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% Check for updates Bacterial evolution is affected by mobile genetic elements like phages and

conjugative plasmids, offering new adaptive traits while incurring fitness costs.
Their infection is affected by the bacterial capsule. Yet, its importance has
been difficult to quantify because of the high diversity of confounding
mechanisms in bacterial genomes such as anti-viral systems and surface
receptor modifications. Swapping capsule loci between Klebsiella pneumoniae
strains allowed us to quantify their impact on plasmid and phage infection
independently of genetic background. Capsule swaps systematically invert
phage susceptibility, revealing serotypes as key determinants of phage infec-
tion. Capsule types also influence conjugation efficiency in both donor and
recipient cells, a mechanism shaped by capsule volume and conjugative pilus
structure. Comparative genomics confirmed that more permissive serotypes
in the lab correspond to the strains acquiring more conjugative plasmids in
nature. The least capsule-sensitive pili (F-like) are the most frequent in the
species’ plasmids, and are the only ones associated with both antibiotic
resistance and virulence factors, driving the convergence between virulence
and antibiotics resistance in the population. These results show how traits of
cellular envelopes define slow and fast lanes of infection by mobile genetic
elements, with implications for population dynamics and horizontal gene
transfer.

Bacterial capsules are one of the outermost cellular structures. They
protect from multiple challenges such as desiccation, bacteriophage
(phage) predation'? protozoan grazing®, and the host’s immune cells
like macrophages*®. Their ability to protect the cell may explain why
they are an important virulence factor among all nosocomial species,
including the ESKAPE pathogens Enterococcus faecium, Staphylococcus

aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter spp’. Around half of the bacterial gen-
omes encode at least one capsule®, usually composed of thick,
membrane-bound polysaccharide polymers surrounding the cell®.
Group I capsules, also known as Wzx/Wzy-dependent capsules, are the
most frequent ones®. They share the assembly pathways but have very
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diverse sets of enzymes which result in a large variety of capsule
compositions, called capsule serotypes'. Their highly variable nature
suggests that capsule composition is under some sort of balancing or
diversifying selection”. Accordingly, capsule loci are frequently lost
and acquired by horizontal gene transfer (HGT)"*".

Phage infections have an important impact on bacterial popula-
tion dynamics'. They require an initial step of adsorption of the viral
particle to the host’s cell surface. Since the capsule covers the latter,
phage-capsule interactions are key determinants of the success of
phage infections. In many cases phages are blocked by the obstacle
caused by the capsule and cannot reach their cell receptor™®. Yet,
some phages have evolved mechanisms to use the capsule as a
receptor or just to bypass it, such as encoding hydrolases called
depolymerases which digest the capsule”*% Such phages can recog-
nize and attach to capsules of the serotype for which they encode a
depolymerase. Hence, the phage-bacteria antagonistic co-evolutionary
process has made these phages dependent on the bacterial capsule to
adsorb efficiently to the cell. This explains why the capsule serotype
shapes the host range of these phages'>****. In K. pneumoniae, a species
where most strains are heavily capsulated, the tropism of phages to
one or a few serotypes results in an excess of successful infections
between strains of the same serotype'>****. This could explain why
selection for K. pneumoniae resistant to phages often results in
mutants where the capsule is inactivated>?>** or swapped to another
serotype by HGT"'*?*¥_ There is thus a complex interplay between
bacteria and phages in species where most strains are capsulated:
phages are blocked by the capsule, when it hides the cell surface and
they lack appropriate depolymerases [6,18], or they depend on the
presence of a capsule when they can adsorb and depolymerise it” >’
This interplay has implications for population dynamics as the lytic
cycle of most phages results in cell death. It also affects genetic
exchanges because temperate phages can integrate their genome
within the bacterial one and provide novel traits by lysogenic con-
version. Many phages also drive the horizontal transfer of bacterial
DNA by transduction®.

Conjugation is the other main mechanism of HGT driven by
mobile genetic elements (MGEs)®. It plays a key role in bacterial
adaptation by mediating the transfer of many traits, from secondary
metabolism to antibiotic resistance®*. It relies on mating pair for-
mation (MPF) systems that include a type IV secretion system. The
latter were classed into eight distinct types based on gene content and
evolutionary history®. The three most prevalent MPF types of plasmids
in Proteobacteria are MPFg (named after plasmid F), MPF; (named
after the Ti plasmid) and MPF, (named after the Incl R64 plasmid)*.
While MPF conjugative pili are typically long (up to 20 um)*”*s, flexible
and retractable®, MPF; and MPF; are shorter and rigid (<1um)**%
Even though there is very little published information on the effect of
capsules on conjugation, we showed recently that conjugation of one
plasmid from a non-capsulated Escherichia coli strain to different
Klebsiella strains was higher in Awca/ mutants which do not produce
capsules than in the capsulated wild type strains®. Similar effects of
wecal inactivation were later found for one MPFy plasmid*’ and blagpc.»-
carrying plasmids of undetermined types*‘. However, the mechanism
underlying these results remains unknown. Furthermore, conjugation
rates might be more affected by certain serotypes or combinations of
serotypes*. Computational studies failed to find an excess of con-
jugation between strains of the same serotype relative to pairs of
strains with different ones”, but whether some serotypes have sys-
tematic higher conjugation rates is unknown. Similarly, there is little
information on how the presence of a capsule in the donor cell affects
conjugation.

K. pneumoniae is a good model to study the effect of capsules on
the transfer of MGEs. Indeed, most strains have one single genetic
locus encoding a groupl or Wzx/Wzy-dependent capsule, which varies
a lot in terms of chemical composition between serotypes (of which

more than 130 have been characterized computationally in this
species)**™*8, So far, eight distinct monosaccharides have been identi-
fied in the 77 chemically characterized serotypes, as well as many
modifications such as acetylation and a myriad of glycosidic bonds*.
K. pneumoniae is an important nosocomial pathogen in which many
virulence factors and antibiotic resistance genes are encoded in plas-
mids including carbapenemases and 16 S rRNA methylases*~% It is
also a bacterial species with a large environmental breadth outside
mammals™**. K. pneumoniae genomes contain many prophages, which
upon induction have been shown to produce temperate phages that
are specific of one or a few serotypes®. It is also the focus of very
productive lines of research to develop phage therapies to target
multi-resistant strains®. The clinical characteristics of K. pneumoniae
are associated with specific serotypes. Some clones are called hyper-
virulent because they provoke infections in healthy individuals
including liver abscesses. They are almost exclusively of the K1 or K2
serotypes®® and often produce very thick capsules that are thought to
facilitate infection of humans®. Other examples include K3 strains
which are associated with rhinoscleroma, or K24 which are associated
with nosocomial infections. Both K3 and K24 are often multi-drug
resistant because they acquired multiple MGEs encoding antibiotic
resistance genes™. Hence, virulence and resistance are associated
with specific serotypes and both traits were gained by the acquisition
of conjugative elements encoding them®. Yet, the interplay between
capsules and conjugation and how this affects bacterial traits remains
poorly understood.

Here, we sought to characterize the influence of capsule serotypes
on the infection of K. pneumoniae cells by phages and conjugative
plasmids. As mentioned above, previous works showed that phage host
range depends on the capsule serotype'>”**** whereas plasmid acqui-
sition might be facilitated by the loss of the capsule’***. Yet, it has
remained difficult to isolate the impact of these effects because strains
with similar serotypes also tend to be more genetically related. A precise
understanding of the interplay between capsules and MGEs needs a
control for variation of strains’ genetic background because the success
and rates of infections also depend on the cell physiology (e.g., growth
rate), the presence of defence systems (e.g., restriction-modification),
the envelope composition (e.g., LPS), and genetic interactions between
the MGE and the genome (e.g., repression of incoming phages by
resident prophages)®“* To solve this deadlock, we swapped capsular
loci among strains. This is challenging because capsule swapping
requires to build complex isogenic mutants, i.e., precisely exchanging
~30 kb capsule loci between strains. We devised a scalable method to
generate such K. pneumoniae serotype swaps and used it to study phage
and plasmid infection in strains with different serotypes in isogenic
backgrounds. These mutants allowed to show that serotype swaps lead
to a swap of phage host range. We then leveraged a diverse set of
clinically relevant plasmids to test the importance of the capsule in
shaping conjugation efficiency in the recipient cell. The control for the
genetic background allowed us to show that capsules also affect con-
jugation efficiencies of the donor cell and that some serotypes are
associated with higher rates of transfer. To shed light on the mechan-
isms explaining these results, we quantified the effective volume of
individual cells in bacterial colonies and tested whether the volume of
the capsule affects conjugation efficiency. Finally, we used comparative
genomics to test if these results contribute to explain the distribution of
plasmids in hundreds of complete genomes of K. pneumoniae. Indeed,
the frequency of the different types of plasmids and the number of
plasmids recently acquired per serotype match the expectations given
by the experimental data.

