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Antibiotic susceptible bacteria can develop resistance to antibiotics through different genetic
pathways. Among the most important are mutations occurring within the genome, and the
acquisition through horizontal genetic transfer (HGT) of additional genes that can reduce
susceptibility to antibiotics, located in mobile genetic elements such as plasmids. The discovery
of pathogenic strains of Escherichia coli and Klebsiella pneumoniae that have a chromosome
with at least 20% (> 1 Mb) of DNA originating from a foreign strain suggest that an alternative
pathway remains unexplored: the conjugative transfer of large areas of chromosomal DNA,
generating bacterial strains with hybrid chromosomes. The projects presented in this thesis
focused on studying different aspects about the generation of chromosomal hybrids. 

We first designed and implemented a conjugation method that allows for the selection of
bacteria with hybrid chromosomes from large populations and found that a large proportion of
clinical strains of E. coli are capable of mobilizing their chromosome and can generate hybrids.
Genome sequencing showed that several Mb of foreign DNA could be integrated into the
recipient’s chromosome. Multiple resistance genes and alleles could be acquired simultaneously
and without direct selection are maintained stably by the hybrid. Furthermore, we showed that
any one conjugative mobile element, be it plasmid or ICE, was itself sufficient to mobilize the
chromosome.

In the second project, we studied interspecies hybrids of K. pneumoniae clinical isolates and
E. coli laboratory strains. We found chromosomal hybrids to be stable in the absence of selective
pressure and fit for growth.

Third, we initiated a study to identify biological barriers that inhibit the formation of
chromosomal hybrids in nature. We used both phenotypic selection and transposon generated
mutants of the clinical E. coli strain ATCC25922 to identify genes which, when inactivated,
lower the conjugation barrier to the formation of hybrids. 

Finally, we explored whether E. coli could maintain prototrophy in the absence of HGT
by acquiring compensatory mutations within its genome. We found that compensatory bypass
mechanisms in mutants with gene deletions causing auxotrophy were accessible only to a
handful of pathways for amino acid synthesis.

These results highlight the importance of HGT in bacterial survival and evolution.
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“Microbe hunting is a story of amazing stupidities,  
fine intuitions, insane paradoxes.” 
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Preface  

In a whole in the ground, there lived a microbe. For millions of years there he 
stayed, unseen, untouched, unmolested. Until one day, the little animalcule 
was placed under a lens. Leeuwenhoek’s discoveries were nothing but a curi-
osity of nature until Pasteur and Koch revealed them as the world-shaping 
force that they are. They spoil food, but give us wine. They cause disease, but 
keep us healthy. Plants cannot survive without them. Neither can we. Bacteria 
have been the subject of human study for at least 350 years. Searching for 
“bacteria” in a scientific literature database gives three million, forty thousand, 
three hundred and eighty-three* results. Here, we join the hunt for microbes 
and procure our piece of contribution amidst all others. I hope you enjoy read-
ing it as much as I enjoyed making it.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*As of 25th May, 2026 
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Introduction 

Bacteria are prokaryotes, which (usually)1–6 contain a single circular chromo-
some as their genetic material7,8. For years it was believed that, since they 
reproduce through binary fission, DNA was only transferred vertically, from 
parent to offspring, and never horizontally, between unrelated cells9. But huge 
variability in bacteria was observed by anyone trying to work in the field10. 
The first experimental demonstration of horizontal gene transfer in bacteria 
was done by Frederick Griffith, who in 1928 showed, by injecting bacteria 
into mice, that “rough” (R, non-virulent) strains of Streptococcus pneumoniae 
could undergo “transformation” by being exposed to dead lysed cells of the 
“smooth” (S, virulent) type, and become S themselves 11. DNA was identified 
as the “transformable agent” sixteen years later 12. This, however, showed only 
that the DNA from dead bacteria could enter another cell. Active transfer of 
DNA, DNA exchange between two live cells, was yet to be proven.  

This changed in 1946 when Joshua Lederberg and Edward Tatum showed 
that Escherichia coli could undergo genetic recombination13,14. Originally, 
they were developing a simplified method to facilitate the isolation of E. coli 
mutants having different nutritional requirements for growth (auxotrophs)15. 
Such mutants are very useful research tools, but isolating them was arduous 
work. When they mixed populations of cells requiring different nutrients for 
their growth, they saw that some “recombinants” emerged which had a com-
bination of nutrient requirements from the parental cultures, or which could 
again synthesise all growth factors and reverted to the prototrophy state. This 
was the very first observation of conjugation in bacteria. Importantly, in con-
trast to Griffiths experiments, this required that both cell mixtures were alive.  

These discoveries transformed our understanding of bacteria from genet-
ically isolated organisms into dynamic systems capable of exchanging DNA, 
and opened new areas of research in the field of bacterial genetics.  
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Hybrid Bacteria 
Probably, the first hybrids to be documented were Griffith’s transformable 
Streptococcus, although they were not recognized as such at the time. Cur-
rently, so many hybrids have been identified that commenting on all requires 
a review of its own, which shows the importance of hybrid formation in bac-
terial evolution and, consequently, in the emergence and spread of novel more 
resistant, more virulent pathogens. 

So, what is a hybrid? Throughout this text, the term “hybrid” refers to bacte-
ria that contain chromosomal genes from two (or more, see Klebsiella pneu-
moniae ST258 below) distinct strains. Bacteria that have DNA acquired and 
maintained as part of an intrinsically mobile genetic element (MGE), such as 
plasmids or integrative conjugative elements (ICE), are not, for the sake of this 
work, regarded as hybrids. 

Some notable examples of hybrid bacteria 
Naturally occurring hybrids were first discovered in Neisseria gonorrhoeae, 
where the presence of mosaic genes of the penicillin-binding proteins was de-
scribed in resistant strains16. Mosaic genes have also been documented in other 
species of Neisseria17, and in Streptococcus pneumoniae18,19, to cite a few.  

In non-competent Gram-negatives, a strain of Bacteroides fragilis, a com-
mensal in the human gut that is however frequently found in appendicitis, was 
shown to transfer large segments of its chromosome and generate hybrids20. 

However, the first major pathogen to be identified as a hybrid was 
Klebsiella pneumoniae ST258, a global pathogen associated with carbapenem 
resistance. Sequence analysis of multiple clinical isolates of K. pneumoniae 
ST258, revealed that this pathogen is a hybrid of three distinct strains of K. 
pneumoniae: ST11, ST442 and ST42 (figure 1)21. Most of the chromosomal 
genes of ST258 are homologous to ST11. However, a region of about 1.1 Mb 
was found to be homologous to ST442, suggesting a recombination event oc-
curred between the two. ST258 can be further divided into clades I and II, with 
the difference being a 215 kb region only found in clade I, which is homolo-
gous to ST42 and includes genes for capsular polysaccharide biosynthesis 
(cps), involved in virulence. Additionally, this strain also acquired an ICE 
(ICEKp258.2) at some undetermined timepoint.    
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Figure 1. Population structure of  
K. pneumoniae ST258. 

Schematic representation of the recombi-
nation events leading to the formation of 
K. pneumoniae ST258. 

 

A second drug-resistant, globally-distributed pathogen, E. coli ST1193, was 
found to be a hybrid strain22. This strain carries 3 chromosomal mutations that 
confer high fluoroquinolone resistance: S83L and D87N in gyrA, and S80I in 
parC. Genome analysis showed that both genes and the regions immediately 
downstream of each gene were genetically different from the rest of the chro-
mosome of ST1193, but similar between each other, suggesting a recombina-
tion event had occurred between two strains at these locations. Through data-
base searching, ST14 and ST10 were identified as the potential parental strains 
of this hybrid. Furthermore, and in contrast with K. pneumoniae ST258, the 
chromosomal region located between gyrA and parC showed a mosaic pattern 
(figure 2), suggesting the recombination event took place simultaneously 
among 11 gene loci after a long chromosomal segment was transferred into it. 
It is important to note that in the E. coli chromosome, gyrA and parC are lo-
cated approximately 1 Mb away from each other.  
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Figure 2. E. coli ST1193 chromo-
some. 

Schematic representation of the possi-
ble genetic architecture of the chromo-
some of E. coli ST1193. The area com-
prised between genes gyrA and parC, 
shows homologous recombination at 
several loci. Donor chromosome shown 
in orange, recipient chromosome 
shown in light blue.  

