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1 | COMMENTARY

1.1 | Importance of Klebsiella pneumoniae and the

role of the capsule

Abstract

Extracellular capsule polysaccharides increase the cellular fitness under abiotic
stresses and during competition with other bacteria. They are best-known for their
role in virulence, particularly in human hosts. Specifically, capsules facilitate tissue
invasion by enhancing bacterial evasion from phagocytosis and protect cells from
biocidal molecules. Klebsiella pneumoniae is a worrisome nosocomial pathogen with
few known virulence factors, but the most important one is its capsule. In this issue,
Tan et al. assess the fitness advantage of the capsule by competing a wild-type strain
against four different mutants where capsule production is interrupted at different
stages of the biosynthetic pathway. Strikingly, not all mutants provide a fitness ad-
vantage. They suggest that some mutants have secondary defects altering virulence-
associated phenotypes and blurring the role of the capsule in pathogenesis. This
study indicates that the K1 capsule in K. pneumoniae is not required for gut coloniza-
tion but that it is critical for bloodstream dissemination to other organs. These results
contribute to clarify the contradictory literature on the role of the Klebsiella capsule
during infection. Finally, the varying fitness effects of different capsule mutations
observed for K. pneumoniae K1 might apply also to other capsulated diderm bacteria

that are facultative or emerging pathogens.
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an opportunistic pathogen (Struve & Krogfelt, 2004), being re-
sponsible for pneumonia, recurrent urinary infections and acute
liver abscesses. In addition, K. pneumoniae is one of the most wor-
risome pathogens associated with high rates of acquisition of mul-
tidrug resistance determinants (MDR) (Dunn, Connor, & McNally,

Klebsiella pneumoniae first described in the 1880s, when it was
named the Friedlander's bacillus (Brenner, Krieg, & JT, 2005),
belongs to the family Enterobacteriaceae. K. pneumoniae is ubig-
uitous and has been isolated from a wide range of environments
including the soil, sewage and water. It is a commensal of many dif-
ferent hosts, from mammals to plants. In humans, it is considered

2019; Wyres & Holt, 2018), compromising its treatment. The
WHO defined the six most significant MDR bacteria commonly
acquired in hospitals by the acronym ESKAPE, in which Klebsiella
is represented by the ‘K’ (Rice, 2008). These are also recognized
by the CDC as a real threat for public health (Pendleton, Gorman,
& Gilmore, 2013).
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Unlike other facultative pathogens, most K. pneumoniae do not
have a large array of virulence factors. Its known virulence arse-
nal is limited to several types of fimbriae, O-antigen, a few sidero-
phores (aerobactin, yersiniabactin), the genotoxin colibactin and
the extracellular capsule (Paczosa & Mecsas, 2016). The capsule
has received a lot of attention because it increases the tolerance of
bacteria to drug therapy and also masks surface antigens (Schembri,
Blom, Krogfelt, & Klemm, 2005), reducing the response of the im-
mune system to infection. At least one capsule operon was found
in most - if not all - genomic sequences of K. pneumoniae avail-
able to date. Capsule production in K. pneumoniae is dependent
on the Group | or Wzx/Wzy pathway (Figure 1). The production is
initiated by a glycosyltransferase (GT), Wcal or WbaP, which links
the first moiety of glucose (Wcal) or galactose (WbaP) to a lipid
carrier, undecaprenyl phosphate (Und-P). Other oligosaccharides,
such as fucose and uronic acid are added at the nonreducing end of
the glycosyl-Und-P. These lipid-linked residues are flipped by Wzx
across the inner membrane, from the cytoplasm to the periplasmic
space and polymerized by virtue of the Wzy polymerase. After the
length regulation of the oligosaccharidic chain by Wzc, the capsule
is transferred to the outside of the cell by Wza, an outer membrane
exporter. Finally, the capsule is anchored to the cell surface, most
likely by Wzi (Figure 1) (Whitfield, 2006).

