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Multiresistant and invasive hypervirulerklebsiella pneumoniaestrains have become one
of the most urgent bacterial pathogen threats. Recent anakes revealed a high genomic
plasticity of this species, harboring a variety of mobile geetic elements associated
with virulent strains, encoding proteins of unknown funotin whose possible role in
pathogenesis have not been addressed.K. pneumoniae virulence has been studied
mainly in animal models such as mice and pigs, however, praidal, nancial, ethical and
methodological issues limit the use of mammal hosts. Consegently, the development
of simple and cost-effective experimental approaches withalternative host models is
needed. In this work we described the use of both, the social moeba and professional
phagocyte Dictyostelium discoideumand the sh Danio rerio (zebra sh) as surrogate
host models to study K. pneumoniae virulence. We compared threeK. pneumoniae
clinical isolates evaluating their resistance to phagocgsis, intracellular survival, lethality,
intestinal colonization, and innate immune cells recruitemt. Optical transparency of both
host models permitted studying the infective processn vivo,following theKlebsiellahost
interactions through live-cell imaging. We demonstratedhiat K. pneumoniae RYC492,
but not the multiresistant strains 700603 and BAA-1705, is irulent to both host models
and elicits a strong immune response. Moreover, this straishowed a high resistance
to phagocytosis by D. discoideum, an increased ability to form bio lIms and a more
prominent and irregular capsule. Besides, the strain 70068 showed the unique ability
to replicate inside amoeba cells. Genomic comparison of thé&. pneumoniae strains
showed that the RYC492 strain has a higher overall content afirulence factors although
no speci ¢ genes could be linked to its phagocytosis resistace, nor to the intracellular
survival observed for the 700603 strain. Our results indit¢a that both zebra sh and
D. discoideum are advantageous host models to study different traits oK. pneumoniae
that are associated with virulence.

Keywords: hypervirulent  Klebsiella pneumoniae, intracellular survival, resistance to phagocytosis, host
interactions, Danio rerio , Dictyostelium discoideum
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Marcoleta et al. Surrogate Hosts to StudyKlebsiella pneumoniaeVirulence