 
More recently, a second E. coli strain has been described as a hybrid, with sev-
eral regions of its chromosome likely acquired through recombination events23. 
Once again, this hybrid represents a globally-spread and multidrug-resistant 
pathogen, highlighting the relevance of hybrid bacteria in human disease. 

Horizontal genetic transfer 
 
The first step in the formation of a hybrid strain is the acquisition of foreign 
DNA. The movement of genetic material between unrelated bacterial strains 
is called horizontal genetic transfer (HGT).  

The three classical mechanisms for HGT are transformation, transduction, 
and conjugation, illustrated in figure 3. Other mechanisms such as vesicle for-
mation24,25 and nanotubes26 have been described but are much less characterised.  
 

parC

gyrA
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Figure 3. Classical mechanisms of horizontal genetic transfer. See text for details.  

Transformation 
Natural transformation is the ability to take up exogenous DNA by bacteria27. 
This is the only mechanism of HGT that is completely driven by the recipient 
cell, and naturally transformable cells encode all required genes for DNA up-
take in their genome. In most transformable species, the ability to take up 
DNA is a transient state known as competence, and it is induced by external 
factors such as the presence of antibiotics or nutritional signals28. During the 
process of transformation, free double-stranded DNA in the environment is 
taken up, and one of the strands is degraded as the DNA enters the cyto-
plasm29–32, the other will be replicated, and then integrated into the chromo-
some by homologous recombination33,34. 

Transduction 
Transduction is the transfer of DNA from one bacterial cell to another medi-
ated by a bacteriophage as a vector35. Certain phages can integrate into the 
bacterial host genome (lysogenic cycle), rather than multiply and produce cell 
lysis (lytic cycle)36,37. Under certain conditions, a lysogenic phage can be in-
duced38, restarting the lytic cycle. During phage replication, phage may mis-
takenly package some of the bacterial DNA, which will be transferred to an-
other strain upon infection, and this DNA can then be recombined into the 
bacterial chromosome39.  

Transformation

Transduction

Conjugation

chromosome
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Conjugation 
Conjugation is the unidirectional transfer of DNA between bacterial cells after 
having established physical contact40. For conjugation to occur, DNA has to 
be first processed, then recruited to the pore site, and finally transferred into a 
recipient cell.  

The type IV secretion system 
The machinery required for conjugation is a multiprotein complex that in 
Gram-negative bacteria spans through the inner and outer membranes, called 
the type IV secretion system (T4SS) (figure 4)41,42, one of the eleven classes 
of secretion systems found in Gram-negatives43. This system is extremely ver-
satile, and in some species of bacteria, in addition to conjugation it is also 
involved in: (i) export of single-stranded (DNA) ssDNA into the extracellular 
space, which contributes to HGT in naturally competent bacteria44 and in the 
formation of biofilm45; (ii) uptake of ssDNA from the extracellular space46; 
(iii) the secretion of toxins and effector proteins47,48.  

This system has been studied in many species, which has led to a compli-
cated protein nomenclature, with the same proteins having different names, or 
different proteins having similar names, depending on the organism or even 
the plasmid where they were studied42,49. The two best studied systems are 
those from the F plasmid in E. coli (Tra proteins)50 and from the Ti plasmid of 
Agrobacterium tumefaciens (VirB/VirD proteins)51. Here, I use the VirB/D 
denomination. 

The proteins making up the T4SS can be divided into three categories: (i) 
DNA transfer and replication (Dtr) proteins, (ii) the translocation channel pro-
teins and, (iii) the pilus proteins.  

The Dtr proteins include the proteins that form the relaxosome and 
ATPases. DNA processing is initiated by the recognition of a region called 
origin of transfer (oriT). Here, a multiprotein-DNA complex called the relax-
osome will form52. A relaxase (VirD2, an enzyme with transesterase and hel-
icase activities) first opens DNA by unwinding it, producing a small cut (a 
nick) at the site, and covalently biding to the 5’ end of the now ssDNA53. Sev-
eral accessory proteins exist that stabilise the relaxosome41,42. Then, the relax-
osome will be recognized by a type IV coupling protein (T4CP, VirD4)54, 
which is an ATPase that will recruit the DNA to the translocation channel and 
provide the energy necessary for translocation through the membranes.  

The translocation channel in Gram-negative bacteria spans from the inner 
to the outer membrane, and is formed by the proteins VirB3, 6, 7, 8, 9, and 
1041,42,49. At the inner membrane, the ATPases VirB4 and VirB11 interact with 
the translocation channel and the T4CP and help power the conjugation ma-
chinery55,56. Additionally, the protein VirB1 serves as a peptidoglycan 
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degrading enzyme. This protein is not essential for conjugation, but its dele-
tion results in a reduction of conjugation efficiency of 10-100 fold57.  

In the extracellular space, it is the pilus that mediates the cell-to-cell con-
tact, crucial for conjugation. It consists of several cyclic subunits of the protein 
VirB2, polymerized into a long tubular filament, that can be 1-2 μm long58, 
and is anchored at the base to VirB659. The tip of the pilus (VirB5) probably 
functions as an adhesin that recognizes specific receptors on the recipient’s 
surface60,61. The pilus of certain plasmids, like the F plasmid, can retract once 
attached, bringing donor and recipient cells closer together62,63. Not all pili 
have this capability, however. It has been debated whether DNA transfer oc-
curs through the pilus or not, but studies using cryo-electron microscopy and 
liquid atomic force microscopy show that the F plasmid pilus has a lumen 
which is roughly 3 nm in diameter, enough to allow the passage of a single 
strand of DNA64,65, and that ssDNA binds to the internal pilus structure66. 
More recently, through live cell visualization techniques, it could be observed 
that ssDNA moved from donor to recipient cells that were distantly located, 
but connected only by the pilus63. 
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Figure 4. Type IV secretion sys-
tem in Gram-negative bacteria. 

A schematic representation of the 
system. See text for details. VirD1 
and VirC2 are accessory proteins. 
Note that the location of VirD4 and 
VirB11 have not been completely 
elucidated.  

 
 

Conjugative elements in bacteria 
Plasmids 
Some of Lederberg and Tatum’s “recombinants” would in turn acquire the 
capacity of transferring certain traits themselves. This was the first clue to the 
existence of an extrachromosomal fragment of DNA that could be exchanged 
between bacteria. The term “plasmid” was later proposed by Lederberg in an 
attempt to unify the language used by scientists67. The F-plasmid (F for “fer-
tility factor”) was the first plasmid to be discovered68–70.  

Plasmids are extrachromosomal elements of DNA that replicate inde-
pendently from the host’s chromosome. Plasmids do not carry genes essential 
for the cell’s survival, but may carry genes that confer an advantage for growth 
in specific environments, such as resistance to antibiotics. Many plasmids, but 
not all, have the necessary genes to carry out conjugation, and they efficiently 
spread between bacteria through this mechanism.   
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Plasmid classifications 
There are several methods for the classification and typing of plasmids 71. The 
very first and simplest classification was into F-factors (fertility), Col-factors 
(colicin producing) and R-factors (resistance) types, currently not used. Early 
studies showed that certain plasmids were unable to stably coexist in the same 
cell72, which led to the classification of plasmids into incompatibility groups73. 
Two or more plasmids of the same incompatibility group cannot survive in the 
same cell indefinitely without selective pressure for both. With the advent of 
sequencing methods, Inc typing was replaced with replicon typing, although 
the Inc notation is still used. Plasmids replicate independently of the host ge-
nome, and current methods for classifying plasmids rely on the sequence anal-
ysis of the origin of replication on the plasmids74.  

Not all plasmids carry the genes necessary for conjugation, and based on 
this they can also be classified on their mobility75,76. Conjugative plasmids 
have an oriT and all the genes necessary for the conjugative machinery de-
scribed above. Mobilizable plasmids also have an oriT, relaxases and maybe 
some accessory nicking proteins, but lack the genes to code for a full T4SS 
and coupling proteins, and therefore rely on the machinery of other plasmids 
for their conjugation. Nonmobilizable plasmids have neither an oriT nor genes 
for the conjugative machinery, and therefore cannot be mobilized by conjuga-
tion, however, they may spread through transformation or transduction, as 
they are typically much smaller. 

Alternatively, plasmids can also be classified into MOB groups based on 
the relaxase they encode77, or into mating pair formation classes based on pro-
tein family clustering78.  