The diversity of GT, (Figure 1), that vary between strains, results
in different oligosaccharide combinations and residue modifications.
These different combinations of residues result in the classification
of capsules into different serotypes. At least 77 capsule serotypes
are serologically defined (Mori et al., 1989; Orskov, 1955; Podschun
& Ullmann, 1998), and more than 130 serotypes - including

WZ iza
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the aforementioned 77 - are identified through comparative ge-
nomics of K. pneumoniae. In this issue, Tan et al. (2020), focus on
the highly prevalent K1 serotype (Figure 2). Synthesis of K1 cap-
sule depends on Wcal as the initial GT and the repeating unit is a
trisaccharide of glucose, fucose and glucuronic acid. This serotype
is associated with hypervirulence, more particularly with liver ab-
scesses, and is prevalent in Taiwan, South Korea, Hong Kong and
Southeast Asia. Strains of the K1 serotype are phylogenetically as-
sociated with the clonal-group CG23, which is known to cause bac-
teremia, endophthalmitis (eye inflammation) and meningitis (Fung
et al., 2002; Siu, Yeh, Lin, Fung, & Chang, 2012). A particular strain
is K. pneumoniae SGH10, capsule serotype K1. It has been isolated
from a patient with liver abscess induced by K. pneumoniae and pos-
sesses a conjugative element, ICEKp10 that encodes for yersinia-
bactin, a potent siderophore, and colibactin, a genotoxin (Lam et al.,
2018). ICEKp10 is more prevalent across CG23 strains than ICEKp1,
present in strain NTUH K2044, which is the one mainly used for ex-
perimental work in many laboratories. Further, NTUH K2044 does
not code for a colibactin. Given its genotype and phenotype, the
SGH10 strain has been proposed a novel reference for the K1 cap-
sule serotype strains and the clonal-group CG23 (Lam et al., 2018).

1.2 | Not all capsule knock downs are equal

Although gut colonization of K. pneumoniae has been extensively
studied, the use of different strains, capsule mutants and environ-
ments across studies has resulted in disparate conclusions regarding

the role of the capsule in virulence. To clarify the fitness effect of the

Outer membrane

FIGURE 1 Diagram of the capsule
biosynthesis pathway in K. pneumoniae.
Capsule production is initiated by

Wecal (1) (in the K1 serotypes), or

by WbaP, linking the first moiety of
glucose or galactose, respectively, to an
undecaprenyl phosphate (Und-P). Other
oligosaccharides are added by other
glycosyltrasferases (GT) (2,3). These
residues are then flipped across the inner
membrane by Wzx (4) and polymerized
by Wzy to other trisaccharide units (5).
Capsule length is regulated by Wzc (6)
and exported from the periplasm to the
extracellular space via the secretin

Wza (7)
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FIGURE 2 Genomic and chemical (a)

scheme of K. pneumoniae serotype QQ
K1. A. Genomic representation of the
architecture of K1 serotype capsule

locus. B. Schematic representation

of the K1 trisaccharide repeat unit,
composed of a D-glucuronic acid, L-fucose
and a D-glucose residue. C. Chemical
representation of the trisaccharide repeat

unit, adapted from iith.ac.in/K-PAM M Flippase

(b)

4)-3-D-GlcpA-(1>4)-a-L-Fucp-(1->3)--D-Glcp -(1->
2 3
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capsule in the gut and in bloodstream dissemination, Tan et al. used
strain SGH10 and several deletion mutants that interrupt capsule
production at different steps of the biosynthetic pathway (step 1,
5 and 7 in Figure 1) (Tan et al., 2020). Specifically, they constructed
mutants with deletions in the wcalJ initial GT, which stops capsule
production at the first possible step; the wzy gene coding for the
polymerase; the secretin wza; and rmpA, a regulator that can confer
hypermucoviscosity. The latter is located on the large virulence plas-
mid, and although its deletion does not result in capsule abolition, it
significantly reduces the amount of capsule secreted.