INTRODUCTION delivery to lysosomesC@no et al., 2015 However, further
studies must be performed to corroborate these ndings, and
Bacterial pathogens are currently a major concern for publito identify the bacterial determinants behind such intriar
health, mainly due to the development of multiresistantsurvival. Moreover, additional studies are needed to urtdecs
strains, the tardy development of new e ective antimicrobialsthe molecular basis of the hypervirulent phenotype.
or alternative methods to control infections, and the rigin The study ofK. pneumoniaerirulence has been performed
of hypervirluent phenotypes. Among them, the Gram-classically in animal models such as mice, rats, and fitsg0
negative bacillKlebsiella pneumoniawas declared by several and Murphy, 2016; Paczosa and Mecsas, R(H6wever, the
international healthcare organizations as an “urgent #tre use of mammalian hosts are limited by: (1) the need of
to human health,” and represents the “K” of the “ESKAPE’costly facilities for their maintenance and manipulation, (2)
pathogens, the six most signi cant and dangerous causes tiie restricted possibilities for real-time analyses, (3 tieed
hospital-acquired multiresistant infections (Centers fdisease of invasive sample acquisition, and (4) ethical and practical
Control and Prevention, U.S.A. 2013; UK Department ofrestrictions. As an alternative, simple host models suchhas t
Health and Department for Environment Food and Ruralwax mothGalleria mellonellahe wormCaenorhabditis elegans,
Aairs, 2013). Additionally, althoughK. pneumoniaehas the soil amoebaictyostelium discoideurand the sh Danio
been traditionally considered as an opportunistic pathogemerio (zebra sh) have been successfully employed for studying
causative of hospital-acquired infections, an increasingiber  pathogenesis of di erent bacterial species, as well as in the
of community-acquired invasiv&. pneumoniagénfections are screening for and testing of antimicrobial or anti-virulemdrugs
being reported globally. They are presented mainly in the fornfreviewed inBozzaro and Eichinger, 2011; Meijer and Spaink,
of pyogenic liver abscesses that are often accompanied yeseve011; Glavis-Bloom et al., 2Q1Each of these phylogenetically
metastatic infections such as meningitis, necrotizingifdisand  distant organisms possess particular advantages and liotitat
osteomyelitis§iu et al., 2012; Struve et al., 2015; Prokesch et aas model hosts. Moreover, studying the interactions of argive
20149. pathogen with each of them provides largely complementary
Several factors have been associatedKtopneumoniae points of view of its virulence potential in di erent infection
pathogenesis, which contribute to enhance invasivenesspntexts and environmental conditions. Recent works uged
overcome host defenses, and resist antimicrobial chemaplye mellonellato characterize dierentK. pneumoniaevirulence
(recently reviewed inClegg and Murphy, 2016; Paczosa andfactors including Lipid A and capsular type determinants, as
Mecsas, 20)6 Among them are the lipopolysaccharide andwell as its interactions with the host immune systems(ia
the O antigen, providing serum resistance; siderophorest al., 2013; Wand et al., 2013; Mills et al., J0Wso, G.
such as aerobactin and salmochelin, which scavenge iron mellonellahas been used to test the e cacy of antimicrobial
environments where it is scarce (as in mammal's uids); typeagents against carbapenemase-producing strains of thisespeci
1 and type 3 mbriae involved in bio Im formation and tissue (McLaughlin et al., 2014; Wei et al., 2018imilarly,C. elegans
colonization; and a wide repertoire of extended-spectrumabet model have been employed to study the contribution of distinct
lactamases and carbapenemases, conferring resistancee to fdictors such as e ux pumps and other outer membrane proteins
majority of beta-lactams and carbapenems antibiotics. Gitleeo  on K. pneumoniaepathogenesis and antimicrobial resistance
most studiedK. pneumonia&irulence determinant is the thick (Srinivasan etal., 2012; Lavigne et al., 2013; Bialek-2aeeal.,
polysaccharide capsule that surrounds the organism (al$edcal 2015. In this work, we further exploited the advantagesihf
K antigen), which confers resistance to antimicrobial pep¢id discoideunand zebra sh larvae as host models to develop new
binds to and neutralizes K antigen-speci ¢ antibodies, andassays for studyinl§. pneumonia@athogenesis.
mediates resistance to phagocytosis by human neutrophils and D. discoideumis a soil-borne amoeba that feeds on
macrophagesyimoons-Smit et al., 1986; Domenico et al., 1994environmental bacteria by phagocytosis. Therefore, it cam be
Campos et al., 20041t also plays a role in bio Im formation natural host of opportunistic bacteria and thus has developed
(Balestrino et al., 2008in establishing infection and activating strategies to avoid invasion by given pathogens or to coacter
host immune responses.gwlor et al., 2005 and in facilitating  their intracellular survival and replicationCosson and Soldati,
intestinal colonizationftavre-Bonte et al., 1I9pNon-capsulated 2008; Clarke, 20)0 As a professional phagocyte, it can be
K. pneumoniastrains are signi cantly less virulent than isogenicinfected with di erent bacterial pathogens, and relevant \énce
encapsulated strains in mouse modefza¢zosa and Mecsas, factors in mammals have been shown to be important in the
2019. Moreover, hypervirulent strains commonly have ainteraction with this amoeba. Also, this organism is easyrtmg
hypermucoviscous phenotype, producing a thick capsule formeand maintain in the laboratory, allowing the study of cellula
by a mucoviscous exopolysaccharide. Notably, K1 and K@rocesses with a variety of available genetic and biochémica
capsule types are the most associated with hypervirulentstrai tools. In addition, the existence of online resources liktyBase
and with an increased resistance to phagocytosis and ifludee  permits easy access to genomic data and biological material
killing by alveolar macrophages and neutrophlls€t al., 201%  such as plasmids and mutant strairiér¢ppel et al., 2004; Basu
In addition, althoughK. pneumoniaés classically de ned as an et al., 2013; Fey et al., 201&€onsequently, this amoeba has
extracellular pathogen, it was recently reported that anaisol been successfully used as a model to study virulence and the
of this species could survive within macrophages in a vacuolassociated host response in di erent bacterial species, diraju
compartment, triggering apoptotic pathways and avoidingPseudomonagCosson et al., 2002; Bravo-Toncio et al., 9016
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SalmonellgSillo et al., 2011; Riquelme et al., 2)ltegionella, Our proposed assays usiiy discoideumand zebra sh larvae
and Mycobacterium(reviewed inSteinert, 201)L Moreover,D.  as host models allowed us to evaluate and compare relevant
discoideurmhas been used to identify host factors required fowvirulence-related traits among theg€. pneumoniaestrains,
sensing and intracellular killing df. pneumoniady phagocytic including resistance to phagocytosis, intracellular suidyiva
cells Cima et al., 2014; Leiba et al., 2D1Also, it allowed intestinal colonization, neutrophil recruitment and letiig.
investigating the role oK. pneumoniaesurface structures on Complementation of these results with genomic and simple
its interaction with phagocytesMarch et al., 2013 and to  microbiological characterizations allowed us to obselvi&isg
identify factors associated with resistance to phagocytosi di erences in the virulence strategies between di erent stsaof
the hypervirulent strain NTUH-K2044Kan et al., 20))1 These this species, pointing to the capsule as a major determinant for
studies support the relevance of exploring new assays to bettire pathogenesis in these surrogate models, as it was observed
exploit the D. discoideunmodel to investigateKlebsiellahost mammalian host models.
interactions.

Zebrash (Danio rerig is a vertebrate host model that MATERIALS AND METHODS

harbors a mammalian-like innate immune system, and thus ha

been widely used for the study of host-pathogen interactiong gcterial Strains, Plasmids, and Growth
and the associated immune respongeaifther and Rawls, Conditions

2010Q. Transgenic zebrash lines with uorescently-labeled : . . . .