Integrative and Conjugative Elements (ICE) 
ICE are mobile genetic elements ranging from 18 kb to >500 kb integrated in 
the bacterial chromosome that also encode a T4SS, and therefore can initiate 
conjugation and transfer between strains79. The first ICE to be discovered, 
Tn916 in Enterococcus faecalis, was referred to as a “conjugative trans-
poson”, when it was shown that the tetracycline resistance located in the E. 
faecalis chromosome could be transferred in the absence of plasmids, and 
could integrate into the chromosome of recipient strains deficient in homolo-
gous recombination systems. The cells that acquired the tetracycline resistance 
could in turn transfer it to other recipients80. The term Integrative and Conju-
gative Elements was proposed much later81. 

The structure of ICE is modular82, with genes of similar functions typically 
grouped together. They may carry genes for antibiotic resistance, utilization 
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of alternative carbon sources, metabolism of other compounds, pathogenicity 
islands, etc. They have hot spots for gene insertion in sites where this will not 
disrupt ICE function, which makes them ideal vectors that can “collect” a va-
riety of functions. A clinical strain of K. pneumoniae ST307 was found to be 
carrying three different alleles of the flu gene from E. coli83. This gene codes 
for antigen 43 (Ag43), a type V autotransporter that functions as an adhesin 
capable of self-recognition which promotes aggregation and biofilm for-
mation, and was transferred to K. pneumoniae as part of an ICE.  

In addition to the genes necessary for conjugation, ICE also contain genes 
for their integration into and excision from the chromosome (recombinases 
or integrases), by site-specific recombination84. The integration site in the 
bacterial chromosome (attB) is often a tRNA. The integration of a circular-
ized ICE into the chromosome will result in the ICE being flanked by two 
att sites, attL and attR. Other ICE have DDE recombinases (recombinases 
that have a conserved catalytic domain featuring two aspartic acids (D) and 
one glutamic acid (E)) and their integration into the chromosome does not 
occur at one specific site.  

All these functions, however, are not constitutively expressed, and will re-
spond to signals such as the activation of the SOS response or the growth 
phase of the host. When induced, the ICE will excise from the chromosome 
and form a circular double-stranded DNA (dsDNA) molecule through recom-
bination of the two att sites, followed by conjugation via the T4SS. As in plas-
mid conjugation, dsDNA will be nicked at the oriT and DNA will be trans-
ferred into the recipient as ssDNA, where it will re-circularize and the com-
plimentary strand will be synthetized before integrating into the recipient’s 
chromosome. In the donor, a complimentary strand for the remaining ssDNA 
will also be synthetized before it re-integrates into the chromosome79.  

Conjugating the chromosome: Hfr strains 
But, how does one go from conjugating a plasmid or an ICE to conjugating 
the chromosome? During the early studies on conjugation, the observation that 
some strains produced “recombinants” at a higher frequency when mixed with 
another bacterial population coined the term “High frequency of recombina-
tion” cells, or Hfr85. The recombinants from these cells were unable to produce 
recombinants themselves.  

Later experiments showed that the plasmids contained in bacteria could oc-
casionally insert themselves into the chromosome and, upon expression of the 
conjugation machinery, transfer parts of the chromosome with it8. Integration 
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most frequently occurs via homologous recombination of shared IS (insertion 
sequences) between the plasmid and the chromosome86.  

Hfr strains proved to be a powerful tool for the study of bacterial genetics 
after it was experimentally shown that genes were always transferred in a spe-
cific order, and thus Hfr strains became highly sought-after, and were tradi-
tionally used to map genes in the chromosome in a time before sequencing 
tools were available87–89. However, stable unreversible Hfr strains are rare to 
find. This pushed researchers into spending great efforts developing tech-
niques to isolate these strains. Whole bacterial populations were exposed to 
mutagens – X-rays, UV-rays, mustard compounds - until most of the popula-
tion, close to 99%, would be killed. The surviving cells were then tested to see 
if they produced recombinants at a higher frequency than the original popula-
tion. A cumbersome process.  

Mobilization of the whole chromosome through conjugation is possible as 
long as the contact between donor and recipient cells is maintained for long 
enough, and in E. coli K-12 it takes about 90-100 minutes. Just as with plasmid 
conjugation, DNA will be nicked at the specific oriT and transferred as 
ssDNA. Because of this, chromosomal genes located close to the oriT will be 
transferred more efficiently than those at distal locations (figure 5), and since 
the conjugation machinery of the plasmid is always the last to be transferred, 
recipient cells are very seldomly, if ever, converted to Hfr strains87. 

Once in the recipient, ssDNA can either be degraded by the cell’s nucle-
ases, or integrated into its chromosome by homologous recombination. If in-
tegration occurs, the resulting strain will be a hybrid, containing a mixture of 
genes from both parental strains.  
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Figure 5. Hfr formation and transfer of chromosomal DNA. 

A) A conjugative plasmid can integrate into the chromosome through homologous
recombination of insertion sequences (IS) present in both, giving rise to an Hfr strain.
B) Plasmid DNA integrated in the chromosome will be nicked at the site where the
origin of transfer is located (oriT), initiating conjugation. C) Conjugative transfer of
chromosomal DNA followed by homologous recombination in the recipient, creating
a chromosomal hybrid. Chromosomal DNA is represented in orange or light blue;
plasmid DNA is black; yellow lines indicate location of an insertion sequence; green
triangles represent the site of the origin of transfer; T4SS, Type IV secretion system.

To be or not to be a hybrid: F’-like transfer 
After their insertion into the chromosome, plasmids frequently come back out 
and become plasmids again. Upon its excision from the chromosome, it is 
possible that a plasmid brings with it chromosomal genes adjacent to the place 
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of its insertion (figure 6). This is known as an F’-like plasmid. Excision usu-
ally occurs by recombination of homologous regions in the chromosome, of-
ten ribosomal RNA genes90.  

The transfer of an F’-like plasmid into a recipient cell can have one of two 
outcomes. One, it will be maintained as a plasmid, creating what is known as 
a merodiploid, a cell carrying orthologous genes from both parental strains – 
the genes present in the recipient’s chromosome and the donor genes con-
tained in the F’-like plasmid91.  

Two, it will be integrated into the recipient’s chromosome. This integration 
can maintain the merodiploid state when it occurs through, for example, rrn 
genes. If there is homology between the donor genes in the F’-like plasmid 
and the recipient’s chromosome, integration by replacement can also occur, 
creating a chromosomal hybrid which might or might not retain the original 
donor plasmid.  

 

 
Figure 6. Formation of an F’-like plasmid and transfer into a recipient. 

A conjugative plasmid can integrate into the bacterial chromosome through homolo-
gous recombination of IS. The plasmid can be excised again from the chromosome 
through homologous recombination or rrn (in this example), or any other sequences 
sharing homology, bringing with it some chromosomal genes. Chromosomal DNA is 
represented in orange or light blue; plasmid DNA is black; yellow lines indicate loca-
tion of an insertion sequence; dark blue lines indicate rRNA genes; green triangles 
represent the site of the origin of transfer.  
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Barriers to the formation of hybrids 
Several events need to develop for a chromosomal hybrid to be formed. First, 
in strains containing one or more conjugative plasmids, integration of a plas-
mid into the chromosome needs to occur; second, cell-to-cell contact medi-
ated by a pilus or similar structure needs to be established in a stable manner; 
then, assembly of a system able to translocate DNA through the membranes 
(T4SS) is required; followed by survival of the DNA inside the recipient; 
finding of homologous sequences between the donor DNA and the recipi-
ent’s chromosome; a working homologous recombination system in the re-
cipient must integrate the DNA, and finally, the resulting recombinant hy-
brid strain must be viable.  

This long list of mostly random events makes the formation of hybrids a 
relatively infrequent event, depending on several donor and recipient factors, 
such as nucleotide identity between the two. Frequency of hybrid formation 
can be calculated per donor or recipient, by diving the total number of hybrids 
by the total number of either parental cell used.  

Restriction systems, mismatch repair systems, and homologous recombi-
nation systems have been shown to be key for the frequency of formation of 
hybrid strains92,93, but other mechanisms, currently only studied in plasmid 
conjugation, may also play a role.  