Using the commonly studied Awza and Awzy capsule mutants,
they show that non-capsulated strains are less fit than the capsu-
lated wild-type strain in the gut. This would suggest that the capsule
increases the growth rate of the strain, or most likely, it enhances
cellular survival in this environment. Strikingly, the AwcaJ and ArmpA
mutants show opposite phenotypes. In these mutants, the lack
(or reduced amount, for ArmpA) of capsule is no longer detrimen-
tal, and the mutants are able to outcompete the wild type. These
mutants probably have lower generation times because they are
not burdened with the cost associated to the capsule production.
Similarly, the authors show that Awza and Awzy capsule mutants, but
not the AwcaJ mutant, have increased mortality in contact with bile
salts. Such differences are not observed during exposure to human
serum (Tan et al., 2020). The authors suggest that the differences
observed across mutants, specifically between Awza and Awzy com-
pared to AwcaJ, might be due to the accumulation of unpolymer-
ized trisaccharides in the periplasmic space, in the case of Awzy, or
the polymerized capsule in the case of Awza. This could potentially
result in membrane instability affecting fitness. Scanning electron
microscopy revealed that these mutants also show a different mor-
phology: Awza and Awzy seem smaller and display pointed tips at
the poles, whereas wild-type cells, AwcaJ and ArmpA, appear like
rods with rounded poles. This might result from membrane defor-
mations caused by capsule accumulation, and is particularly evident
in the Awzy mutant. Overall, the authors show that the capsule is
important for the dispersion of K. pneumoniae through the blood-

stream to other organs, like the lung, spleen and liver. However,

W
& & S PEEE

[] Core capsule genes

WILEY-%

STARICI Y O @
\tﬂg $o%o%@6 PP S & @

> 9
F @ @S

&

| |
10kb 20kb

B Capsule limit Glycosyl-transferases
Regulation & export M Polymerase

2,3 Pyr

the use of deletion mutants with no side effects (Awcal) reveal
that the capsule is not implicated in the persistence of K. pneumoniae
in the gut. A similar result was reported in another study where mice
were infected with spontaneous non-capsulated mutants (Struve
& Krogfelt, 2003). These results are novel and essentially different
from other studies in which Awzy mutants are used to assess the role
of the capsule in pathogenesis.

Taken together, this work shows that the different non-capsulated
mutants vary in the fitness advantage they provide in one of their
natural environments, the mammalian gut. These results highlight the
importance of selecting with care the genes to knock out. The dif-
ferential phenotypes of mutants are pernicious because they are not
due to polar effects of the deletion, and are not revealed by appro-
priate complementation tests that restored the wild-type phenotype.
These side effects can dramatically alter some phenotypes and blur
the conclusions with respect to pathogenesis. In their manuscript,
Tan et al. raise awareness about the need to reevaluate and compare
side-by-side the results reported in previous studies examining differ-
ent mutants, in particular the results obtained with the traditionally

used wza and wzy mutants alongside the wcaJ deletion mutants.

1.3 | Capsular organization at the cellular surface

In their study, Tan and colleagues also provide novel scanning elec-
tron microscopy images of Klebsiella cells expressing the capsule (Tan
et al., 2020). Capsules are thought to cover the entire surface of the
cell, as typically depicted in cartoons and observed in some micro-
scopic images (Podschun & Ullmann, 1998; Schembri et al., 2005).
However, the novel images presented in the study seem to suggest
that capsule production stems from discrete foci on the surface of
the cell and does not diffuse around the cell surface covering it uni-
formly. This is further supported by the post hoc analysis of micro-
scopic images of K. pneumoniae from previous studies (Evrard et al.,
2010), and by the results from a more recent study on the production
of the Escherichia coli capsule K1, which is secreted through the same