- The bacterial strains and plasmids used in this work are
macrophages and other leukocyte populations allow non: . - .
. e . . . . listed in Table 1 K. pneumoniae, K. aerogenasd E. coli
invasive live-cell imaging during the optically transparesatrly . . . .
. ? : . S DHb5a strains were routinely grown at 3€ with shaking (180
life stages, thus enabling direct, real-time examinatibte host rpm) in Luria-Bertani broth (10 g/L triptone, 5 g/l yeast
response to infectiorenshaw et al., 2006n previous work, we P 9 P ’ gLy

successfully used zebra sh larvae to study intestinalrinéion extract, 5. g/L NaCl) until late-exponential phase of gro‘”.‘h'
and lethality bySalmonellaryphimurium, using two methods pneumoniaeATCC 700603 and ATCC BAA-1705 were kindly

of infection: static immersion and microinjectionvéras et al., provided by Dr. Roberto Vidal from Facultad de Medicina,

2017a,l In this regard, a recent work used adult zebra sh to testUmver&dad de Chile. For uorescence |abeling, bactetraiiss

. . . .~ were transformed by electroporation with pFCcGi, allowing
the safety and the e cacyn vivo of molecules with antibacterial o . o
activity against multiresistanK. pneumoniagindicating that the consitutive expression of the mCherry proteifiqueira
ivity ag . - P 1ing et al., 2013Addgene Plasmid #59324), or with pFCcGi-TMP.
this pathogen can infect zebrash when administered by . o . S
. L . .. “This last plasmid is a pFCcGi-derivative constructed by our
intramuscular injection Cheepurupalli et al., 20).7However, it - .
. . . . S group, where a dihydrofolate reductase gene expression teasset
remained unknown ifK. pneumoniaean infect zebra sh in its

| . (conferring resistance to trimethoprim) was inserted in theu
arval stage, which harbors advantageous features compared*; . .
adult zebra sh as a host model, permitting live-cellimagaighe site, interrupting the beta-lactamase gene.
infection, an easier manipulation of the individuals, andgkar . . .
population sizes that allow more robust statistical analyses. ~ DiCtyostelium  Strains and Culture

Here, we exploited both th®. discoideumand zebrash Conditions
larvae host models to study virulence-related traits ofethr D. discoideunstrains AX4 (DBS0302402) and AXatM-GFP
relevant clinical isolates oK. pneumoniae ATCC 700603, (DBS0235537) were obtained from Dicty Stock Ceniteeppel
ATCC BAA-1705, and RYC49XKp 700603 is a multiresistant et al., 2004; Basu et al., 2013; Fey et al.,)2@H# cultured
isolate obtained from urine at the Medical College of Virginiaaccording to standard protocols-¢y et al., 2007 Briey, D.
(Richmond, USA) in 1994 Kasheed et al., 2000t was the discoideunstrains were maintained at 2@ in SM medium (10
rst K. pneumoniaestrain identi ed that carries the SHV-18 g/L glucose, 10 g/L peptone, 1 g/L yeast extract, 1 g/L MgSO
extended-spectrunb-lactamase and it is used as a positive7H20, 1.9 g/L KHPOy, 0.6 g/L KHPO4, 20 g/L agar), growing
standard for antibiotic resistance mediated by this kind ofon a con uent lawn ofKlebsiella aerogenB8S0305928. Before
enzymesKp BAA-1705 is another multiresistant strain isolatedthe assays, amoebae were grown a€28ith agitation (180 rpm)
from urine in USA (2007), which is used as a standard foin liquid HL5 medium (14 g/L tryptone, 7 g/L yeast extract,®,3
the production of KPC-2 carbapenemasép RYC492 is a g/L NapHPOq4, 1,2 g/L KHPOy, 14 g/L glucose, pH 6,3) in the
clinical isolate of fecal origin found in a screening of naicin-  absence of bacteria (axenic cultures). When required, avwdie
producing strains performed at the Microbiology Department atsupplemented with streptomycin (300 mg/L), ampicillin (100
the Centro Especial Ramon y Cajal in Madridsgnsio et al., mg/L) or G418 (geneticin, 10 mg/L). Amoebae were harvested
1976: de Lorenzo et al., 198%his strain produces microcin E492 in early exponential phase (1-2 1P cells/mL) and centrifuged
(MccE492), a bacteriocin with toxic activity against memsbe at500 g for 5 min. Prior to the infection assays, the supernatant
of Enterobacteriacea@ntitumorigenic properties, and which was discarded and the pellet was washed three times using
forms amyloid bers modulating its toxicity L(agos et al.,, Soerensen bu er (2 g/L KEPOy, 0.36 g/L NaHPO,  2H20,
2009:; Marcoleta et al., 20)3®eterminants for production of pH 6.0) or adjusted to 5 10’ cells/mL in HL5 medium for
MccE492 along with salmochelin-like siderophores are eadod the social development assays. Determination of viable bemoe
in a genomic island found to be highly prevalent amongcells was performed by Trypan blue exclusion and counting in a
hypervirulent K. pneumoniaésolates Iflarcoleta et al., 20)6 Neubauer chamber.
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TABLE 1 | Bacterial strains and plasmids used in this study.