Pilus attachment 
The first rate-limiting step in the conjugation process is probably the ability 
of the pilus to establish a stable connection with a recipient cell, i.e. the mating 
pair formation. Several studies of the pilus synthesised by the E. coli F plasmid 
showed that mutations in the porin OmpA or the lipopolysaccharide (LPS) 
resulted in defective mating pair stabilization, which in turn decreased the 
transfer efficiency of the F plasmid and similar plasmids94. Other studies have 
identified the protein OmpK36 in K. pneumoniae (analogous to OmpC in E. 
coli) as the receptor mediating conjugation of plasmid pKpQIL94. These mech-
anisms seem to be highly specific to each plasmid, and although mutations in 
key surface proteins in the recipient reduce the efficiency of plasmid transfer, 
they do not abolish it completely.  

Plasmid surface and entry exclusion 
Lederberg observed that cells carrying the F factor were poor recipients in 
conjugation experiments95. This phenomenon is partly explained by plasmid 
exclusion systems, which reduce the ability of cells already containing a plas-
mid to participate in additional rounds of conjugation. These systems are dis-
tinct from plasmid incompatibility, which occurs between closely related 
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plasmids and is associated with interference in replication control. In contrast, 
plasmid exclusion specifically acts as a barrier to the physical transfer of DNA 
between cells carrying similar plasmids96. 

F plasmids encode two exclusion mechanisms: surface exclusion, mediated 
by the protein TraT, and entry exclusion, mediated by TraS. Surface exclusion 
acts before DNA transfer begins. TraT is an outer membrane protein that in-
terferes with the formation of stable mating pairs with other donor cells97. Ad-
ditionally, TraT has been shown to increase bacterial virulence by antagoniz-
ing complement-mediated opsonization, which reduces phagocytosis98. 

Entry exclusion, on the other hand, allows mating pairs to form but blocks 
DNA transfer by interfering with the donor’s transfer machinery. This mech-
anism is mediated by TraS, a protein localized in the inner membrane of the 
recipient cell. TraS reduces plasmid transfer by approximately 200-fold, 
whereas TraT reduces it by about 20-fold. Entry exclusion systems have also 
been identified in some ICEs96. 

Restriction-modification systems 
Restriction-modification systems act as a barrier to gene transfer by degrading 
dsDNA that does not have the host’s particular markers or modifications, usu-
ally in the form of DNA methylation of specific bases99. This phenomenon 
was initially observed on experiments using bacteriophages, where the effi-
ciency of their propagation into new hosts depended on the host in which they 
last grew100,101.  

Most systems consist of two proteins: a restriction endonuclease, which 
will cleave unmethylated DNA at specific recognition sites, and a modifica-
tion methyltransferase, which will methylate DNA to protect it from the ac-
tivity of the endonuclease102.  

In theory, ssDNA coming in from conjugation should be unaffected by en-
donucleases, however, it has been observed experimentally that efficiency of 
plasmid transfer between bacteria is affected by the restriction-modification 
system in the recipient103,104, and that hybrid formation between strains with 
different restriction-modification systems is hindered and the frequency sig-
nificantly increases in the absence of a restriction system in the recipient105–
107. It is possible that after entry into the recipient, ssDNA is cleaved during 
synthesis of the complimentary strand, or because of the transient formation 
of double-stranded secondary structures108.  

The mismatch repair system 
During DNA replication, the DNA polymerase has an intrinsic error rate of 
about 10-4 errors per incorporated nucleotide109. To reduce the mutation 



 

 29 

frequency, the DNA polymerase of E. coli has a proofreading function that 
reduces the production of errors down to 10-7. After this, any mis-paired bases 
will be recognized and repaired by the mismatch repair system (MMR), reduc-
ing the error rate further to approximately 10-9-10-10 mutations per base pair per 
generation110. In E. coli, MutS recognizes mis-paired bases. Then, it will recruit 
MutL to the site, which will in turn bind to and activate MutH, an endonucle-
ase. MutH will specifically nick the newly synthetized strand, close to where 
the mismatch occurred, and leave the template strand intact. This nick will 
allow the entry of the UvrD helicase and the strand will be degraded by exonu-
cleases. After degradation, the gap will be filled by the DNA polymerase and 
then ligated by a DNA ligase (figure 7). 

The discrimination between newly synthetized DNA and the template 
strand is done by recognizing hemi-methylated sites: during replication, the 
Dam methyltransferase of E. coli methylates adenosine at specific sequences 
(GATC) some minutes after DNA has been synthetized, thus, replication of 
fully methylated DNA will transiently give rise to hemi-methylated DNA, rec-
ognized by MutH.  
 

 
 
 
 
 
 
 
 
 
 

 
 
Figure 7. Mismatch repair sys-
tem. 

A schematic representation of the 
system. See text for details. Red 
dot represents the mismatch; SS, 
MutS dimer; LL, MutL dimer. 
Partially reproduced with permis-
sion from the corresponding ref-
erence111 

  



 

 30 

The MMR acts as a barrier to the formation of hybrid bacteria by recognizing 
mismatches in the intermediates generated during homologous recombination 
and blocking strand transfer by RecA (see below)112,113. The inactivation of 
mutS or mutL in Salmonella typhimurium increased the recombination after 
conjugation with E. coli Hfr strains up to 103 -fold92.  

Homologous recombination 
Homologous recombination is a process for DNA repair in bacteria. At least 
25 proteins have been described to be involved in this process114. There are 
two main pathways for homologous recombination: the RecBCD pathway, 
involved in repairing double-stranded breaks and broken replication forks, 
and the RecF pathway, involved in repairing breaks that occur in only one 
of the strands115. 

In the first pathway, the RecBCD protein, which has helicase, exonuclease, 
and endonuclease activities, will bind to the double strand break and initiate 
unwinding of the DNA. As it moves forward, it cleaves both strands until it 
encounters a specific sequence called Chi (5’-GCTGGTGG-3’), after which it 
stops the cleavage of the 3’ strand, while continuing the cleavage of the 5’ 
strand. This results in the production of a 3’ single stranded tail, which will be 
recognized and coated with RecA. RecA then searches for homology in the 
sister chromosome, and initiates strand invasion, a process where one of the 
strands of the chromosomal DNA will be displaced. This causes a cross-
shaped structure called a Holiday junction, which will be resolved by proteins 
RuvABC116 and produce two recombinant dsDNA molecules.   

This is the pathway involved in homologous recombination during the for-
mation of hybrids after transfer of chromosomal genes from donor to recipi-
ent93. The incoming DNA will be recognized as “DNA damage” by the SOS-
system, which controls the level of RecA, and RecA will be recruited to the 
site and bind to the ssDNA.  

RecA is highly selective for sequence homology during the initial stage of 
the recombination process and requires a minimum length of homology of about 
20 bp117,118. A reduction of homology very rapidly decreases recombination fre-
quency117–119. However, once the strand exchange has been initiated by RecA, 
it can continue despite the presence of long heterologies120. It is at this later stage 
that the MMR system is thought to block recombination (figure 8).  
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Figure 8. Interplay of homologous recombination and MMR during hybrid chro-
mosome formation. 

a) Donor DNA in the recipient will be processed by RecBCD. b) RecA binds to the 
ssDNA and initiates strand invasion in the homologous region of the recipient chro-
mosome. c) Junction resolution leads to the formation of an imperfect heteroduplex 
DNA, a process strongly inhibited by MMR. d) Mismatches can be repaired or main-
tained until the next round of replication, resulting in a clear transition between donor 
and recipient DNA. e-h) Alternative resolutions of the imperfect heteroduplex. BER, 
Base excision repair system, not described here. Adapted from Bartke et al., 2021121.  

Hybrids and antibiotic resistance 
It is calculated that, in 2021, 1.14 million deaths globally could be directly 
attributed to antibiotic resistance122, forecasted to increase to 1.91 million by 
2050, with the greatest increase in adults over 70 years of age. The rise in 
the prevalence of antibiotic-resistant pathogens is a threat to public 
healthcare, as many healthcare interventions of modern medicine rely on the 
effectivity of antibiotics. Hospitalized patients in intensive care units can 
acquire infections through catheters or ventilators; patients receiving chem-
otherapy can frequently develop neutropenia, making them more susceptible 
to infections; organ transplantation requires patients to be immunosup-
pressed; and major surgeries (such as hip-replacement) rely on the effective-
ness of antibiotic prophylaxis123.  