biosynthesis pathway (Phanphak et al., 2019). Using super resolution
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microscopy and high pressuring light scattering chromatography, the
latter study showed that the capsule forms rafts or discrete brushes
on the surface of the cell. If confirmed, this raises a number of ques-
tions about the primary role of capsules. It is believed that the capsule
protects the cell from killing by phagocytosis (Podschun, Penner, &
Ullmann, 1992), prevents recognition by the human immune system
by masking antigens (Schembri et al., 2005) and increases tolerance
to cationic antimicrobial peptides and other bactericidal molecules
(Paczosa & Mecsas, 2016). This protection could be less effective if
the capsule is organized in patches or bundles on the surface instead
of covering it entirely. This would support the hypothesis that capsules
were not primarily selected for the fitness advantage it provides within
the host but rather would be a by-product of adaptation outside a host
(Rendueles, Garcia-Garcera, Neron, Touchon, & Rocha, 2017). Further,
capsular organization in brushes would also provide an explanation to
recent findings that suggested that capsules do not limit horizontal
gene transfer in most bacterial species (Rendueles, Sousa, Bernheim,
Touchon, & Rocha, 2018), because patches of the cell surface would
still remain exposed to phages or conjugative pili.

The new finding that the capsule is distributed in discrete foci on
the cell surface provides insight into one of the enigmas of capsular
surface organization observed in some strains: the co-expression of
different capsules, their concurrent accommodation at the cell surface
and their physical interaction in the cell envelope. Capsule multiplic-
ity is observed in 40% of bacteria (Rendueles et al., 2017) and is very
common in gut bacteria belonging to the genera Bacteroides, such as
Bacteroides thetaiotamicron (Coyne & Comstock, 2008; Tzianabos
etal., 1992; Xu et al., 2003). The evidence suggesting that the capsule
is organized in discrete brushes leads to the hypothesis that different
capsules could be secreted by different discrete foci and anchored to
the surface forming alternate bundles of each capsular type thereby
allowing for the coexistence of different capsular types.

Interestingly, Phanphak and colleagues also show that the cap-
sule displays a bimodal thickness in the rafts at the cell poles, rather
than the monomodal thickness that characterizes the capsule on
the remaining parts of the cell envelope (Phanphak et al., 2019).
This could explain the increased deformation on the poles observed
in Awza and Awzy mutants. This deformation is also seen in Awzx
mutants (Evrard et al., 2010), and might be due to the aforemen-
tioned accumulation of capsular oligosaccharides in the periplasmic

space.

1.4 | Toward ‘benchmarking’ in molecular biology

In Tan et al., the authors carefully mined the literature to compile
and contrast the virulence phenotypes reported according to the
route of infection used and, importantly, to the capsule mutants
tested (Tan et al., 2020). A major issue when studying the capsule of
K. pneumoniae is the severe lack of correlation between the in vitro
and in vivo results (Struve & Krogfelt, 2003). This is usually attrib-
uted to the radically different growth conditions between laboratory

culture media and the in vivo environment dictacted by physiology

and interactions with the host. Further, there are also striking differ-
ences in the results stemming from different studies/laboratories,
which could be due to different strains used or different mutants
constructed. The discovery of some of the undesirable side effects,
namely the membrane instability, of the commonly used Awza and
Awzy capsule mutants may explain some of the inconsistencies pre-
sent in the literature. Indeed, one previous study agreed with the
results shown by Tan et al. This study used capsule mutants that
had spontaneously appeared rather than mutants engineered in the
laboratory, as they have potentially no detrimental side effects due
to mutant construction, to show that the capsule was not involved
in gut colonization (Struve & Krogfelt, 2003). The differences across
mutants might have also contributed to the difficulties in translating
in vitro results to in vivo contexts.

To avoid this variability in the results across studies, application
of ‘benchmarking’ techniques may be useful. Benchmarking is rou-
tinely done in business and for quality control in different fields. It
has also been applied to some scientific disciplines, such as com-
puter sciences applied to biology (Mangul et al., 2019). Yet, this
is not systematic in molecular biology and gives rise to numerous
problems and conflicts (Baker, 2016; Eisner, 2018; Hunter, 2017),
such as the ones encountered when trying to understand the role
of capsules in virulence. Using appropriate ‘benchmarking’ pro-
tocols to standardize experimental procedures would have many
benefits, including the avoidance of pursuing false leads by using
mutants that have not been re-sequenced and may have off-target
mutations, or mutants that potentially have detrimental side effects
dependent on the mutation that has been introduced, such as the
membrane instability discussed here. Ultimately, it would contrib-
ute to the reproducibility of research and the comparability of data
across laboratories.