Results

Serotype swap shifts phage sensitivity and resistance

To test the precise influence of the capsule and its different serotypes
on infection by MGEs, we first deleted the complete capsule locus
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Fig. 1| Capsule serotype determines phage infectivity. A Overview of the genetic
loci encoding the four different capsule serotypes included in this study and their
chemical composition. Arrows represent the different genes, galF and ugd in blue
corresponding to the regions involved in homologous recombination to generate
the swaps. Conserved genes involved in assembly and export of the capsule (wza,
wzb, wzc, wzi) and initiating glycosyl-transferase (wca/, wbaP) are labelled. The
chemical composition of the capsule (monomers and their organisation), is dis-
played on the right of each locus (predicted by K-PAM'*°). B Matrix of phage
infection. Infection assay for each of the three phages (panels), three swapped

K1 K2 K24 Acps K1 K2 K24

Genotype

strains (y-axis), and different genotypes (x-axis). White tiles correspond to non-
productive infection, i.e., no plaque could be identified. Coloured tiles correspond
to the average PFU/mL normalized by the lysate titre for productive infections
(Supplementary Fig. S2). Grey tiles correspond to non-productive infection with
significant adsorption, while white tiles correspond to non-adsorptive pairs (Sup-
plementary Fig. S3). Values are the mean of three independent replicates after
log;o-transformation. Strain-specific defence systems identified by DefenseFinder
as of 02/2023% are displayed on the right. Source data are provided as a Source
Data file 1 (Adsorption) and Source Data file 2 (Infection).

(Acps) and confirmed that the mutants were non-capsulated (Supple-
mentary Fig. S1). We focused on a set of three strains recently isolated,
belonging to three different sequence types (ST), namely NTUH
(ST23), BJ1 (ST380), and an ST45 isolate (see Dataset Sl Strains). We
used these strains as chassis to insert the four selected serotypes
(serotypes K1, K2, K3 and K24 (Fig. 1A) via a novel scarless method
(See Construction of mutants). These serotypes were chosen for
their clinical relevance (see above) and because the genetics and
the chemical composition of their capsules are well-known*. All
mutants were verified by whole-genome sequencing (See Mutants and
transconjugants validation). These null and swapped mutants allow us
to assess the interplay between MGEs, capsules (and their serotypes)
while controlling for the host genetic background.

In parallel, we generated lysates from three virulent phages, each
able to replicate in only one of the three wildtype strains. For clarity, we
refer to those phages according to the capsule serotype of their ori-
ginal host: phK1, phK2 and phK24. As expected, the Acps mutants were
resistant to all three phages, indicating that all phages required
the presence of a capsule for infection (Fig. 1B). We then enquired if the
host sensitivity to phages is also lost when the serotype is swapped. We
challenged the mutants having swapped capsular loci with the phages.
We found that all those chassis strains that were susceptible to the
phages became resistant upon change of the serotype (Fig. 1B) show-
ing that capsule inactivation or swapping are sufficient to make bac-
teria resistant to phages for which they were originally sensitive.

If capsule serotypes are the key determinants of phage host range,
then upon a capsule serotype swap, one should observe an inversion of
sensitivity. We tested if the acquisition of a novel serotype led to a gain
of sensitivity to the cognate phage. Indeed, in four out of six cases the

serotype swap resulted in the emergence of sensitivity to phages to
which the wildtype strain was resistant (Fig. 1B, S2). To understand the
two cases (BJ1:Kl+phK1 and NTUH::K2+phK2) not resulting in pro-
ductive infections, we performed adsorption assays and observed
significant adsorption at the cell surface for both pairs, in the
same proportion as for susceptible hosts (Figure S3) proving that
these phages can adsorb to the cell when the latter expresses the
cognate capsule. We considered two hypotheses for why infection is
subsequently hampered in these cases. First, the phages could depend
on a secondary receptor. In this case, our results indicate that the
capsule is the primary receptor, as phages are unable to adsorb to
the Acps mutants of susceptible hosts. Second, anti-phage systems in
the hosts could interfere with phage infection after adsorption. To
enquire on this possibility, we analysed the genomes of the three
strains with DefenseFinder®*** and found that each strain encoded four
to eight known defence systems with no homologs in the other strains
(Fig. 1B). The presence of the defence systems or the possible absence
of a secondary receptor may explain why phages sometimes adsorb
without starting productive infections. Overall, these results show that
serotype swaps result in the inversion of the patterns of sensitivity to
phages, even if sometimes gaining a novel capsular locus does not
allow productive phage infection.

The serotype of the recipient influences conjugation

To identify the effects of the capsule (and its serotype) in the cell’s
ability to receive conjugative plasmids while controlling for the genetic
background, we assembled and sequenced a collection of 10 diverse
conjugative plasmids from clinical isolates (See Selection and char-
acterization of conjugative plasmids) belonging to mating-pair
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that p580 encodes two separate MPF systems of type F and T, but the F-type locus is
interrupted by a transposon. Plasmid names colours match the colours of the
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jugation efficiency (n =3) measured from E. coli to each of the three wild type
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antibiotic used for selection (R), either Ertapenem (E) or Kanamycin (K), and the
TraN allele for F-type plasmids. B Log;o-transformed conjugation efficiency (CE)
relative to the associated Acps mutant (by subtraction of the log;o-transformed
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subtraction, with colours and shapes corresponding respectively to plasmids

(A) and strains. Solid line at y = 0 represents the conjugation efficiency of Acps
mutant. We used paired Wilcoxon tests (two-sided) to assess statistically significant
differences. C Same as (B), but with K. pneumoniae strains as donors. The shapes of
the data points represent the genotype of the donor strain. Source data are pro-
vided as a Source Data file 3 (Conjugation from E. coli) and Source Data file 4
(Conjugation from K. pneumoniae). Panels showing data of the individual biological
replicates are presented in Supplementary Figs. S4 and S5. **p < 0.001; ns p > 0.05.

formation type F, T and | and with diverse incompatibility groups
(Fig. 2A). Of note, MPFr plasmids harboured different TraN alleles
(Fig. 2A) which were recently shown to interact with surface receptors
of recipient cells®. We set up an experimental design for plasmid
conjugation including a short surface mating assay on lysogeny broth
(LB) nutrient pads. The short period of time given to conjugation
avoids the interference of potential differences in growth rates
between donors and recipients, as well as having to account for
transconjugants as donors®*®’. We then computed the values of con-
jugation efficiency®®®’” (Supplementary Figs. S4, S5, S6) (See Conjuga-
tion assays).