Bacterial strains or plasmids Genotype or comments Source/Reference

Klebsiella pneumoniaeRYC492 Produces microcin E492 and salmochelin siderophoee isolated from stool Laboratory collection f\sensio et al., 1979
in Spain (1976). Resistant to kanamicin and ampicillin.

Klebsiella pneumoniaeATCC 700603 Isolated from urine in the USA (1994), multiresant. Control for the Roberto Vidal's laboratory collection. Also
production of extended spectrumb-lactamase SHV-18. available from ATCC

Klebsiella pneumoniaeATCC BAA-1705 Isolated from urine in the USA (2007), multiretant. Control for the Roberto Vidal's laboratory collection. Also
production of KPC-2 carbapenemase. available from ATCC

Klebsiella aerogenesDBS0305928 Recommended strain for supporting the growth oD. discoideum Dicty Stock Center ey et al., 2007

Escherichia coliDH5a Laboratory strain typically used for cloning purposes. Latratory collection

pFCcGi Constitutive expression of the mCherry protein, Anip Figueira et al. (2013)retrieved from

Addgene
pFCcGi-TMP pFCcGi-derivative, where thd—lactamase gene was interrupted by a This work

cassette conferring resistance to trimethoprim.

D. discoideum Social Development Assays cultures were mounted for laser-scanning confocal miaopyc

For social development assays, overnight cultures of eaemalysis.

bacterial strain (30nL) were homogeneously included per well

of a 24-well plate containing N agar (1g peptone, 1g glucos&kesistance to Phagocytosis Assays

20g agar in 1L of 17mM Soerensen phosphate bu €)l¢ To quantify extracellular bacterid). discoideumAX2 vatM-

et al., 201).and grown overnight at 2. A drop of a cellular GFP (1 10’ cells) and mCherry-labeled bacteria were co-
suspension corresponding to 5 1¢° D. discoideunAX4 cells  incubated at 23C for 24 h in 5mL of Soerensen bu er using a

in HL5 was spotted in the middle of each well and the plates/0l of 100 bacteria/amoeba. Aliquots were obtained at 0, &, an
further incubated at 23C for 5 days. The social development24 h post-infection. Amoebae were removed by centrifugation

of amoebae was monitored daily during 5 days and the phass00 g for 5min and extracellular bacteria were determined
reached was scored, being classi ed as “aggregationydt@a” at each point by serial dilutions and plating on LB agar.
and “culmination.” A score of “1” was assigned when amoebas8tatistical signi cance was determined using a two-way AMOV
aggregated forming a phagocytosis plate, “2” when acrodseall twith Fisher's LSD post-test. In parallel, aliquots of the rdixe
well surface elevated structures such as worms or ngerg wetultures were extracted and mounted for laser-scannindacai
observed, and “3” when fruiting bodies were formed acroks ammicroscopy analysis.

the well surface. Transitions among any of these three phases

were scored with half of the value corresponding to the close$ aser Scanning Confocal Microscopy

next stage. Additionally, images of social development wergnages of infected amoeba cells from phagocytosis assays
obtained at days 1, 2, and 3 by using an Olympus MVX1@Qere acquired using a Zeiss LSM 700 laser scanning confocal

stereomicroscope with a total magni cation of 20X. microscope equipped with an Alpha Plan Fluar 100X/1.45 Oil
_ M27 optic setup. Prior to observation, cells were mounted
Intracelullar Survival Assays on a thin layer of 1.5% agarose in PBS bu er and deposited

D. discoideunAX2 vatM-GFP grown axenically (1 10’ cells) on a glass slide. To visualize GFP-associated uorescence
was co-incubated with each bacterial strain atQ8ith agitation  (amoebae), the sample was excited at 488 nm with an argon
(180 rpm) in 5mL of Soerensen buer using a multiplicity laser and emission was detected using a lter in the 493-
of infection (MOI) of 50 bacteria/amoeba. To evaluate thes49nm range. To visualize mCherry-associated uorescence
intracellular survival, amoebae were washed three timels wi(bacteria), the sample was excited at 543nm with a HeNe
Soerensen bu er to remove extracellular bacteria after 1h daser and emission was detected using a lter in the 548—
co-incubation. Then, infected cells were suspended in 5mB79nm range. Images were acquired using the ZEN 2010
of Soerensen buert(D 0) and further incubated at 28  software (Zeiss), and analyzed using Fiji and ImageJ soféware
with agitation. Aliquots were obtained at 0, 1.5, 3, 6, andh24 (Schindelin et al., 2012; Schneider et al., 3048 described
post-infection. Viable amoebae were determined at each timgreviously Riquelme et al., 20)6 Microphotographs of the
point. In parallel, infected amoebae recovered at each timghagocytosis assays are presented with a total magni cation o
point were treated for 10 min with 2@g/mL gentamycin to 550X. Images of capsule-stainkd pneumoniaevere obtained
remove extracellular bacteria, washed with Soerensen paret using a Zeiss LSM 700 laser scanning confocal microscope
lysed with 0.2% Triton X-100. Titers of intracellular bacter equipped with an Alpha Plan Fluar 100X/1.45 Oil M27 optic
were determined by serial dilutions and plating on LB agarsetup, and a laser-mediated bright eld mode. Microphotographs
Statistical signi cance was determined using a one-way ANO of stained K. pneumoniaecells are presented with a total
and two-way ANOVA with a Fisher's LSD post-test, as describethagni cation of 3000X Figure 6) or of 2000X (Supplementary
previously Riquelme et al., 20)6Also, aliquots of the mixed Figure 4).
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Zebra sh Husbandry Bacterial Immersion Experiments