Genes that confer antibiotic resistance are ancient and have existed in na-
ture long before antibiotics were used in human medicine. Having to compete 
for resources, microorganisms evolved both antimicrobial compounds to kill 
neighbouring microbes, and defence mechanisms to protect themselves 
against these substances. Many of the first antibiotics were in fact isolated 
from microorganisms living in soil124. When antibiotics such as sulphona-
mides and penicillin became widely and often indiscriminately used in medi-
cine, they created strong selective pressure for bacteria carrying resistance 
mechanisms. Indeed, resistance to antibiotics had already been observed in 
laboratory settings even before antibiotics became broadly available125, and it 
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emerged as a clinical problem soon after their introduction for medical use126. 
As antibiotic use increased, so did the prevalence of resistant pathogenic bac-
teria. The problem intensified as antibiotics became cheaper, more accessible, 
and more widely used, not only in human medicine but also in animal hus-
bandry, including for growth promotion127,128. The demonstration that com-
munity-based control of macrolide use in Finland could reduce the incidence 
of resistant isolates emphasized the urgent need to regulate and reduce antibi-
otic consumption129. 

Although both conjugation and resistance were being studied at the same 
time, it took years to recognize that this was precisely the mechanism through 
which antibiotic resistance determinants rapidly spread130. Now, the contribu-
tion of HGT to the rapid spread of resistance is undisputed131. In many cases, 
if not all, resistance genes that already exist in environmental bacteria are 
transferred to pathogenic species132–137. What is worse, strains can accumulate 
resistance genes, thus becoming multi drug-resistant, extremely drug-re-
sistant, or even totally drug-resistant127.  

Almost 30% of plasmids coming from clinical strains carry antibiotic re-
sistance genes138. More than half of these plasmids are also conjugative. If, as 
discussed above, these plasmids find their way into the chromosome, it would 
be logical to think that it is precisely resistant strains the ones that can also 
generate hybrids.  

It is no coincidence, then, that some of the most successful bacterial path-
ogens are hybrids. For example, from a purely mathematical perspective, if a 
minimum of four single nucleotide mutations (two mutations in gyrA, two in 
parC)139, are needed for a fluoroquinolone-susceptible strain such as E. coli 
MG1655 to become fully fluoroquinolone resistant, and each one of those, 
considering the DNA polymerase error rate, has a probability of 10-9 of spon-
taneously occurring; then, the chance of a strain becoming fully resistant in 
one step is 10-32 (0.00000000000000000000000000000001). We found hy-
brids incorporating tens and even hundreds of new genes at a frequency of 10-

10 on average, that is 1022 times more frequently! In an environment with a 
strong selective pressure (such as a patient receiving multiple antibiotics, a 
hospital, waste-water treatment plant, a farm where antibiotics are used for 
animal growth) and rich in potential donors of DNA, it will be hybrids making 
the fastest jump from susceptible to fully resistant. Plasmid or ICE transfer 
with the relevant genes is more prevalent, but these elements are also more 
easily lost (and, in the case of fluoroquinolones, generally only confer low-
level resistance)127. Changes to chromosomal genes are permanent. Further-
more, transfer of long stretches of DNA can also include virulence factors.   
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Current investigations 

We hypothesised that the presence of hybrids in nature is much more prevalent 
than previously thought. Given that hybrid identification requires having the 
genome sequence of the parental strains as references for comparison, it is 
likely that many of the isolates that have been sequenced throughout the years 
are in fact unrecognised chromosomal hybrids. Moreover, the precise mecha-
nisms for the formation of chromosomal hybrids with large genome replace-
ments in nature have not been elucidated.  

All mechanisms of HGT can lead to the formation of bacteria with hybrid 
chromosomes. However, because of its high efficiency and potential to trans-
fer several megabases of chromosomal DNA between cells, the hypothesis 
behind the projects presented here is that the formation of chromosomal hy-
brids acquiring large lengths of DNA occurs through conjugation.  

Here, we show for the first time, evidence that clinical isolates of E. coli 
frequently generate chromosomal hybrids through conjugation, we describe 
the genetic architecture of these hybrids and isolate the conjugative elements 
driving chromosomal mobilization (Paper I); we show that the formation of 
hybrid strains between different species is possible (Paper II), and explore 
the mechanisms that can pose a barrier to the formation of hybrids in E. coli 
(Paper III). Finally, we show that HGT is vital for the maintenance of phe-
notypes such as prototrophy in E. coli (Paper IV). 
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Paper I 

Integrated conjugative elements drive the formation of pandemic clones 
of Escherichia coli with hybrid chromosomes 
 
In Gram-negatives, the two most notable examples of naturally-occurring hy-
brid strains are Escherichia coli ST1193 and Klebsiella pneumoniae ST258. 
Both are multi-drug resistant, spread world-wide, and have >1 Mb of their 
chromosome originating from a foreign strain. This first project aimed to un-
derstand how hybrids such as these were formed in nature.  
 
The specific aims of this paper were: 
(i) to develop a robust hybrid selection method that would allow us to 

select hybrids from large bacterial populations (>1010 bacterial cells);  
(ii) to investigate what fraction of clinical isolates of E. coli could gener-

ate hybrids and at what frequency;  
(iii) to study in detail the genetic architecture of the generated hybrids and, 
(iv) to elucidate the specific mechanisms behind the formation of these 

hybrids.  
 

A collection of 118 clinical UTI isolates of E. coli was screened in conjugation 
experiments as potential donors of chromosomal DNA using laboratory E. coli 
MG1655 as recipients. Our method for hybrid selection consisted in engineer-
ing recipient strains that were amino acid auxotrophic by gene deletion; re-
sistant to apramycin, by introducing an aac(3)-IVa gene into galK; and defi-
cient in the restriction system. All donors were prototrophs (could grow on a 
defined minimal medium) and susceptible to the antibiotic apramycin. Conju-
gations were carried out on solid rich media for 18-20 hours and were subse-
quently plated on minimal media containing apramycin, which would only 
allow growth of recipient strains that had acquired and integrated the relevant 
gene that reversed the auxotrophy, that is, a strain that had become a hybrid 
of donor and recipient (figure 9). 

Hybrids were obtained from 39% of the isolates, at a frequency between 
our limit of detection (~10-11) and up to 4.7x10-8 per recipient cell. A total of 
133 isolated hybrids were then whole genome sequenced (WGS) and ana-
lysed. The total size of integrated chromosomal donor DNA ranged from 6 kb 
to 4.8 Mb, with a median length of 367 kb. More than half of the hybrids 
(71/133) recombined the donor DNA into the recipient chromosome in multi-
ple non-contiguous segments, similar to the observed genetic architecture of 
E. coli ST1193, with one hybrid having 52 non-contiguous segments. In 56% 
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of hybrids the integrated DNA segments included donor resistance- and viru-
lence-associated genes. Almost all hybrids (90%) also acquired one or more 
conjugative mobile genetic elements (MGE) from the donors.  

We found that most of the donors we sequenced had more than one conju-
gative MGE. We asked which of these elements could be responsible for the 
mobilization of the chromosome and the formation of hybrids. To address this, 
we isolated as many individual MGE as possible from the clinical strains into 
an E. coli MG1655 background, and then tested these new constructed strains 
as donors of chromosomal DNA using the same conjugation set-up as before. 
All individual conjugative plasmids and integrative conjugative elements 
(ICE) we isolated were sufficient to drive hybrid formation.  

Finally, we wanted to elucidate the mechanism by which ICE mobilize the 
chromosome. We hypothesized two possibilities: the first, that the ICE excised 
by illegitimate recombination from its insertion site and transferred itself and 
adjacent chromosomal DNA, in a mechanism similar to specialized phage 
transduction; the second, that it instead was able to transfer chromosomal 
DNA in an Hfr-like manner, beginning from its site of insertion and continu-
ing processively around the chromosome. We conducted conjugation experi-
ments using constructed donors that contained an ICE at different locations 
(pheV or pheU), selecting for transfer of the gene trpE (more than 1.5 Mb 
away), and then tested for co-transfer of regions that were up to and more than 
3 Mb away from the selected gene. We found simultaneous acquisition of dis-
tantly separated chromosomal regions, a pattern that strongly supports that 
chromosomal transfer by ICE occurs in a processive Hfr-like manner. 

Using the two same constructed donors, we also isolated hybrids that sim-
ultaneously acquired mutations in gyrA and parC (genes that are separated by 
approximately 826 kb), generating highly fluoroquinolone-resistant bacteria 
in a single event. Our results strongly support conjugative transfer of chromo-
somal DNA as the major mechanism underlying hybrid formation and the cre-
ation of novel problematic pathogens.  
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Figure 9. Method for the isolation of strains with hybrid chromosomes.  