We performed a first set of assays (set E1) from a non-capsulated E.
coli strain to the K. pneumoniae strains, including 10 plasmids, three
recipient strains, and five capsule states (Acps, K1, K2, K3, K24, Sup-
plementary Fig. S4). The assays were done in triplicate, accounting for
a total of 450 independent conjugation experiments. We used E. coli
DHI10B as a donor because it can stably propagate large plasmids and it
lacks defence systems, other plasmids, or even prophages, and is
readily selectable. We observed measurable conjugation events for all
pairwise strain-plasmid combinations, except for p479¢ in all three
strains, and pP768-NMDS5+, p486+1 and p580+ in strain ST45 (Fig. 2A).
When measurable, conjugation from an E. coli donor was significantly
lower in capsulated strains than in the Acps mutants in three out of
four serotypes (Fig. 2B, Wilcoxon tests, all p < 0.01). This confirms and
generalises our previous results using one single plasmid and Awca/
mutants™,

In a second set of experiments (set E2), we wished to understand
the patterns of conjugation within the K. pneumoniae species, while
controlling for the genetic background (Supplementary Fig. S5). We
selected three plasmids — p476,, pKPN4¢ and pKP13d - which are from
different MPF types and efficiently transferred from and to our three K.
pneumoniae chassis strains (Fig. 2A). We recovered the K. pneumoniae
transconjugants of these plasmids and used them as donors to per-
form conjugation assays between all combinations of donors and
recipients among the five capsule states (Acps, K1, K2, K3, K24) in a

total of 675 experiments. The capsulated strains of the four serotypes
had significantly lower efficiencies of acquisition of plasmids by con-
jugation than the Acps strains (Fig. 2C, Wilcoxon test all p < 0.001). Of
note, the conjugation efficiencies of the pKPN4 plasmid alone were not
significantly different between capsulated and non-capsulated cells
(Paired Wilcoxon test, p > 0.05). These results confirm that expression
of a capsule is generally associated with lower rates of plasmid
acquisition.

We then assessed if plasmid acquisition by conjugation is affected
by the capsule serotype of the recipient cell. Considering all experi-
ments (E1 and E2), pairwise comparisons between conjugation effi-
ciencies across the combinations of serotypes showed that they were
different for every pair of serotypes (Pairwise Wilcoxon tests, all
p <0.01). We used this information to rank the serotypes from lower to
higher median conjugation efficiencies, resulting in the following
hierarchy: K1 <K2 <K24 <K3. We also observed that the impact of the
recipient capsule serotype is dependent on the plasmid. This is espe-
cially evident for plasmid pKPN4r whose conjugation into capsulated
strains was as efficient as into Acps strains (grey points, Fig. 2B, C). This
was not due to higher intrinsic conjugation efficiency relative to the
other plasmids, since pKPN4 displayed a median efficiency between
pKP13d+ and p476; in E2 (Supplementary Fig. S6D). However, plasmid
pKPN4¢ carried the TraNp allele (Fig. 2A), which recognizes K. pneu-
moniae OmpK36 L3 loop region®. We found that our three isolates
encoded the ompK36 gene with an intact L3 loop (See TraN and TraN
receptors typing), leading to the hypothesis that TraN-receptor inter-
actions may alleviate the impact of the capsule. Hence, the capsule
negatively affects the acquisition of conjugative plasmids, with its
quantitative effect depending on the specific serotype and on the
plasmid.

Donor’s serotype influences conjugation

There is no available information on the effect of capsules on the fre-
quency of conjugation by the donor cell. To test the impact of the donor
serotype on conjugation efficiency, we analysed our assays relative to
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colours and shapes corresponding to strains and plasmids in Fig. 2A. Solid line at
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associated with significantly lower conjugation efficiencies than the Acps mutants
(Pairwise Wilcoxon (two-sided), all p <0.001), but not when considering pKPN4

individually (all p > 0.05). Individual biological replicates are presented in Supple-
mentary Figs. S4 and S5. B Log;o-transformed conjugation efficiency between pairs
of donors and recipients with similar or different serotypes. Points represent mean

conjugation efficiencies (n = 4 biologically independent experiments), colours
indicate different plasmids (as in Figs. 2 and 3) and shapes correspond to distinct
pairs. Conjugation is not more efficient between donor and recipient expressing
the same serotype, paired Wilcoxon test (two-sided), p = 0.9. C Networks of plasmid
transfer between capsule states. Data drawn from the K. pneumoniae to K. pneu-
moniae assays. Nodes represents distinct serotypes, and Acps mutants. Edges
thickness represents the mean conjugation efficiency for all pairs. Edges are
coloured according to the donor, indicating the direction of transfer. Source data
are provided as a Source Data file 4 (Conjugation from K. pneumoniae) and Source
Data file 5 (Conjugation within serotype). **p <0.001; ns p > 0.05.

the capsule of the donor (including Acps). This analysis was only done in
the E2 set, since in E1 the donor is an E. coli strain lacking a capsule. The
conjugation efficiency of Acps cells was significantly higher than that of
any of the four serotypes (Fig. 3A). This difference was significant for
plasmids pKP13dy and p476,, but not for pKPN4;. For the latter, the
rates of conjugation seem independent of the presence of a capsule in
the donor (just like above they seemed independent of the presence of
a capsule in the recipient). In the case of the former (pKP13dy and
p476y), the efficiency of conjugation varied significantly between ser-
otypes (Fig. 3A). The rank of the serotypes in terms of efficiency of
conjugation of the donor is similar to that identified above for the
recipient: K1<K2 < K24 <K3. Additionally, we tested if the impact the
serotype was symmetrical between donors and recipients, e.g., if
BJ1:KK1> NTUH:K2 is equivalent to BJ1:K2 > NTUH:K1. We found that
conjugation efficiencies were not significantly different when compar-
ing one direction to the other (Wilcoxon Paired test, p=0.8). Hence,
conjugation efficiencies in donor and recipient cells are affected in
similar ways by the presence of capsules and by their serotypes.

Assessing the importance of the different variables on
conjugation

The results above suggest that several variables affect the conjugation
efficiency. Network analyses of conjugation efficiencies across

serotypes confirm the relevance of the plasmid identity, of the ser-
otype, and the similarity between the effects of donor and recipients
(Fig. 3B, C). This results in wide differences in conjugation efficiency,
i.e., in fast and slow lanes of horizontal gene transfer. This raises the
question of the relative importance of each variable in plasmid transfer
and how they jointly contribute to explain differences in conjugation
efficiency (see Box 1).

We started by assessing if the MPF type is significantly associated
with different conjugation efficiencies when accounting for the effect
of the plasmid identity. For this, we used only the data of conjugation
from E. coli (dataset E1) since in the other dataset (E2) we used three
plasmids with a different MPF type each and one cannot distinguish
between the two effects (MPF and plasmid identity). First, we found
that the interactions between the effects of the MPF type and the
recipient genotype are not significant (ANOVA, p =0.21, Statistics 2,
Text S2). To test the hypothesis that MPF differ in conjugation effi-
ciencies we used a linear mixed model where the MPF type was the
fixed effect, and the plasmid identity was the random effect (Statistics
1, Text S2). This allows to test the effect of the MPF type while con-
ditioning for the effect of the plasmid identity. We found that the effect
of MPF is significant (Supplementary Figs. S6A, B, C, S7, F test,
p=0.023). The comparisons of all pairs using non-parametric tests and
Tukey’s HSD analyses show that all pairs of MPF are significantly
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different and gives an order of efficiency of conjugation
MPF < MPF; < MPF, in both datasets E1 and E2 (Statistics 2, Text S2,
Tukey-Kramer HSD test, p < 0.001).

We then tested if the MPF type and serotypes affect the con-
jugation rates. We made a linear mixed model where we put together
as fixed effects the MPF type of the plasmid and the serotypes of the
donor and recipient, while conditioning (random effects) for the
identity of the donor and recipient chassis strains (Statistics 3, Text S2).
This analysis was done with dataset E2 (conjugation to and from K.
pneumoniae), since in El there is no variation in the donor. The results
showed that all three effects are significant (F tests, all p<0.001)
(Supplementary Fig. S6D, E, F). Interestingly all parameter estimates of
the fixed effects were also significant. Hence, differences within each
group of variables, notably differences between serotypes both among
donors and among recipients, were significant (¢-tests, all p < 0.05). We
conclude that all three variables -~ MPF, donor, recipient serotypes -
and that the categories within these variables all contribute sig-
nificantly to explain the variation in conjugation efficiency.