Zebrash (Danio rerig embryos were obtained by natural Immersion assays foK. pneumoniaewere adapted from
spawning of Tab5 (wild type), TBACmpo:gfp(Renshaw et al., similar methods performed previously to stu@yTyphimurium

2009 and Tg(il:egfp lines (Lawson and Weinstein, 20p2 virulence Qiaz-Pascual et al., 2017; Varas et al., 20).7a,b
Fertilized eggs were raised in Petri dishes containing E&une  Bacterial cultures were grown until exponential phase D
(5mM NaCl, 0.17mM KCI, 0.33mM Cagl0.3mM MgSO4) D 0.4-0.6) and the cells were harvested by centrifugation,
and 0.1% methylene blue until 3 days post-fertilization (dgf)  washed, and subsequently suspended in sterilized E3 medium.
procedures complied with national guidelines of the AnimaéUs To determine the viable bacteria (CFU/mL), the suspension was
Ethics Committee of the University of Chile and the Bioethicsserially diluted and plated on LB-agar. Zebra sh larvae (8)d
Advisory Committee of FONDECYT-CONICYT (the national were washed with E3 medium and groups of 10 larvae were

funding agency for this work). placed per well in a sterile 6-well plate. The wells were lled
] o . up to 8 mL with bacteria (5-8 10° CFU/mL) and zebra sh
Bacterial Injection Experiments larvae were incubated in this suspension at@8&or 48 h. After

Bacterial injection experiments were adapted from previouslyhe co-incubation, the larvae were washed with E3 medium and
described methods to evalug@eTyphimurium virulence Diaz-  placed in a sterile 6-well plate lled with fresh E3 medium.
Pascual et al.,, 2017; Varas et al., 20)74&o0r the injection The progression of the infection was monitored until 96 h post-
assays, the bacterial cultures were washed and subsequeettposition (hpe). Immersion experiments were performed in
suspended in phosphate-bu ered saline (PBS) and concentratedtotal of 6 independent replicates, using a total of 75 larvae
5-fold (K. pneumoniaestrains) or 7.5-fold E. coli DH5a).  per bacterial strain. The progression of infection and baater
Zebra sh larvae (3-dpf) were anesthetized with 4.2% trieain colonization was monitored through live-cell imaging usiag
and mounted on 1% low melting point agarose. The zebra stOlympus MVX10 uorescence stereomicroscope at 48, 72, and
were kept under anesthesia during the whole injection procedu 96 hpe. Photographs of the larvae are presented with a total
1-5 nL (15,000-18,000 CFU) were injected in the circulatoryhagni cation of 12X. To evaluate intestinal colonizatiothe
system via the caudal artery (to evaluate survival), or i@ thgastrointestinal tract of the larvae was divided arbitsainto

otic vesicle (to evaluate neutrophil recruitment and baieter three segments: anterior, middle and posterior. Four quialiéa
burden). To determine the CFU injected, the droplets were als@egrees of intestinal colonization were established based
diluted in sterile PBS and plated on LB-agar. Infected lavee  the uorescent signal observed under stereomicroscopeng0)
transferred into 6-well plates containing fresh E3 mediund an colonization, (1) low colonization, (2) intermediate colgation,
kept at 28C for 72h. Death events were quanti ed every 24 hand (3) high colonization. The total intestinal colonizatiscore
and survival curves were constructed and analyzed by meag$ each individual was calculated as the sum of the scores
of the Kaplan-Meier method using the GraphPad Prism 6.®bserved in each segment of the intestine, in a scale rafging
software. Survival experiments were performed in triplicate f 0to 9.

a total of 57 larvae per condition, while neutrophils recruént

experiments were done in triplicate for a total of 21 larvae peCapsule Staining

condition. Capsule staining was performed as described previously
. . ) (Breakwell et al., 2009For this, cultures of each bacterial strain

In ammation Mediated by Neutrophils and were grown overnight at 3T without shaking. An aliquot of

Bacterial Burden the culture was mixed with a drop of India ink (Mafsmatic,

Recruitment of neutrophils to the otic vesicle was observedgusi Staedtler) and smeared over a glass slide, letting it to gir-dr
the TgBACmpo:gfpzebra sh line. The larvae were observedThen, the smear was covered with a drop of crystal violet dyrin
using an Olympus MVX10 uorescence stereomicroscope at 24 hmin, washed carefully with distilled water, and let to air-dry
post-injection (hpi). To measure neutrophil recruitment and The stained samples were observed by laser-scanning confocal
the bacterial burden, injected zebra sh larvae were aregstbd  microscopy using a 543nm HeNe laser-mediated bright eld
with 0.1% tricaine and mounted on 1% low melting point mode.