A) Steps of the conjugation experiments carried out, described in the main text. Ge-
netic map of E. coli MG1655 shows the location of the apramycin resistance cassette 
in galK; the four deleted genes in the recipient strains (trpE, hisC, aroE and argH) 
that makes them amino acid auxotrophic; and the origin of replication (oriC). B) Sche-
matic representation of the principle behind the method, where a donor strain (orange) 
transfers chromosomal DNA into a recipient (blue). The resulting hybrid is the only 
strain capable of growing in the selection media.  
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Paper II 

Clinical isolates of Klebsiella pneumoniae can transfer chromosomal 
DNA into Escherichia coli to create novel bacteria with stable hybrid 
chromosomes 
 
In 2005, a multi drug-resistant K. pneumoniae was identified as the cause of a 
hospital outbreak in Sweden. One of the plasmids from this K. pneumoniae 
strain was later isolated from E. coli strains found in patients that had been co-
infected with both bacteria, indicating that these species had exchanged DNA 
by conjugation inside of the patients. Both K. pneumoniae and E. coli are the 
most frequent cause of nosocomial bacteraemia due to Gram-negatives, but 
are also found as colonizers in the human intestinal microbiome, an environ-
ment where they can potentially engage in DNA exchange. We theorised that 
this could lead to the formation of E. coli – K. pneumoniae hybrids. The for-
mation of hybrids from two different species of bacteria has been shown in 
the past using laboratory strains of E. coli and Salmonella, but always with 
Hfr strains as donors. The aim of this project was to test the possibility of 
hybrids being formed between clinical isolates of K. pneumoniae and labora-
tory E. coli, and to study the genetic architecture of these hybrids.  

A total of 50 clinical isolates of K. pneumoniae were screened as potential 
donors of chromosomal DNA using the conjugation method described in pa-
per I, and the same E. coli laboratory strains were used as recipients. Seven K. 
pneumoniae isolates (14%) produced hybrids at a detectable frequency, up to 
5.31×10-10 hybrids per recipient cell. Of the isolated hybrids, 28 were selected 
for WGS. The analysis revealed a plethora of genetic architectures. As seen 
before in the E. coli hybrids, 93% of hybrids also acquired one or more donor 
plasmids. The mechanisms through which the donor’s DNA was transferred 
into the recipient can be summarized in two main groups: (1) integration of 
donor DNA into the recipient’s chromosome and (2) the transfer of an F’-like 
plasmid. An F’-like plasmid is formed when a conjugative plasmid that had 
previously integrated into the donor chromosome excises and brings with it 
adjacent donor chromosomal genes. It is then transferred into the recipient 
through plasmid conjugation.  

The total length of acquired DNA ranged between 3 kb and 586 kb. In con-
trast with the hybrids obtained in Paper I, most (8/9) of the chromosomal hy-
brids had a single fragment of donor DNA integrated. Several of the hybrids 
acquired genes associated with antibiotic resistance or virulence, such as a 
type VI secretion system, siderophores and fimbrial genes.  
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We predicted that chromosomal hybrids would be more stable than those 
acquiring an F’-like plasmid. To test this, all 28 hybrids were grown in the 
absence of selective pressure (rich media, LB) for 30 generations, and then 
streaked on the selective minimal media to test whether they could still grow. 
All chromosomal hybrids retained their capacity to grow on minimal media, 
while most of the hybrids that acquired F’-like plasmids were unable to grow. 
The relative fitness of the chromosomal hybrids was also evaluated. We found 
the relative fitness (compared to the parental strain, WT E. coli MG1655) of 
the hybrids in LB to be between 0.73 and 1.03, with half of the hybrids having 
a relative fitness between 0.80-0.82. These results indicate that the formation 
and maintenance in nature of chromosomal hybrids from distantly related 
strains such as E. coli and K. pneumoniae is possible. 

Paper III 

Biological barriers to chromosomal hybrid formation in Escherichia coli 
 
So far, all data on hybrid formation frequency has been generated using a re-
striction-minus version of the standard laboratory strain, E. coli K-12 
MG1655, as the recipient of chromosomal DNA. In this project, we asked 
whether, and to what extent, the frequencies of hybrid formation are influ-
enced by the identity of the recipient strain, and sought to identify potential 
factors contributing to any observed differences.  

We initially selected ATCC25922 as an alternative recipient, a clinical iso-
late widely used in antibiotic susceptibility testing, and we observed frequen-
cies of hybrid formation 10-1000 times lower than for MG1655. Given that 
the MG1655 recipient used previously is restriction-minus, we investigated 
whether this might account for the differences observed. Additionally, be-
cause hybrid formation requires homologous recombination between the ac-
quired DNA segment and the recipient chromosome, we constructed an 
MG1655 strain deficient in the mismatch repair system. The frequencies of 
hybrid formation using these two new recipients were similar to the ones pre-
viously obtained with the restriction-minus recipient.  

To determine whether the differences in frequencies observed between 
MG1655 and ATCC25922 were specific to hybrid formation, we repeated 
the conjugation experiments while selecting for plasmid transfer by conju-
gation instead. The same trend was observed, both plasmid conjugation and 
chromosome hybrid formation frequency were reduced in ATCC25922 rel-
ative to MG1655. Notable differences between these two strains include the 
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presence of plasmids (ATCC25922 has four, MG1655 has none) and the dis-
ruption of O-antigen production in MG1655. Transferring individual plas-
mids from ATCC25922 into MG1655 did not reduce conjugation frequen-
cies, suggesting that the individual plasmids did not create the barrier. We 
also selected a deoxycholate-tolerant and vancomycin-resistant mutant var-
iant of ATCC25922 (protocol reported to select O-antigen mutants), and iso-
lated a mutant that has the gene envZ inactivated. This mutant showed about 
a 10-fold increase in hybrid formation frequency compared to the parental 
strain with three out of the five donors tested. We consider these to be pre-
liminary data and plan more experiments to validate this observation, and to 
explain the mechanism behind it.  

Finally, to investigate in a more hypothesis-agnostic approach which genes 
or mechanisms might be imposing a conjugation barrier in ATCC25922, we 
used a synthetic Tn5-related transposon, expected to insert at random loca-
tions in the genome, to generate mutants. These mutants were then screened 
in conjugation experiments to test if any caused an increased frequency of 
plasmid conjugation. So far, one mutant has been found producing plasmid 
transconjugants at a 500-fold higher frequency than the parental strain. This 
mutant also generates chromosomal hybrids at a 500-1000-fold higher fre-
quency than the parental ATCC25922, suggesting that a major barrier to con-
jugation and hybrid formation has been removed. WGS revealed the trans-
poson had inserted into a small protein-coding gene, of currently unknown 
function, in plasmid 3 of ATCC25922 (a small plasmid of 3 kb). Our current 
hypothesis is that this gene mediates exclusion of incoming competing plas-
mids, but we require additional experiments to understand the actual mecha-
nism behind our observations. 

So far, the data suggests that the barrier accounting for differences ob-
served between MG1655 and ATCC25922 occurs at the level of conjugation 
rather than hybrid formation, but the specific factors underlying this effect 
need further investigation.   
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Paper IV 

The evolutionary maintenance of amino acid prototrophy in Escherichia 
coli 
 
E. coli is a prototrophic species, meaning that essentially all strains of E. coli 
have the capacity to synthesize all compounds required for growth, provided 
there is carbon and nitrogen in the environment. E. coli has approximately 
sixty genes that are individually essential for amino acid synthesis, and a del-
eterious mutation in any one of these genes can result in an amino acid auxo-
trophic strain, i.e., one that cannot survive in an environment that doesn’t pro-
vide that specific amino acid. Over evolutionary timescales the accumulation 
of mutations is expected to cause the loss of essential genes, leading to loss of 
prototrophy. There is evidence that some amino acid auxotrophies can be su-
pressed by second-site mutations within the genome. HGT is an alternative 
mechanism that could reverse the effects of gene loss due to mutation.  

In this project, we aimed to investigate whether and how the phenotypes 
of irreversible mutations causing auxotrophy could be suppressed in the ab-
sence of HGT by trying to select suppressors of auxotrophy in 59 gene-knock-
out mutants.  