Given that both donor and recipient serotypes are important for
conjugation efficiencies, we tested the hypothesis that combinations
of serotypes in donor and recipient cells could improve or decrease
conjugation efficiency. For example, strains of the same serotype have
been hypothesized to engage more efficiently in mating pair formation
than pairs of strains with different serotypes®. To address this ques-
tion, we used standard least squares to model the conjugation effi-
ciency in function of the MPF type and the serotypes of donor and
recipients (Statistics 4, Text S2). Here, we used only the data of con-
jugation between K. pneumoniae strains (dataset E2, since for dataset
E1 the donor is never capsulated). We also added an interaction term
between donor and recipient serotypes. This resulted in a significant
linear model (R?=0.43, p <0.001, F test), where the tests on the three
variables revealed significant effect (p<0.001), but the interaction
term was non-significant (p>0.9, same test). Accordingly, none of
the comparisons between pairs of same vs. different capsule serotype
were significantly different (Fig. 3C). Thus, the capsule serotypes of the
donor and recipient cells have a significant and independent impact on
conjugation. Finally, one can have a coarse estimate of the relevance of
the three significant variables by analysing individual ANOVA where
each of the variables is fitted to the conjugation efficiency (Statistics 5,
Text S2). While all tests were significant, the effect of the MPF type
(R?=0.32) was much larger than that of the donor serotype (R* = 0.07),
which exceeded that of the recipient serotype (R*=0.03). Hence, the
MPF type might have a very important impact on conjugation
efficiency.

Capsule volume correlates negatively with conjugation
efficiency

Having established the impact of capsule in conjugation, we set up to
uncover a mechanism that could explain our observations: (1) higher
conjugation efficiency is associated with the absence of capsule,
(2) capsule serotypes affect the rate of conjugation, (3) there is no
evidence of specific interactions between capsules of donors and
recipients, i.e., conjugation efficiency is similar for pairs with similar or
different capsules, (4) MPF pili, which are known to differ widely in
length, are important determinants of conjugation efficiency. While (2)
and (4) might suggest that some sort of receptor in the recipient cell
could explain our results, (1) suggests that capsules are not being used
as receptors for the pilus, and (3) suggests that specific interactions
between the capsules of the donor and recipient cells are not impor-
tant. We thus reasoned that the physical barrier represented by the
capsule may impede cell-to-cell interactions, leading to inefficient
mating-pair formation. To test the hypothesis that capsule volume
explains differences in conjugation efficiencies, we measured the
effective volume occupied by a cell in a colony (Fig. 4A), estimated via
standard-colony dissolution into PBS, as a proxy for the thickness of

the capsule. As a control, we also measured capsule quantity using the
traditional glucuronic acid quantification method. Both measures were
positively and very significantly correlated (Supplementary Fig. S1,
Statistics 6e, Text S2, R?=0.8).

The effective volume across all three strains and capsule states
spanned a range of 10 to 75 pm?/CFU and averaged 32 um?*/CFU_This is
in line with previous estimates of the packing density of E. coli colonies
grown in slightly different conditions (33 pm?/CFU)®. As expected,
non-capsulated cells have the smallest volume. This is not caused by a
growth defect that could lead to small cells, since we have shown that
in rich medium non-capsulated bacteria grow faster and should thus
be larger once one excludes the effect of capsules®. As expected, all
four serotypes were associated with significantly higher effective
volumes than Acps mutants. The K1 and K2 serotypes have the largest
volume, which fits published data showing that natural strains with
these serotypes tend to have very voluminous capsules®’”°. Serotypes
were associated with different effective volumes in the ranking order:
K24/K3 <K2 <Kl (Statistics 6a, Text S2). For example, the effective
volume of BJ1:K1 cells is on average ca. three times larger than that of
BJ1::K3 cells. These results confirm that a large fraction of the volume
of the swapped strains can be explained by their different capsular
types. It could be argued that cell volume may vary for many other
reasons than the capsule, even if we are growing strains in the same
conditions and these only differ in the capsule locus. We obtained
similar trends when we measured the quantity of capsule with the
glucuronic acid quantification method (Supplementary Fig. S1, Statis-
tics 6b, c, d, e, Text S2).

We then tested the hypothesis that capsule volume hinders con-
jugation by computing the association between the effective volume
and conjugation efficiency. To do so, we fitted a linear mixed model
with the cell volume as a fixed effect and the chassis strain as a random
effect. The results show that the association between the capsule
volume and recipient conjugation efficiency is very strong once the
identity of the chassis is considered (F test, p<0.001). To note, a
similar analysis considering the conjugation efficiency and volume of
donors (see Inset text Box 1) provided similar results (Supplementary
Fig. S9). To visualize the data in a simpler way, we made three linear
regressions between the average effective volume and the average
conjugation efficiency of recipients (all conjugation assays) for each
chassis strain, which showed a good fit (Fig. 4B). We obtained similar
results when fitting the conjugation efficiency to the uronic acid
quantity associated with each serotype (Supplementary Fig. S10, Sta-
tistics 6b,d). We noticed that the effective volume varies between
chassis strains of the same serotype (Supplementary Fig. S11) and
leveraged these variations to understand if changes in volume caused a
change in conjugation. To test this, we accounted for the serotype by
adding it as arandom effect in the previous model (Statistics 7, Text S2,
Supplementary Fig. S11). This model indicates that capsule volume and
recipient conjugation efficiency are negatively correlated within ser-
otypes (F test, p = 0.004). These results suggest that the volume of the
capsule shapes the differences in conjugation efficiency between
strains.

Hence, the effects of the chassis and of the capsule volume
explain most of the variation in the conjugation efficiency between
serotypes. The analysis of the slopes of these regressions shows that
when the average effective cell volume decreases by 20 um? there is
roughly a doubling of the conjugation efficiency. These results are
consistent with the hypothesis that capsule volume shapes conjuga-
tion efficiency.

The determinants of conjugation shape the distribution of nat-
ural plasmids

Our analysis revealed that conjugation efficiency in the laboratory was
strongly impacted by capsule expression and the serotypes of both
donor and recipient cells, as well as by the MPF type. Do these results
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positively correlates with amount of capsule quantity (Supplementary Fig. SIA).

B Mean effective volume vs. mean log;o-transformed conjugation efficiencies of
recipients (from E1 and E2 combined). Points correspond to distinct capsule states
in the recipient strain. Colour corresponds to the strains as in (A). Lines represent
linear regressions for each chassis strain between the log;o-transformed conjuga-
tion efficiency and the average effective volume (EV). The linear mixed model of the
log;o transformed conjugation efficiency using the effective volume as a fixed effect
and the chassis strain identity as a random effect showed a significant effect of the
volume (F test, F =45, p < 0.001, Statistics 6, Text S2). Source data are provided as a
Source Data file 6 (Volume) and Source Data file 7 (Volume vs. recipient conjuga-
tion). *p < 0.05; **p < 0.001; ns p > 0.05.

contribute to a better understanding of the distribution of plasmids in
natural populations? We retrieved the non-redundant dataset of 623
complete genomes of K. pneumoniae from RefSeq, which contained
2386 plasmids. We used these genomes to build a pangenome
including 29,043 gene families. We extracted the pangenome gene
families present in single copy in more than 90% of the strains and used
these 3940 gene families to build the species phylogenetic tree and
used the genomic data to predict the capsule locus type of each strain
(serotype). Finally, each plasmid was characterised in terms of
the presence of the conjugation machinery, virulence factors, defence
systems, and antibiotic resistance genes. We found that 21% of the
plasmids carried all the key genes for conjugation: 23% were of
type MPF,, 27% MPF+, and 50% MPF. Some plasmids of all types carried
antibiotic resistance genes (56% of all plasmids) but only Type F plas-
mids carried virulence factors (8%, half of which carried resistance
genes too) (Fig. 5A). Type F plasmids seem to be the least susceptible
to the presence of a capsule and they also seem to be the most
abundant across the species.