agarose to photograph the injected area. Subsequently, each

image was processed by quantifying the uorescence intensiBio Im Formation Assessment

from the red channel (mCherry-labeled bacteria) and greemio Im formation in abiotic surfaces was measured as degttib
channel (EGFP-labeled neutrophils) (ImageJ software). Thareviously forK. pneumoniaéBruchmann et al., 20)5Brie y,
region used to quantify the uorescence was de ned as thdacterial cultures were grown overnight at 8 with shaking
total area corresponding to the otic vesicle, which can béyeas (180 rpm), and the cells were washed and suspended in fresh LB
distinguished from bright eld images of the larvae. In our medium to an OQypp of 0.2. Wells of a sterile 96-well microtiter
conditions, this corresponded to a circular area of 550650 plate were inoculated with 100L of the bacterial suspensions,
pixels, which was the same for all the individuals evaluatednd incubated at 37 without shaking. After 24 h, the wells were
Microphotographs of the otic vesicle are presented with a totalvashed three times with 200L of sterile distilled water and
magni cation of 40X. Statistical di erences were assessgd bstained with 150mL of a 0.1% crystal violet aqueous solution
means of a Kruskal-Wallis analysis followed by Dunn's npldti  for 30 min. Then, wells were washed three times with 220
comparisons test using the GraphPad Prism 6.0 software. of distilled water, crystal violet was extracted adding B@0of
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95% ethanol and incubating for 30 min. After incubation, thenon-pathogenic control, since this strain is routinely usedaa

absorbance at 590 nm was measured. food to supportD. discoideungrowth in laboratory conditions
. (Fey et al.,, 2007 To this end, 24-well plates containing N
Genomic Analyses agar were inoculated with the di erent strains and incubated

The whole-genome sequences of the straispneumoniae overnight at 23C to allow the growth of a thin bacterial
RYC492, ATCC 700603, and ATCC BAA-1705 were retrieveghwn, which was of a similar prominence in all the strains

from the NCBI database, under the accession numbergsted (Supplementary Figure 1A). Moreover, the thiée
APGMO01000001.1, CP014696.2, and GCA_000349265Aeumoniaestrains showed a similar growth in N broth at
respectively. Genomic islands identi cation was performed3 C (Supplementary Figure 1B), indicating that a comparable
through sequence analysis and multiple alignment using thAumber of bacterial cells are present in the lawn formed by
platforms Artemis, ProgressiveMauve, and NCBI BLAST, agach strain before inoculating amoeba cells. Thet, 10°
described previously{arcoleta etal., 20)6The identi cationof D, discoideuntells were deposited over the bacterial lawns and
capsule syntheslsciwas performed using Kaptivé\(yres etal., incubated at 23C for several days, monitoring the progress of
2019 and Kleborate (Lam et al., in review). The identi cation the social development, which involves mainly three conseeut
of genes related to yersiniabactin, colibactin, salmachehd  stages: aggregation, elevation and culminatidfigire 1A).
other siderophore production systems was done used the toghe completion of the cycle is characterized by the formation
Kleborate. For the identication of mbriae-related genet of multiple spore-containing fruiting bodies, such as those
clusters, all the knowiK. pneumoniagoroteins participating in - observed normally after 2-3 days when amoebae were fed with
mbriae biogenesis were retrieved from the UniProtkB dats®a K. aerogeneBBS0305928Fjgures 1B,G. At day 1, amoebae
and were used as query to search for homologous proteins iflgd with K. aerogeneshowed a complete phagocytosis plaque
each of the analyzed genome, using the NCBI BLAST toolgyhere the whole bacterial lawn inside was engulfed), with
Identi cation of virulence factors using whole genome dataaggregating cells forming early multicellular forms in thenter.
was performed using the tool PathogenFind€ogentino et al., |n contrast, incomplete phagocytosis plaques were obserted af

2013. feeding amoebae witk. pneumoniae700603 and BAA-1705
(Figure 1B). However, in the following days, no di erences in the
RESULTS cycle progression were observed between these strains and th

control (culminating between 2 and 3 days), indicating that
Based in the use db. discoideunand zebra sh larvae, we set 700603 an&p BAA-1705 are mildly virulent foD. discoideum
up, optimized, and employed a repertoire of assays to study ar@onversely Kp RYC492 showed a highly virulent phenotype
compare a set of virulence-associated traits of three reteka causing a delay in the cycle, where at day 1 no clear phagocytosis
pneumoniaeclinical isolates. Two of them, ATCC 700603 andplaque was observed, and the early elevation phase was reached
ATCC BAA-1705, correspond to the standakd pneumoniae after 3 days of co-incubation. Noteworthy, the fruiting bes
multiresistant strains producing the KPC-2 carbapenemask arand earlier multicellular structures formed by amoebae feith wi
the SHV-18 extended-spectruintlactamase, respectively. Theany of theK. pneumoniaestrains tested showed an abnormal
third strain, RYC492, carries a genomic island found to bemorphology. We observed mainly structures with an increased
highly prevalent among hyperviruleri{. pneumoniaedsolates size, such as thicker stems and a bigger sorus, compared with
(Marcoleta et al., 20)6Although all three described strains havethat observed when fed witK. aerogenesThis suggests that
sequenced genomesrpberg et al., 2013; Marcoleta et al., 2013bK. pneumoniaesomehow a ectsD. discoideummulticellular
Elliott etal., 201); to our knowledge no previous studies assesseghorphological plan, and that this could be further exploited as

experimentally their virulence potential. an additional read-out in this kind of virulence assays. Take
. . . . together, these results indicate that social developmesatyasare
Using D. discoideum Social Development a useful and straightforward way to compare virulence among

Cycle to Evaluate K. pneumoniae Virulence distinctK. pneumoniastrains.