Spontaneous suppressors could be selected for only ten of the 59 mutants 
tested (detection limit ~7x10-11). Mechanisms of suppression included, re-
gional amplifications; mutations increasing gene or operon expression; muta-
tions relaxing enzyme specificity; and mutations causing biochemical path-
way diversions.  

These results show that spontaneous suppression or bypass of an auxo-
trophy caused by an irreversible mutation is a survival mechanism that is ac-
cessible to only a minority of the genes essential for amino acid synthesis. 
Thus, the evolutionary maintenance of amino acid prototrophy in E. coli is ex-
pected to be subject to mutational degradation and will likely depend on HGT 
of housekeeping genes to restore lost functions and maintain prototrophy. 
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Concluding remarks 

The finding that several globally-spread multi drug-resistant pathogens are in 
fact chromosomal hybrids inevitably raises the questions of how prevalent hy-
brids actually are, and how they are formed in nature.  

Hybrid bacteria are not a new discovery, but until the identification of K. 
pneumoniae ST258 and E. coli ST1193, the formation of hybrids in clinical 
isolates was mostly associated with small DNA fragments acquired through 
transformation or transduction. Can there be another mechanism? How excep-
tional is the multi-site recombination pattern observed in E. coli ST1193? 
Which genetic constrains are there for the formation of new hybrids? Here, 
we sought to answer some of these questions and successfully isolated, 
through conjugation experiments, hundreds of unique hybrid strains. We 
found hybrids that had acquired >3 Mb of donor DNA, and, strikingly, ob-
served that the majority of the hybrids had acquired multiple discrete segments 
of donor DNA recombined into the chromosome, in close resemblance to E. 
coli ST1193. Ninety percent of the hybrids obtained had also acquired one or 
more conjugative mobile genetic elements, such as plasmids or ICE, evidence 
that the parental strains engaged in conjugation with each other. Given the 
huge amount of foreign DNA found in K. pneumoniae ST258 and E. coli 
ST1193, this is the most plausible mechanism for their formation.  

One of the most remarkable findings from our projects was that almost 
every single colony that we picked from the selection plates had a distinctive 
combination of the parental sequences. Even when hybrids had the same junc-
tion at one of the recombination ends (probably a reflection of the few homol-
ogies found at that specific region), the length of the integrated fragment and 
the other recombination end were never the same. DNA exchange can result 
in virtually an infinite number of recombinants, each unique in their resistance 
pattern and their capacity to cause disease in humans. From this pool of mu-
tants, highly virulent, multi drug-resistant strains such as K. pneumoniae 
ST258 and E. coli ST1193 can emerge as the dominant strain when subjected 
to selective pressure.  

We started this research with the expectation that it would be conjugative 
plasmids driving the mobilization of the chromosome and the formation of 
hybrid bacteria. A striking result was that we found ICE to have a higher 
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efficiency at generating hybrids. ICE are even more ubiquitous in the micro-
bial world than conjugative plasmids, so their ability to mobilize the chromo-
some may have major evolutionary implications. Antibiotic overuse can di-
rectly select the transfer of ICE carrying antibiotic-resistance genes, and indi-
rectly influence the formation of novel hybrid bacteria.  

Conjugative mobile genetic elements can be transferred between different 
species of bacteria, and here we have found that exchange of chromosomal 
DNA and the formation of interspecies hybrids can also occur. This has pre-
viously been demonstrated using laboratory strains, but we provide evidence 
that this also takes place using natural isolates as donors. Furthermore, previ-
ous studies on the formation of interspecies hybrids use more closely related 
species (E. coli, Salmonella), we show that this phenomenon is also possible 
between less related species.  

However, even between pairs of bacteria from the same species there are 
large differences in the frequency at which hybrids can be generated. Our re-
sults suggest that the main barrier for intra-species hybridization lies in the 
ability to engage in conjugation, rather than in the survival and integration of 
the transferred chromosomal DNA.  

Horizontal genetic transfer is recognized as a major driver in the evolution 
of bacteria. It has been demonstrated that in species grown without the oppor-
tunity for HGT, deleterious gene mutations accumulate. With E. coli having 
about 60 genes for the synthesis of amino acids, they represent a huge muta-
tional target. We found that there are few possible ways for bypassing an in-
terrupted biosynthetic pathway and recover function. Mutated strains will rely 
on HGT to re-acquire the lost genes.  

With horizontal genetic transfer now documented even among organisms 
from different kingdoms of life, we seem to slowly be coming to the realiza-
tion that DNA exchange and the formation of hybrid strains is not an anomaly 
but a biological fundamental.  

 



 

 43 

Resumen en español 

Las bacterias son organismos unicelulares, con un genoma que generalmente 
está compuesto por un sólo cromosoma circular, el cual contiene los genes 
esenciales para su crecimiento y supervivencia; y uno o más plásmidos, pe-
queños elementos circulares de ADN sin genes esenciales pero que frecuente-
mente cargan genes que aportan alguna ventaja en ciertos hábitats. Además, 
muchos plásmidos tienen la capacidad de llevar a cabo el proceso de conjuga-
ción para transferirse a otra bacteria, descrito más adelante.  

Entre los mecanismos más comunes para que una bacteria susceptible a 
antibióticos se vuelva resistente, se encuentran las mutaciones espontáneas, 
que por ejemplo, pueden alterar los genes de proteínas que son blanco para los 
antibióticos; y la adquisición de elementos genéticos móviles, como los plás-
midos, con genes que codifican para enzimas que modifican o destruyen a los 
antibióticos, modifican o protegen al blanco de los antibióticos, o producen 
bombas de eflujo que eliminan el antibiótico de la célula.  

Recientemente, se encontró que ciertas clases (cepas) de Klebsiella pneu-
moniae y Escherichia coli contenían en su cromosoma genes provenientes de 
cepas ajenas. La llamada K. pneumoniae ST258 es un híbrido compuesto de 
genes provenientes de tres diferentes cepas, y E. coli ST1193 contiene genes 
de una cepa ajena que se insertaron en su cromosoma a manera de mosaico, 
con recombinación en 11 diferentes posiciones (figuras 1 y 2). Ambas cepas 
son resistentes a múltiples antibióticos, altamente virulentas, con distribución 
mundial, y tienen en su cromosoma al menos 1 Mb de genes que provienen de 
otra cepa, que equivale aproximadamente al 20% de su cromosoma. No se 
sabe con certeza de qué manera surgieron estas cepas en la naturaleza, pero su 
descubrimiento sugiere que existe un mecanismo alterno que contribuye a la 
creación de patógenos altamente resistentes a antibióticos: la capacidad de 
ciertas bacterias de transferir su cromosoma y generar cepas híbridas.  

El movimiento de ADN de una célula a otra se conoce como transferencia 
horizontal de genes (HGT, por sus siglas en inglés). Existen tres mecanismos 
clásicos de HGT (figura 3) - transformación, en la cual las células absorben 
ADN del ambiente, proveniente de otras células muertas; transducción, me-
diada por virus que infectan a bacterias, llamados bacteriófagos; y conjuga-
ción, en la cual una célula activamente inyecta su ADN a otra vecina. Debido 
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a que E. coli y K. pneumoniae no se consideran capaces de llevar a cabo trans-
formación, y la cantidad de ADN que puede ser transferido por un bacterió-
fago está severamente limitado por el tamaño de la cápside del virus, el meca-
nismo más probable para generar híbridos como los descritos anteriormente 
es conjugación. Sin embargo, este mecanismo está generalmente asociado a la 
transferencia de pequeños elementos como los plásmidos, ya que son éstos los 
que tienen los genes necesarios para generar el aparato de conjugación (figura 
4). ¿Cómo es entonces que una bacteria pasa de transferir plásmidos a tener la 
capacidad de transferir su cromosoma, considerado como un elemento “no 
móvil”? Existe un tipo de cepas, conocidas como Hfr, en las cuales un plás-
mido se inserta en el cromosoma. Así, cuando el plásmido inicia el proceso de 
conjugación, arrastra consigo el cromosoma al cual ahora se encuentra unido. 
Una vez dentro de la célula que recibe esta inyección, el ADN ajeno puede 
insertarse en el cromosoma nativo y sustituir parte de éste, casi siempre a tra-
vés de un proceso llamado recombinación homóloga, el cual en realidad es un 
proceso para reparar ADN dañado durante el ciclo de división de la célula 
bacteriana, pero que en ocasiones puede incorporar por error el ADN ajeno 
(figura 5).  