To assess if the rates of plasmid acquisition vary with the serotype,
we traced the history of acquisition of each plasmid on the species tree.
We found that 68% of the conjugative plasmids were acquired in
terminal branches, implying that conjugative plasmids in this dataset
were acquired very recently. We then searched to understand if there is
an association between the relative frequency of conjugation of each
serotype (as measured in the laboratory) and the frequency of acqui-
sition of plasmids by strains in populations of these serotypes. More
precisely, we tested if the number of conjugative plasmids acquired on
the terminal branches of the tree differed between groups of serotypes.
We focused on acquisitions in terminal branches because these are
more accurately inferred, and this procedure allows to only count
independent events. Among the 77 serotypes present in our genome
database, we observed that serotypes differ in the rate of acquisition of

conjugative plasmids (Kruskal-Wallis test, p < 0.001). We then focused
on the serotypes included in this study, namely K1, K2, K3, and K24. The
average number of defence systems was not different across serotypes
(Statistics 8, p=0.22). Thus, this variable was not considered in further
statistical analyses. We pooled the plasmids in two categories because
there were only seven K3 genomes: large capsules associated with
hyper-virulence (K1, K2) and small capsules (K24, K3). We also put
together all plasmids, not just the conjugative ones, because plasmids
mobilizable by conjugation will be as affected by the capsule as the
conjugative ones. Since we observed a complex relationship between
the branch length and the number of plasmid gains (Supplementary
Fig. S12), we fitted a generalized additive model with the plasmid gains
as response, MPF type and serotype as fixed terms, and the branch
length as a smooth term. While there were no significant differences in
the types of plasmids acquired between groups, which could be
explained by the small size of the dataset (n=29 genomes in the small
capsule group), we observed a significantly higher plasmid acquisition
rate in genomes of K3 and K24 serotypes than in genomes of K1 and
K2 serotypes (Fig. 5B, p=0.01, Statistics 9, Text S2). This is in line with
previous genomic analyses showing that the pangenome diversity of
hypervirulent strains is lower than that of the multi-resistant ones,
mostly due to a lower plasmid diversity”. These results suggest that the
impact of the capsule serotype on conjugation efficiency plays a role in
the differences of rates of plasmid acquisition in natural populations.

Discussion

Bacteria have multiple mechanisms to restrict infections by MGEs,
including intracellular defence systems’? and surface exclusion
systems”. They also encode an array of functions with pleiotropic
effects on these infections, e.g., involved in DNA repair’* or present at
the cell envelope™. Among the latter, the capsule protects from abiotic
stresses and the host immune system but is also regarded as a
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BOX 1

Unravelling the Variables in Bac-
terial Conjugation

Bacterial conjugation is a multifaceted process, driven by strain-
specific factors, plasmid composition, and capsule types. Our multi-
variate analyses included the following factors:

Strain attributes:

- Donor strain: Conjugation efficiency is influenced by the unique
traits of the donor. Three specific donors were utilized: E. coli
DH10B, K. pneumoniae BJ1, and NTUH.

- Recipient strain: Similarly, the attributes of the recipient strain
play a pivotal role in conjugation efficiency. Three distinct reci-
pients were analysed: K. pneumoniae BJ1, ST45, and NTUH.

Capsule variations:
- Capsule type: K. pneumoniae strains harboured five distinct
capsule types: non-capsulated, K1, K2, K24, and K3.

Plasmid characteristics:

- Identity: The genetic makeup of a plasmid can determine its
impact on conjugation. Ten unique plasmids were studied.

- Mating-Pair Formation (MPF) type: Conjugation system’s MPF-
type can influence conjugation efficiency. Three different types
were studied.

Analysis framework:
- Donor’s perspective: Evaluates conjugation efficiency by
emphasizing the recipient’s distinct strain and capsule attributes.
- Recipient perspective: Evaluates efficiency by emphasizing the
recipient’s distinct strain and capsule attributes.

gatekeeper for phages and plasmids. Here we precisely quantified
these latter effects in K. pneumoniae using isogenic serotype-swap
mutants in three different chassis strains. Remarkably, the acquisition
of a capsule locus of ca. 25 kb in place of the original and its expression
did not require additional mutations. This suggests that capsules loci
might be transferred easily within the K. pneumoniae population where
they are ready-to-express, as previously observed in bacteria with high
transformation efficiencies such as Streptococcus pneumoniae’. Such
mutants will be useful in the future to probe interactions between
capsules, MGEs and other cellular components, e.g., to understand
how genetic backgrounds may shape the serotype swaps that hamper
capsule-based vaccines long-term efficacy™””.

Phage infection requires the availability of a specific receptor at
the cell surface. This affects bacterial population dynamics and our
ability to leverage phages for antimicrobial therapy. Capsules can mask
receptors present on the cell surface, and thus act as barriers to phage
infection'*’%, They can also be necessary for phage infection, especially
in nearly ubiquitously capsulated species like Serratia’”®, Acinetobacter”
or Klebsiella®. The host range of capsule-targeting phages is generally
restricted to one or a few serotypes”’** because they rely on the tail
spike proteins harbouring depolymerase enzymes'>*, The latter act as
specific receptor-binding proteins tunnelling through capsules®.
Here, we found that sensitive strains to capsule-dependent phages all
became resistant upon capsule inactivation or serotype swap. We also
showed that the acquisition of a new serotype resulted in the inversion
of phage sensitivity, as swapped strains became sensitive to phages
that could infect the original donor of the capsule. Hence, these results
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Fig. 5 | Distribution of recently acquired plasmids. Analysis of 623 complete K.
pneumoniae genomes. A Number of conjugative plasmids acquired recently in the
genomes of our dataset. The colours correspond to the different categories of
plasmids. The data correspond to conjugative plasmids acquired in terminal
branches. B Number of plasmids (including non-conjugative) recently acquired
(terminal branches of the species tree) in the focus serotype. Bars represent the
mean of plasmid gains per genome (n =73 for “Large”, n = 29 for “Small”). Error bars
represent the standard deviations. A generalized additive model was fit with the
gains as the response variable, log;o branch lengths as a smooth function term
(thin-plate regression spline), and serotype (grouped between large and small
capsules) and MPF type (I, T, F, Others) as fixed terms (Statistics 9, Text S2). Source
data are provided as a Source Data file 8 (Plasmids annotations) and Source Data file
9 (Plasmid acquisitions).

show that independently of the genetic background and differences in
the expression of the capsule, the loss or swap of capsules is often
necessary and sufficient to change the sensitivity of K. pneumoniae to
phages.

We examined the influence of the capsule (and its serotype) on
conjugation, building on previous findings that showed that the cap-
sule can decrease the rate of acquisition of one specific conjugative
plasmid™. Our results on a diverse panel of plasmids, donor, and
recipient strains show that the presence of capsules in both the donor
and recipient cells reduces the efficiency of conjugation (without
abolishing it completely). Of note, a recent study on the conjugation of
pOXA48 suggests that the effect of capsules may even be stronger in
other species, since those of Klebsiella were the ones less hindering
transfer®. Importantly, the number of recent plasmid acquisitions in
natural populations matches the estimated rates of conjugation
in vitro, i.e., serotypes more permissive to conjugation in the lab cor-
respond to those having acquired more plasmids recently in natural
populations. Furthermore, this effect depends on the serotype. Cap-
sules of the K1 and K2 serotypes, which are the most frequent among
hypervirulent isolates resistant to phagocyte-mediated clearance™>%,
are particularly effective at lowering the rates of conjugation. The
capsules of these hypervirulent isolates are often very thick which may
facilitate escape to the immune system*, but also hamper conjugation.
Nevertheless, we observed some heterogeneity in the susceptibility to
the capsule among the plasmids. For example, pKPN4; seems to
transfer independently of the capsule. This may be due to the presence
of the TraNp allele in the MPF apparatus, which was recently shown to
stabilize mating-pair formation with K. pneumoniae recipients>*>5>5
and is present in the MPF system of pKNP4¢. Understanding how dif-
ferent factors like TraNf and the capsule affect conjugation may
represent a fruitful venue for future research. Since MPF; plasmids
spread more efficiently than other MPF types in the heavily capsulated
cells of hypervirulent strains, this would explain why we found viru-
lence factors exclusively on this type of conjugative plasmids. If so, our
results suggest the potential for a trade-off between selection to evade
the immune system (with potential implication in virulence) and to
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acquire novel traits (with implications in the acquisition of antibiotic
resistance) within Klebsiella clinical strains. Such a trade-off would be
partly alleviated in MPFg plasmids, which may have contributed to
their large success in this species and their unique carriage of both
virulence factors and antibiotic resistance genes. The union of the
two traits in such conjugative plasmids has led to the recent emer-
gence of hypervirulent and resistant clones®. We propose that the
ability to conjugate independently of the capsule may be a hallmark of
conjugative plasmids conferring hypervirulence and multi-drug
resistance.