As a rst approach to exploit D. discoideunKlebsiella

interactions in the study ofK. pneumoniaevirulence, we . . .
adapted a social development assay previously describbatracellular Survival of K. pneumoniae in

in a screening forPseudomonas aueruginosativirulence D. discoideum

compounds Bravo-Toncio et al., 20)6This assay is based on As described previously, a major determinantofpneumoniae
that virulent bacteria delay the completion &f. discoideum virulence is its capacity to evade or resist macrophage-metiiat
social development, while attenuated or non-pathogenicdyéct phagocytosis and killing. Previous work showed that asssipg/u
allows its rapid conclusion (normally within 2—3 days in our axenic cultures db. discoideunsan be used to study invasiveness
experimental conditions). Thus, assessing the e ect of angiveand intracellular survival inSalmonellaTyphimurium (STm)
bacterial strain over the social development is a way to egsém (Riquelme et al., 20)6 Remarkably, null mutants in genes
its virulence. Consequently, we compared the e ect of feedindirectly linked toSalmonellavirulence (i.e., demonstrated to be
D. discoideunwith the K. pneumoniaestrains RYC492, 700603 attenuated in murine models) also showed an impaired ability to
and BAA-1705 over the social development of the amoebdnvade or to survive intracellularly iD. discoideumindicating
Additionally, Klebsiella aerogenB8S0305928 was included asthat STm (and probably other bacteria) uses a common set of

Frontiers in Cellular and Infection Microbiology | www.frdiersin.org 6 February 2018 | Volume 8 | Article 30


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Marcoleta et al. Surrogate Hosts to StudyKlebsiella pneumoniaeVirulence

A B Day 1 Day 2 Day3

Fruiti

K.aerogenes
,~0~0~&~£~
Aggregation Elevation Culmination
Kp700603
C
-o- K aerogenes

c 3 ] -+ Kp 700603

2 - KpBAA-1705

14 -+ KpRYC492 KpBAA-1705
=)

o 24

[N

K]

v

31

]

3

25 KpRYC492

1
0 1 2 3 4
Time (days)

FIGURE 1 | Use of the D. discoideum social development assay to evaluaté&k. pneumoniaevirulence.(A) Main stages of theD. discoideum social cycle, which
culminates with the formation of the fruiting bodies. The dteme was adapted fromFey et al. (2007) (B) Micrographs of the social cycle progression when feeding
amoeba with differentK. pneumoniaestrains or withK. aerogenesDBS0305928 (control). Scale bar, 100mm. (C) Semi-quantitative assessment of the social cycle
progression in presence of differenKlebsiellastrains using several replicates. The symbols represent¢hmean of six independent experiments and the error bars
show the standard deviation. The details on scoring critesican be found in the Materials and Methods section.

genes and molecular mechanisms to infect amoeba and animedinexin-GFP protein fusion\(Uller-Taubenberger et al., 2001
host cells. Thus, we adapted the previously described assiags u along with bacteria constitutively expressing the red usgent
vegetativeD. discoideuntells, to evaluate the invasiveness angrotein mCherry from plasmid pFCcGi-TMP. The interaction
intracellular survival oK. pneumoniastrains. For this purpose, of intracellular bacteria and amoebae was monitored at Q, 1.5
we co-incubated both organisms during 1h to let amoeba8, 6, and 24 h post-infectior~{gure 2C Supplementary Figure
feed on bacteria. Then, amoeba cells were washed to rema®e In agreement with the bacterial count, a large number of
most of bacteria from the medium, and incubated at @3At  red uorescent bacteria were detected within amoeba after 1
di erent time points, aliquots were extracted and treatedtwit co-incubation withKp 700603Kp BAA-1705, andK. aerogenes
gentamycin to kill extracellular bacteria. TheD, discoideum DBS0305928, indicating that all these strains were rapidly
cells were lysed with Triton X-100, and intracellular baieter internalized byD. discoideumIn the case oKp RYC492, a
recovered from infected amoebae were titrated. As a carttiel  notably smaller number of bacteria was detected at this time
same procedure was performed uskgaerogendsBS0305928. which correlated with the low percentage of internalization
Measuring the amount of bacteria that infected amoebae aftaneasured for this strainRigure 2A). In all the following time
1h of co-incubation (time O of the assay), we observed that thpoints, very few or noKp RYC492 cells were detected in
di erent strains were internalized at distinct leveBigure 2A).  association with amoebae. Intracellulgp BAA-1705 andK.
While Kp 700603 was internalized signi cantly more than theaerogene®BS0305928 were observed only until 3h after the
control, Kp RYC492 internalization was considerably lowerremoval of the extracellular bacteria. In contrast, intiadar
Following viable intracellular bacteria over time, we abee Kp 700603cells were observed at every time point evaluated.
that titers of all strains declined during the rst 6 h, beiagmost In fact, we were able to detect bacteria witlin discoideum
undetectable after 24 h in the casa&@RYC492 and. aerogenes after 24 h of co-incubation. These observations con rmedtth
DBS0305928Higure 2B). ConverselyKp 700603 survived and Kp 700603 is able to survive and replicate intracellularly in
even replicated inside the amoebae after 24 h, showin@@0- D. discoideum Additionally, some extracellulakp 700603
fold increase in the viable cell count between 6 and 24 h postwere typically detected after 24 h post-infection, suggestiag
infection. MeanwhileKp BAA-1705 was internalized at similar this strain is able to escape from. discoideumcells upon
levels than the control, and a small population of bacteria wareplication.
detected after 24 h. ) )