Research in K. pneumoniae at the molecular level has been tradi-
tionally performed in only few laboratories, because K. pneumoniae
was not a model organism and poses the challenges of genetically
manipulating a non-transformable bacterium (at least under labora-
tory conditions) with a very thick capsule. However, due to its in-
creasing clinical importance, coupled with the development of more
sophisticated methods to generate clean in-frame deletion mutants
(Dorman, Feltwell, Goulding, Parkhill, & Short, 2018; Kaniga, Delor,
& Cornelis, 1991; Nyerges et al., 2016), more laboratories study
K. pneumoniae leading to an exponential increase of manuscripts
published about K. pneumoniae. The finding that the lack of repro-
ducibility in Klebsiella virulence studies may be due to mutants with
side effects, is thus very timely and further demands the develop-
ment of ‘benchmarking’ tools to better interpret and integrate the
(past and future) data and properly design future experiments.

Strong efforts are currently being deployed under the JPIAMR-
funded project (KlebNET) (https://research.pasteur.fr/fr/project/
klebnet-a-one-health-network-bridging-science-and-surveillance-
on-antimicrobial-resistant-klebsiella/) to bring together an interna-
tional network of researchers and public health actors dedicated to
reconcile knowledge and harmonize methods on K. pneumoniae ge-

nomics, antimicrobial resistance, transmission, modeling, clinical
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prevalence and carriage in humans, and presence in animal foods
and environmental sectors. Interactions in this group presently
take place most often virtually (via Google community), but will
continue via the future organization of international symposia. The
framework provided by such collaborative projects offers oppor-
tunities to discuss potential ‘benchmarking’ protocols for the study
of complex macromolecular systems, and in this case, for the study
of Klebsiella virulence and the role of its capsule.

2 | CONCLUSION

The analysis of four different mutants of the capsule biosynthe-
sis pathway has shed light on the role of the capsule in virulence of
K. pneumoniae. The K1 capsule is necessary for efficient dispersal of
K. pneumoniae through the bloodstream to secondary infection sites
but it is not required for gut persistence (Tan et al., 2020). The side
effects observed in some capsule mutants uncovered by the study of
Tan et al. may not be specific to K. pneumoniae but may also be rel-
evant for other ESKAPE microorganisms such as Acinetobacter bau-
mannii or Enterobacter spp. These share the same biosynthetic capsule
pathway, the Wzx/Wzy-dependent pathway, but it may also hold
true for pathogens that synthesize their capsule via the ABC pathway
such as Neisseria meningitidis or Campylobacter jejuni. In diderms, the
ABC-dependent pathway also relies on an outer membrane exporter,
commonly named KpsD that is homologous to Wza (Whitfield, 2006).
Deletion of this gene may result in a similar accumulation of capsule in
the periplasmic space with comparable negative effects.

Thus, the choice of the appropriate mutants to construct when
studying the role of polymers, that are usually encoded in large op-
erons, is extremely important. Ideally, the whole operon should be
deleted, but this may be sometimes challenging due to its length
(over 20kb for capsular operons in K. pneumoniae). Thus, the gene
coding the enzyme starting the biosynthetic pathway could be the
best target as it limits the risk of accumulation of secondary metab-
olites in the cell which may be toxic or lead to other undesired side
effects. Finally, the reevaluation of results from previous studies in
new genetic backgrounds, with different techniques and new mu-
tants would greatly benefit the scientific community by expanding
our understanding of the role of each gene in a synthesis pathway
and, ultimately, by shedding more light into physiological diversity
within a bacterial species.
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