Dado que las cepas de bacterias obtenidas de pacientes con alguna infección 
frecuentemente contienen plásmidos capaces de conjugarse, esto nos lleva a pre-
guntarnos, ¿es posible que estas cepas frecuentemente se conviertan en cepas 
Hfr y transfieran su cromosoma? Der ser así, ¿con qué frecuencia? ¿qué carac-
terísticas tiene el cromosoma de estos híbridos? ¿cuál de los múltiples plásmidos 
contenidos en una bacteria es el responsable de esta transferencia? 

Los proyectos descritos en esta tesis buscan respuestas a todas estas pre-
guntas. Nuestros objetivos fueron estudiar qué mecanismos contribuyen a la 
formación de bacterias con cromosomas híbridos en la naturaleza, investigar 
con qué frecuencia las cepas aisladas de pacientes transfieren su cromosoma 
y forman híbridos, describir la estructura genética de estos híbridos, y final-
mente, investigar qué mecanismos existen como barreras para la transferencia 
de ADN del cromosoma.  

En el primer proyecto (Paper I), desarrollamos un método para detectar y 
aislar bacterias con cromosomas híbridos de una población de bacterias de 
más de diez mil millones (1010) de individuos. El método consiste en eliminar 
(borrar) de una bacteria de laboratorio uno de los genes que codifican para la 
síntesis de aminoácidos. Sin ellos, la bacteria no puede crecer en un medio de 
cultivo que no contenga el aminoácido en cuestión. Además, le insertamos un 
gen que la vuelve resistente al antibiótico apramicina, no usado actualmente 
en medicina, por lo que la resistencia a este antibiótico en cepas clínicas es 
rara. Después, mezclamos a esta bacteria, nuestro “receptor” con una 
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colección de 118 cepas de E. coli provenientes de pacientes (nuestros “dona-
dores”), y las incubamos por un periodo de 18-20 horas. Finalmente, ponemos 
la mezcla en un medio de cultivo sin aminoácidos que además contiene apra-
micina. Solamente aquellas bacterias que adquirieron el gen que les permite 
volver a sintetizar el aminoácido van a poder crecer (figura 9). Con este mé-
todo, identificamos que 40% de las cepas clínicas podían transferir genes a 
nuestra cepa de laboratorio, a una frecuencia de entre 10-8 y <10-11. Después, 
secuenciamos el genoma de 133 híbridos, y encontramos que la cantidad de 
ADN transferido en ocasiones podía llegar hasta 3.8 Mb (el cromosoma de E. 
coli es en promedio de 4.5 Mb). En fragmentos tan largos de cromosoma, no 
era raro encontrar genes relacionados a resistencia a antibióticos, o genes que 
incrementan la virulencia de la bacteria. Para responder la pregunta de qué es 
lo que está movilizando al cromosoma, transferimos plásmidos y otros ele-
mentos genéticos móviles, conocidos como ICE, por sus siglas en inglés, de 
las cepas clínicas a nuestra cepa de laboratorio. Después, repetimos el experi-
mento de conjugación descrito anteriormente, ahora usando a nuestra cepa de 
laboratorio como el donador de ADN. Encontramos que todos los elementos 
que probamos podían transferir el cromosoma, siempre y cuando codifiquen 
para las proteínas de conjugación. Debido a la ubicuidad de estos elementos, 
es muy probable que una enorme cantidad de bacterias clínicas puedas trans-
ferir su cromosoma entre sí.  

En el segundo proyecto (Paper II), exploramos la posibilidad de que híbri-
dos de bacterias de dos especies diferentes puedan formarse. Para ello usamos 
cepas clínicas de K. pneumoniae como donadores, utilizando los experimentos 
de conjugación desarrollados en el primer proyecto. K. pneumoniae y E. coli 
son las dos especies de bacterias Gram-negativas que más casos de sepsis pro-
ducen a nivel mundial. Ambas se encuentran frecuentemente como coloniza-
dores de la microbiota intestinal en humanos, por lo que conviven en un am-
biente ideal para el intercambio de genes. El 14% de las cepas de K. pneumo-
niae que probamos formaron híbridos con E. coli. Algunos híbridos tenían los 
genes de K. pneumoniae insertados en el cromosoma de E. coli, pero otros los 
adquirieron como parte de un plásmido. Los híbridos con genes insertados en 
el cromosoma eran estables, es decir, no perdían estos genes aun cuando los 
cultiváramos en un medio en el que las bacterias pueden crecer sin necesidad 
de ellos. Además, su velocidad de reproducción era muy similar a la de nuestra 
cepa de laboratorio, lo que nos indica que la formación y supervivencia de 
estos híbridos en la naturaleza es plausible. 

El tercer proyecto (Paper III) explora las posibles barreras que tiene E. coli 
contra la formación de híbridos. En experimentos preliminares encontramos 
que no todas las cepas de E. coli aceptan genes extraños tan fácilmente como 



 

 46 

nuestra cepa de laboratorio. La cepa de laboratorio que utilizamos es especial 
porque lleva al menos 100 años siendo cultivada exclusivamente en el labora-
torio, lo que la ha llevado a acumular mutaciones y perder la capacidad de 
infectar humanos. Además, no tiene plásmidos. Para investigar qué genes po-
drían ser responsables de no permitir la entrada de genes ajenos a la célula, 
utilizamos a otra cepa de E. coli, también de laboratorio, pero aislada más 
recientemente, que forma híbridos a una frecuencia mucho más baja. Para ello, 
insertamos un transposón, un gen que puede “saltar” al azar de un lugar a otro 
del cromosoma y que, de insertarse en medio de otro gen, lo inactiva. Con este 
método generamos más de 2 000 mutantes en los cuales un gen diferente, al 
azar, estaba inactivado. Cada uno de estos mutantes fue probado en experi-
mentos de conjugación para ver si aceptaba plásmidos provenientes de otras 
bacterias. Entre ellos, encontramos a dos mutantes que aceptaban ADN ajeno 
con más frecuencia que la cepa original. Uno contiene una mutación en un gen 
que codifica para un regulador de proteínas que se encuentran en la membrana 
de la bacteria; el otro contiene una mutación en el gen de un plásmido, de 
función indeterminada. Es probable que este gen interfiera con la capacidad 
de otras células de adherirse para poder iniciar el proceso de conjugación. Los 
experimentos para esclarecer estos mecanismos se siguen llevando a cabo.  

Finalmente, en el cuarto proyecto (Paper IV), investigamos la posibilidad 
que tienen las cepas de E. coli de sobrevivir en un mundo sin HGT. E. coli 
tiene aproximadamente 60 genes esenciales para la producción de aminoáci-
dos, requeridos para su crecimiento en ambientes con pocos nutrientes, lo que 
representa un blanco muy grande para mutaciones espontáneas, que pueden 
ocurrir durante la división celular. De ocurrir una mutación deletérea e irre-
versible en un gen esencial, es necesario para célula encontrar un camino me-
tabólico alterno que le permita sobrevivir sin la enzima que codifica ese gen. 
Hay evidencia de que E. coli puede redireccionar sus vías metabólicas y deri-
var la síntesis de nutrientes a vías alternas cuando alguna vía resulta interrum-
pida debido a alguna mutación, pero los límites de esta capacidad no están 
completamente entendidos. En este proyecto utilizamos una colección de 59 
mutantes de E. coli, cada uno con un gen diferente inactivado, todos involu-
crados en la síntesis de aminoácidos. Encontramos que sólo 10 de estos mu-
tantes podían encontrar formas alternas de sintetizar el aminoácido en cuestión 
y sobrevivir en medios de cultivo sin aminoácidos. Los mecanismos más co-
munes para revertir el fenotipo incluyen incrementar la producción de otras 
enzimas, similares a la enzima perdida; la adquisición de mutaciones adicio-
nales en otras enzimas que las hacen menos específicas para su función; y la 
adquisición de mutaciones adicionales en genes que regulan la función de 
otras enzimas. En resumen, encontramos que estos mecanismos son raros y 
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que las bacterias en la naturaleza dependerán sobre todo de la adquisición de 
genes a través de HGT que reviertan la mutación.  

 
Poco a poco nos damos cuenta que la transferencia horizontal de genes no 
es algo raro en las bacterias, sino que es un mecanismo esencial para su 
supervivencia.  
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