. 

pAHG7: The 1107 bp promoterless asd gene of ST1375 strain was amplified with primers 

asdNdefor–asdXbarev. The amplicon was cleaved by XbaI and ligated into pBSK digested with 

XbaI-SmaI. 
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pAHG10: 1546 bp asd gene and Pasd of ST1375 strain was amplified with primers asdpromfor–

asdXbarev and ligated into the pJKI691 as a XbaI-PstI fragment. 

pAHG14: The 520 bp 3’ fragment of the promoterless asd gene was cut from pAHG7, and 

inserted into pAHG5 as an NdeI-XbaI fragment. 

pAHG15: The 587 bp 5’ fragment of the promoterless asd gene was cut from pAHG7, and 

inserted into the NdeI site of pAHG14. 

pAHG16: the 1546bp fragment carrying the asd gene and Pasd of ST1375 strain was cut from 

pAHG10, and subcloned into the XbaI-PstI digested pST76-K vector.  

pAHG17: OriTRK2 was amplified from pRK2013 using primers mobfor–mobrev, and the 

amplicon was cloned into the SalI-cleaved pAHG15 vector. 

pAHG18: OriTRK2 was amplified from pRK2013 using primers mobfor–mobrev, and the 

amplicon was digested with AccI and cloned into the ClaI-cleaved pAHG16 vector.  

pAHG19: the ZeoR was cut from pAHG6 with EcoRV and ligate into the SmaI-cleaved pAHG17. 

pAHG20: the ZeoR was cut from pAHG6 with EcoRV and ligate into the PvuI-cleaved pAHG18. 

pAHG22: SmR gene has been cut from the pHP45Ω as a BamHI fragment, and then ligated into 

the BamHI site of pFOL1535. pFOL1535 is a CmR KmS ApS derivative of pCP20, carrying the 

150 bp oriT region of RK2 plasmid (positions 51115-51276 bp) which was amplified from 

pRK2013 using mobfor—mobrev primers and the amplicon was inserted into the SalI site of 

the plasmid.  

pAHG24: GmR gene has been cut from the pJKI596 as a XbaI fragment and ligated into the 

XbaI site of pFOL1535, resulting in the pAHG23 plasmid. GmR gene was found to be inserted 

in tandem. The CmR gene was then inactivated by NcoI digestion followed by the filling in of 

the 5’ overhangs by Klenow Fragment (Thermofisher).  

pAHG25: The S020-S019 region of pJKI876 was inserted into pJKI391 as an NdeI-XhoI fragment 

resulting in the p15A-based expression vector pJKI882. After deletion of large part of the MCS 

by BamHI digestion/religation, the CmR cassette of pAW302 was inserted into the SmaI site 

of the KmR gene as a HincII fragment resulting in the KmS, CmR plasmid pAHG25. 

pAHG26: (control plasmid) was generated from pAHG25 by deletion of the S020-S019 region 

by NdeI-BamHI digestion and religation after filling in the ends with Klenow polymerase. 
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pAHG29: S020 gene was amplified from the DNA extraction of TG1Nal::SGI1-C strain using the 

S020Ndefor-S020SapRev primers. PCR insert was cloned into the NdeI and SapI site of the 

pTXB1 vector. 

pAHG33: traI gene was amplified from the DNA extraction of TG1Nal/R55 strain strain using 

the traINdefor-traISapRev. PCR insert was cloned into the NdeI and SapI site of the pTXB1 

vector. 

pAHG35: S019 gene was amplified from the DNA extraction of TG1Nal::SGI1-C strain with the 

help of S019Ndefor-S019SpeRev2 primers. PCR insert was cloned into the NdeI and SpeI site 

of the pTXB1 vector. 

pAHG37: mobI gene was amplified from the DNA extraction of TG1Nal/R55 strain strain using 

the ORF001Ndefor-ORF001SapRev primers. PCR insert was cloned into the NdeI and SapI site 

of the pTXB1 vector. 

pAHG36: 18053-18680 bp fragment of mobSGI1 was amplified, one of the primers contained 

the desired insertion mutation. The PCR fragment was cleaved by BglI and ligated into the 

BglI-cleaved pMSZ949 vector. The resulting carried a point mutation after the 18079 bp 

position of mobSGI1. 

pMSZ934: Ampicillin resistance gene has been amplified from pEMBL19, cleaved and 

inserted into PstI site of the R6K-based vector pJKI530 deriving from pLOFKm162. The ApR 

cassette was then inserted into the PstI site of the pSTKST plasmid. 
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Appendix 5. Position of mutations realized by one-step gene 

inactivation method 

 

 

The figure shows the scar sequences – named as sequence A and sequence B - after the exchange of 

the targeted DNA sequence with the CmR gene cassette of pKD3 via homology-dependent 

recombination (sequence A), and the elimination of the CmR gene (sequence B). Sequence A carries 

the cat gene of plasmid pKD3 flanked with two FRTs, while sequence B represents a unique scar 

sequence carrying one FRT site after the elimination of the cat gene. The cat gene cassette of pKD3 is 

indicated as CmR. Sequence of plasmid pKD3 is deposited in GeneBank under the accession number 

AY048742.1. Sequence of the 83-bp containing the FRT site: 

gtgtaggctggagctgcttcgaagttcctatactttctagagaataggaacttcggaataggaactaaggaggatattcatatg 

FRT 
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Gene or genetic element 

carrying the target 

sequence 

Source Position of target 

sequence 

Scar sequence at 

the deleted region 

oriT1 R16a (KX156773) 

IP40a (KX156772) 

208-333 bp 

208-322 bp 

A sequence 

’oriT2’ R16a (KX156773) 

IP40a (KX156772) 

124066-124180 bp 

134173-134287 bp 

A sequence 

mobI R16a (KX156773) 

IP40a (KX156772) 

372-870 bp 

361-859 bp 

reverse of A 

sequence 

ORF R55_128 R16a (KX156773) 

IP40a (KX156772) 

123360-123949 bp 

133467-134056 bp 

A sequence 

traI R16a (KX156773) 

IP40a (KX156772) 

59172-61956 bp 

67929-70713 bp 

A sequence 

asd S. Typhimurium LT2  

(AE006468.2) 

3708601-3710157 bp B sequence 

S019 SGI1 of S. 

Typhimurium 

(AF261825.2) 

16656-16739 bp B sequence 

S020 SGI1 of S. 

Typhimurium 

(AF261825.2) 

17571-17709 bp B sequence 

S021 SGI1 of S. 

Typhimurium 

(AF261825.2) 

17809-17891 bp B sequence 

S022 SGI1 of S. 

Typhimurium 

(AF261825.2) 

18247-18323 bp B sequence 

Mutations of traI and ORFs S019-22 were constructed by János Kiss125. 
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