The effect of capsules on conjugation is intriguing and could arise
in multiple ways. We show that it does not depend on interactions
between serotypes, suggesting that the effect of capsules is not spe-
cifically linked with their composition. Instead, the volume taken by
the capsule, and its quantity, seems to explain most of the variation in
conjugation rates between otherwise isogenic strains. The capsulated
cells occupy more volume than non-capsulated cells in bacterial
colonies, and capsule serotypes are associated with different cell
effective volumes. For example, K1-expressing cells occupy up to three
times more space than non-capsulated cells and conjugate at much
lower rates. Moreover, capsule-mediated increase in effective volume
is strongly associated with decrease in conjugation efficiency, i.e., the
more space a cell takes up, the less efficient it is at conjugation. This
suggests that the capsule may affect conjugation by physically dis-
tancing the bacteria from each other, making it harder for plasmids to
be transferred between them by conjugation. This model can also
explain the different interactions between capsules and MPF types,
since Type T and I are typically short, non-retractile, and are very much
affected by the distance imposed by the capsule. In contrast, the F-pili
are longer and can retract, which may allow them to bypass spatial
hindrance and could explain why they seem much less affected by the
presence of capsules.

Our model describes how phage infection depends on capsule
presence and composition, while conjugation efficiency depends on
capsule-associated volume for MPF types T and I. Consequently, fac-
tors altering the capsule’s composition and expression will impact
HGT. Although traditionally capsule composition was attributed solely
to the genes within the capsule locus, this view has evolved with the
discovery of mucoid regulators like rmpA®¢, and capsule modifiers like
prophage-encoded wzy able to alter the branching of capsule
monomers®. In contrast, the expression level of the capsule is known
to be influenced by environmental factors such as iron availability or
temperature, which are integrated by general regulators to modulate
capsule production. Highlighting the connection between capsule
regulation and HGT, the Rcs phosphorelay has been observed to co-
regulate both the capsule and CRISPR-Cas systems in Serratia®. Hence,
improving our understanding of the regulatory mechanisms of capsule
dynamics may provide insights into when and where HGT pre-
ferentially occurs.

Transduction, lysogeny and conjugation mediate HGT in most
bacterial species. Consequently, factors that influence the rates of
infection by phages and conjugative elements shape gene flow>*, In
this study, we examined the capsule’s dual role in determining phage
susceptibility and modulating conjugation efficiency. Our results
demonstrate that cell envelope structures play a crucial role in bac-
terial species evolution. Since capsules are frequently exchanged in
natural populations, clones can undergo drastic changes in their ability
to access new gene pools following serotype swaps. Changing the
capsule type can close or open new routes for phage-mediated HGT
and slow down or accelerate plasmid transfer rates. These observa-
tions are consistent with previous findings that the transfer of pro-
phages, but not that of conjugation systems, is biased toward same-
serotype exchanges'.

Our results on the role of capsules on conjugation and phage
infection can be of relevance to understand other mechanisms

affecting capsulated cells and shaping their ecological interactions®’,
notably those concerning mechanisms that deliver effectors into other
cells. For example, T4SS are part of the MPF leading to plasmid
conjugation, but are also used by pathogens to inject proteins and
toxins in eukaryotic***°° and bacterial cells”’. We suspect that capsules
may hinder the attackers and protect the victims from T4SS. Capsules
may also offer protection from other syringe-like devices like the
type IlI” and type VI*** secretion systems. Accordingly, capsules
protect enterobacterial cells, including K. pneumoniae, from T6SS
killing®>®. Extracellular contractile injection systems (eCIS) are toxin-
delivery particles that evolved from phages®”. Capsules might be a
protective barrier from eCIS. When the latter specifically target the
capsule, like many phages do, then serotype variation may allow bac-
teria to escape’®. Capsules may thus impact virulence, population
dynamics, bacterial competition, and horizontal gene transfer in
multiple ways.

Methods

Strains and plasmids

The strains used in this study, as well as their genomic annotations and
accession numbers, are described in Supplementary Data S1. The
conjugative plasmids used in this study are described in Supplemen-
tary Data S2.

Scarless serotype swaps

The detailed protocol for scarless serotype swaps is available as Sup-
plementary Text 1-Scarless Serotype Swap protocol. Briefly, we first
constructed complete capsule loci deletion (Acps mutants) in our
target strains via a Lambda Red knockout with a modified KmFRT
cassette (Supplementary Data S3) including an I-Scel cut site outside
the Flp recognition target (FRT) sites, and 500 bp of homology
upstream galF and downstream ugd. The KanMX marker was then
excised via expression of the FLP recombinase, leaving an 80 bp scar
containing the I-Scel cut site between galF and ugd, which were left
intact (Supplementary Table S1, primers).

We cloned the whole capsule loci (-25 kb) from strains with dis-
tinct capsule serotypes via a Lambda Red gap-repair cloning approach.
We cloned capsular loci from the strains involved in the swaps for K2
(BJ1) and K24 (ST45). Capsule locus K1 was cloned from K. pneumoniae
SAI12 (ERZ3205754) which harbour a nearly identical locus as NTUH-
K2044 (>99% identity, >99% coverage). Capsule locus K3 was cloned
from the reference strain K. pneumoniae ATCC 13883.

We built a cloning cassette encoding a KanMX resistance marker,
an I-Scel cut site, and low copy pSCI101 origin of replication (Supple-
mentary Data S4). This cassette is designed to circularize around the
capsule locus, including galF promoter and ugd stop codon, via
recombination to capture the whole locus onto a vector, hereafter
referred to as pKapture (Supplementary Table S1, primers).

We electroporated pKapture vectors in the Acps mutants, effec-
tively complementing capsule expression in trans with their own, or
other, capsule loci. To force integration of the cloned capsule into its
native site, the Acps strains transformed with pKapture were electro-
porated with the pTKRED plasmid”, carrying an inducible I-Scel
restriction enzyme, inducible Lambda Red system, and a functional
copy of recA. Briefly, we induced the I-Scel enzyme overnight with
selection to maintain pTKRED. The I-Scel enzyme linearizes the
pKapture plasmid, providing recombination proficient linear ends, and
introduce a chromosomal double-strand break within the capsule
deletion, which is lethal if unrepaired, resulting in the insertion of the
capsule locus. When the repair occurs with the linearized plasmid, the
I-Scel cut site is removed since the capsule locus recombines outside of
the deletion. We identified capsulated colonies on LB plates without
selection and sequenced the mutants to validate the proper scarless
replacement of the capsule locus. We performed whole-genome
sequencing of the swaps by Illlumina and used Breseq v0.36' to verify
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off-target mutations (see Mutants and transconjugants validation). All
the 12 strains we sequenced carried the expected capsule swap and
only one strain carried one missense mutation in the gene pheP
(NTUH::K24), located outside the capsule locus.

Uronic acid quantification

The bacterial capsule was extracted as described before'”' and quan-
tified using the uronic acid method'®% Briefly, OD600nm of overnight
cultures in LB medium was measured. Then, 500 pL were transferred
to an Eppendorf tube with Zwittergent and were centrifuged. The
supernatant was discarded as to specifically measure cell-bound sur-
face polysaccharides, and washed with ethanol, and dissolved in
double-distilled water. The uronic acid concentration of each sample
was determined from a standard curve of glucuronic acid. Finally, to
normalize for number of cells, the concentration was then divided by
the OD600nm of the overnight culture.

101

Phage assays

(i) Phage details. Phage lysates of phKl, phK2 and phK24 were
obtained from various laboratories and streaked for single plaques on
lawns of the wildtype strains NTUH (phK1), BJ1 (phK2), and ST45
(phK24). Phage phK1was described in ref. 103. Phages phK2 and phK24
were isolated from sewage from wastewater treatment plants in
Valencia (Spain). The former was isolated using K. pneumoniae B 5055
capsular type KL2 as host, and phK24 was using K. pneumoniae 1680/
49 capsular type KL24. Both strains were purchased from the Statens
Serum Institute (Copenhagen). For phage isolation, sewage samples
were filtered and tested on soft agar semi-solidified media containing a
lawn of the K. pneumoniae strains.

To isolate each phage, a triple plaque-to-plaque transfer was
carried out. Subsequently, each isolated plaque was used to infect log-
phase K. pneumoniae cultures, and the supernatants were titrated by
the standard plaque assay.

(i) Phage production. After overnight incubation, three independent
plaques were picked for each phage with a sterile tip and co-inoculated
with a single colony of the host strain in 5 mL of fresh LB at 37 °C. The
co-culture was spun down the next day and the supernatant was fil-
tered through 0.22 um. 10 uL of each filtrate was introduced in expo-
nentially growing cultures (OD=0.4) of its corresponding host.
Complete lysis was evident for all three phages after 3 h. To recover
phage particles, the cultures were centrifuged at 3220 g. Supernatants
were mixed with chilled PEG-NaCl 5X (PEG 8000 20% and 2.5M of
NaCl) through inversion. Phages were allowed to precipitate for 15 min
and pelleted by centrifugation 10 min at 3220 g at 4 °C. The pellets
were dissolved in TBS (Tris Buffer Saline, 50 mM Tris-HCI, pH 7.5,
150 mM Nacl).

(iii) Phage infections. To test the susceptibility of wildtype, Acps
mutants, and capsule swapped strains to phages, overnight cultures in
LB of strains were diluted 1:100 and allowed to grow until OD =0.8.
250 uL of bacterial cultures were mixed with 3 mL of top agar (0.7%
agar) and poured intro prewarmed LB plates to generate the bacteria
overlay. Plates were allowed to dry before spotting serial dilutions of
PEG-precipitated phages. Plates were incubated at 37 °C for 4 h and
plaques were counted. The lysate titre is defined as the concentration
obtained by estimating the plaque forming unit per ml on the lawn of
the strain used to prepare the phage lysate.

(iv) Phage adsorption. To test the ability of a phage to adsorb, we
mixed 10uL of phage stock solution with 500 uL of overnight bacterial
culture for 5min 37 °C. We then placed the tubes in ice, and transferred
them in a pre-chilled centrifuge at 4 °C. After centrifugation for 5 min
3220 g, we spotted serial dilution of the supernatant on bacterial lawns
of the phage host for PFU counting.

Selection and characterization of conjugative plasmids

(i) Plasmid identification. We screened the genomes of our laboratory
collection and the isolates of the National Reference Centre (Centre
National de Reference) for Carbapenemase-producing Enterobacter-
iaceae at the Bicétre Hospital (Paris) to identify contigs resembling
conjugative plasmids. We used Plasmidfinder'® to retrieve plasmid
contigs, MacSyFinder with TXSScan models®*'® to identify conjuga-
tion operons and annotate their mating-pair formation type, and
ResFinder to annotate antibiotics resistance genes'®. We gathered a
list of contigs containing the following features: a plasmid replicase
identified and typed by PlasmidFinder, a complete conjugation sys-
tem, and at least one selectable antibiotic resistance (carbapenem or
kanamycin resistance, absent in our swapped strains). Additionally, we
included two extensively studied conjugative plasmids, pOXA48-K8
(MPF) and the de-repressed version of the R1 plasmid, R1 dri9
(MPFg)'”. We purified our plasmids of interest by conjugation into E.
coli DH10B, which does not encode any prophage, plasmid, restriction-
modification system, and is resistant to streptomycin and auxotroph
for leucine. We picked one transconjugant per plasmid and sequenced
it to validate that they only contained a single conjugative system (see
Mutants and transconjugants validation). Those plasmids are descri-
bed in Supplementary Data S2, and their annotated sequence are
available as Supplementary Data S5.

(ii) Plasmid annotation. To detect conjugative systems and infer their
MPF types, we used TXSScan with default options®'%, To detect and
annotate virulence factors, we used Kleborate v2.2' with default
options. To detect and annotate antibiotics resistance genes, we used
ResFinder v4.0'. We classed plasmids into distinct categories,
“resistance plasmids” containing at least one ARG, “virulence plasmids”
containing at least one virulence gene, “virulence and resistance
plasmids” containing at least one virulence and one resistance gene,
and the rest of the plasmids as “others”.

(iii) TraN and TraN receptors typing. We gathered the sequences of
TraN proteins described in ref. 65 (Supplementary Data S6) and sear-
ched for homologs among the MPF-F plasmids proteins with Blastp
v2.10.0 +°. The best hits based on the bitscore of the alignment are
displayed in Supplementary Table S2. OmpK36 proteins were identi-
fied as the best hit (bitscore) of a Blastp search (Supplementary
Table S2) with WP_004180702 (NCBI accession) and aligned with
Clustal Omega (Supplementary Fig. S8). The L3 and L4 regions are
highlighted according to®. OmpA homologs were found through a
Blastp search (Supplementary Table S2) with NP_415477 (NCBI acces-
sion), and the best hit (bitscore). All three OmpA are 100% identical.

Mutants and transconjugants validation

We performed DNA extraction with the guanidium thiocyanate
method™ with modifications. DNA was extracted from pelleted cells
grown overnight in LB supplemented with 0.7 mM EDTA and appro-
priate antibiotics for plasmid maintenance. Additionally, RNAse A
treatment (37 °C, 30 min) was performed before DNA precipitation.
Each clone was sequenced by Illumina with 150pb paired-end reads
from NextSeq 550, yielding approximately 1 GB of data per clone. The
raw data were deposited in the BioProject PRJNA952961.

All mutants generated in this study were verified by whole-
genome sequencing and comparison to the reference wildtype gen-
ome with Breseq v0.37.0 with default options'® (Supplementary
Data S7). We also assembled the genomes de novo with Spades
v3.15.5" (option -isolate) and ran Kaptive*® to annotate and extract the
inserted capsule locus. Annotations corresponded with the expected
insertion, and alignment of the extracted capsule locus to the source
strain with EMBOSS Needle™ revealed no mutation.

All DH10B transconjugants used as donors were also verified by
whole-genome sequencing (Illumina paired-end 300 bp reads), to
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verify that only the target plasmid and no other MGEs were trans-
ferred. To do so, we assembled the genomes with Spades v3.15.5"2
(option -isolate) and analysed the assembly to find plasmid contig(s) as
described above in Selection and characterization of conjugative plas-
mids. We found only one plasmid contig per assembly. We used Blastn
v2.10.0 + " to check that the plasmid contig in DH10B matched one
contig from the original donor strain, which was the case. Finally,
we extracted and circularized the plasmid contig in DHIOB with
SnapGene (Supplementary Data S5), according to (i) the paired-end
read mapped with bwa-mem v0.7.17""* and visualized in IGV' (ii) the
assembly of the plasmid contig in the original donor strain and (iii)
long-reads obtained via low-coverage (10x) Pacbio sequencing of the
original donor strain that were mapped onto the assembly with bwa-
mem v0.7.17 (BioProject: PRJINA952961).

Conjugation assays

(i) Experimental setup. E. coli donors were cultured overnight from a
single colony with the appropriate antibiotic in 3 mL LB at 37 °C. The
next day, cultures were prepared from a 1:50 dilution. K. pneumoniae
donors and recipients were inoculated over day from single colonies
into 3mL fresh LB with the appropriate antibiotics to avoid the
emergence of non-capsulated cells that can appear rapidly under
laboratory conditions®’. We used ertapenem with a final concentration
of 0.15 ug/ml for plasmids encoding a carbapenemase and kanamycin
with a final concentration of 50 ug/ml for plasmids encoding ami-
noglycoside resistance genes (Supplementary Data S2).

Cells reached an OD600 =1 after 4 h of over-day growth, point at
which donor cultures were centrifuged and resuspended in 3 mL
phosphate-buffered saline (PBS). They were then mixed 1:1 (vol:vol)
and a 15 pL drop of the mixture was inoculated on a 24-well microtiter
plate containing 1 mL LB agar pads. The droplets were allowed to dry
under the hood with laminar flow (5-10 min) and incubated for1hin a
humidity box at 37 °C. Then, 1 mL PBS was added in each well, and the
plates were sealed with a hydrophobic adhesive film and shaken at
120 rpm for 5min to resuspend the lawn. The contents of each well
were then transferred to a 96-well plate, serially diluted and spotted
(10 uL) on plates selecting for either donor cells, recipient cells, or
transconjugants. The next day, colonies were counted at the appro-
priate dilution (between 3 and 30 colonies per spot).

(ii) Selective plating. We used a selective plating strategy to enu-
merate exclusively the donors, recipients and transconjugants. To do
this, we leveraged the natural markers of our focal strains. This strategy
is recapitulated in Supplementary Table S3.

(iii) Conjugation efficiency estimation. To measure the transfer of
conjugative plasmids, we computed the transfer rate constant'¢, or
conjugation efficiency"’, with the following method:

Conjugation efficiency = - At

Where T is the transconjugants concentration (CFU/mL), D the
donors’ concentration, R the recipients concentration and At is the time
of conjugation. This quantity is expressed in mL.CFU™hours™ and
represents the transfer rate constant®. This method performs accu-
rately to estimate the efficiency of conjugation, especially under short
conjugation time which minimize the impact of transconjugant con-
jugation. It was shown to produce consistent estimates of the D:R ratio
when compared with far more complex population-based methods®*’.

We also compared this quantity with the widely used, and simpler
formula T/R, and found a Pearson correlation coefficient of 0.97
(p<0.001) between the two quantities after Logo-transformation.
Hence, these two values are highly correlated and may be inter-
changeable under our conditions. All analyses were performed with
the conjugation efficiency formula above, since it was shown to be less
susceptible to experimental parameters®®®’,

Effective volume measurement

We inoculated a 15 L drop from an overnight culture for each strain
onto LB agar plates and incubated the plates at 37 °C. After 24 h of
growth, we resuspended each colony into 1.5mL Eppendorf tubes
containing 50 pL of PBS. Tubes were vortexed for 1 min, then left for
15 min at room temperature, and vortexed again for 1 min. This allowed
for complete dissolution of colonies. We then used a 0.5-10 yL micro-
pipette to measure the excess volume. For example, if we measured a
volume of 85uL after colony dissolution, we estimate the colony
volume to 85-50=35uL. In parallel, we performed serial dilutions
followed by plating on LB agar to estimate the total number of CFU in
the resuspended colony. The effective volume was then computed as
the ratio of CFU by the volume of the colony. This quantity represents
the average volume occupied by a cell in a colony. The data are
available in Source Data File 6 (Volume). Volume measurements of
colonies were performed on the same growth conditions (LB agar at
37 °C) as the conjugation assays.

Genome data

We retrieved all the K. pneumoniae complete genomes available in the
NCBI non-redundant RefSeq database, accessed in March 2021, along
with their gene annotations. This resulted in a set of 730 genomes
containing 2386 associated plasmids. The pairwise genetic distances
between all genomes of the species was calculated using MASH"S,
Strains that were too divergent (MASH distance >6%) to the reference
strain or too similar (<0.0001) to any other strains were removed from
further analysis. A total of 623 genomes were analysed. To identify
defence systems, we ran DefenseFinder v1.0.9 with default options®.
The information on the genomes (including accession numbers) is
available in Supplementary Data S8.

Pan and persistent genomes

The pangenome is the full repertoire of homologous gene families in a
species. The pangenome of K. pneumoniae was identified using the
module pangenome of the software PanACoTa" v1.3.1. Briefly, gene
families were built with MMseqs2 v13.45111, with an identity and bi-
directional coverage threshold of 80%. This analysis resulted in 29,043
gene families among the 623 genomes (Supplementary Data S9). We
then computed the persistent genome with a persistence threshold of
90%, meaning that a gene family must be present in single copy in at
least 90% of the genomes to be considered persistent, and found 3940
gene families.

Phylogenetic inference

To compute the species phylogenetic tree, we aligned each of the 3940
protein families of the persistent genome individually with the align
module of PanACoTA. These alignments were concatenated to pro-
duce a large alignment matrix with 296,147 parsimony-informative
sites over a total alignment of 3,740,313 bp. We then use this alignment
to make the phylogenetic inference using IQ-TREE (v2.02). We used
ModelFinder'® and calculated 1000 ultra-fast bootstrap™?. The best-fit
model was a general time-reversible model with empirical base fre-
quencies allowing for invariable sites and discrete Gamma model with
4 rate categories (GTR+F +1+G4). We rooted the phylogenetic tree
with the midpoint.root() function from the Phangorn R package'”. The
tree is available as Supplementary Data S10.

Capsule locus typing

We used Kaptive v2.0.0*3'* with default options and the “K locus pri-
mary reference” to identify the capsule locus type (CLT) of strains. The
predicted CLT is assigned a confidence level, which relies on
the overall alignment to the reference CLT, the allelic composition of
the locus, and its fragmentation level. We assigned the CLT to
“unknown” when the confidence level of Kaptive was indicated as
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“none” or “low,” as suggested by the authors of the software. The
annotation is available in Supplementary Table S8.

Capsule regulators of BJ1, NTUH-K2044 and ST45 were detected
according to a previous analysis'?. Briefly, we compiled a dataset of
proteins known to affect capsule production and performed a BLASTP
search (Blast+ v2.12)"° (default parameters) against the full proteome.
Proteins that shared more than 80% identity with proteins from the
reference dataset were considered as capsule related or belonging to
the capsule operon (Supplementary Data S11).

Reconstruction of the scenario of plasmid gain

We used inference of ancestral states to identify the branches in the
tree where the plasmid was acquired. For this, we inferred the ancestral
state of each plasmid pangenome family with PastML (v1.9.23)'” using
the MAP algorithm and the F81 model. For each of these gene families,
we obtained a list of branches where they were acquired. Genes from
the same plasmid can come out of this analysis has having been
acquired at different branches if there were changes in the plasmids
after acquisition (gene gains or gene losses). To identify the plasmids
most likely acquired in the terminal branches of the of the species tree,
we counted how many genes of the plasmid were acquired in these
branches. We defined that a plasmid was acquired in the terminal
branch if at least 75% of its genes were inferred to be absent in the first
parental node (i.e., acquired since then). Those are referred as recent
gains. The other plasmids were not considered in the analysis pre-
sented on Fig. 5. Plasmids annotations are presented in Supplementary
Data S12, and plasmid acquisitions are available in Source Data file 9
(plasmid acquisitions).

Statistics and reproducibility

All the data analyses were performed with R version 4.2 and Rstudio
v2022.02.1, except linear mixed models which were computed in JMP
v16 (SAS corporation) and generalized additive linear models which
were computed with the mgcv R package v1.9 (function gam). For data
frame manipulations, we also used dplyr v1.0.10 along with the tidy-
verse packages” and data.table v1.12.8. We used the packages ape
V5.3, phangorn v2.5.5”, and treeio v1.10"*® for the phylogenetic ana-
lyses. We typically show single points when there are less than ten
observations, boxplots between 10-100, and violin plots when there
are over 100 observations because they might reveal multi-modal
underlying distributions. No statistical method was used to pre-
determine sample size. No data were excluded from the analyses. The
investigators were not blinded to allocation during experiments and
outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. Mutant strains, transconju-
gants and plasmids sequence generated in this study were deposited in
the BioProject PRJNA952961. All data generated in this study have been
deposited in the public repository Zenodo https://doi.org/10.5281/
zenodo.10635324. Source data are provided with this paper.
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