To further support our observations, we followed the fateUse of D. discoideum to Evaluate
of intracellularK. pneumoniaghrough live-cell imaging using K. pneumoniae Resistance to Phagocytosis
laser-scanning confocal microscopy. To this end, a similaThe small proportion oKp RYC492 cells that were internalized
experiment was performed usiriyy discoideuncells expressing a by D. discoideumas well as the notably fewer bacteria found
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FIGURE 2 | Bacterial phagocytosis assays revealed differences in iagiveness and intracellular survival among differekt. pneumoniaestrains. (A) Percentage of
bacteria that were internalized after co-incubation of amebae-Klebsiellafor 1 h. (B) Total intracellular bacteria were titrated at the indicatetimes (Tx), and the results
were expressed as the fraction respect the survival at timeezo (Tp). In both (A,B), the symbols represent the mean of three independent experients and the
standard deviation. p < 0.05, **p < 0.0001. (C) Live-cell imaging ofD. discoideum cells (green) interacting wittKlebsiella(red), representative of the experiments
showed in (A,B). Bright eld and uorescence images were blended in order to beter appreciate the boundaries of the amoeba cells. At time 2h, two pictures of
amoebae infected withKp 700603 are shown in order to illustrate that both extracelliar (upper picture) and intracellular bacteria (lower piate) could be observed.
Scale bar, 10nm.

inside amoeba cells observed by confocal microscopy duhi@g t for microscopic observation, and the viable extracellulat&ada
infection assays, suggested that this strain could avomterent  were titrated. This was performed centrifuging the aliguedtkow
phagocytosis. To further investigate this possibility, wapedd speed to sedimenD. discoideuntells along with intracellular
the infection assay using axeiic discoideuncultures described bacteria, and then diluting and plating the supernatant. Alilgh
above. In this version, we allowed amoebae and bacteria teith dierent kinetics, phagocytic activity oD. discoideum
interact during the whole 24 h-period monitored. At distinct caused the reduction over time in the viable count of all #sted
times, aliquots of the mixed cultures were obtained and ntedn bacterial strains except fép RYC492, which remained constant
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FIGURE 3 | Evaluation of the resistance to phagocytosis oK. pneumoniaeusing D. discoideum as host cell model.(A) Extracellular viable bacteria count after
different times ofKlebsiellaamoeba co-incubation. At each indicated time, the mixed cltures were centrifuged at low rpm in order to sedimenD. discoideum cells
and intracellular bacteria, and the CFU remaining in the se@pnatant were titrated. The symbols represent the mean of tiee independent experiments and the error
bars correspond to the standard deviation. At times 3 and 24 hKp RYC492 andKp 700603 showed a signi cantly higher number of extracellulabacteria, compared
with K. aerogenes(Two-way ANOVA, p < 0.05, ***p < 0.0001). (B) Confocal microscopy images representative of the experim# showed in (A). At each indicated
time, an aliquot of the mixed cultures was directly mounteddr microscopic observation (without centrifuging)D. discoideum cells are green and bacterial cells are
red. Bright eld and uorescence images were blended in order b better appreciate the boundaries of the amoeba cells. Scalbar, 10mm.

(Figure 3A). As expectedD. discoideunrapidly phagocytized that were not associated with amoeba cells during all thedime
K. aerogend3BS0305928. On the other harih BAA-1705 and monitored (Figure 3B, Supplementary Figure 3). Conversely, for
Kp 700603 extracellular bacteria showed a similar reductfmnu  all the other strains most bacteria were found associated wi
3h of co-incubation with amoebae, but roughly 10-fold moreD. discoideuntells, suggesting th&p RYC492 not only avoid
bacteria of theKp 700603 strain were observed after 24 h. Thigphagocytosis but also the adhesion to phagocytic cells. Taken
could be attributable to the ability oKp 700603 to replicate together, these results show thatdiscoideunts a suitable model
inside D. discoideuncells. In accordance with the viable cellto study di erent aspects of th&. pneumoniaevirulence. In
counts, observation of the mixed cultures by confocal mscapy  particular, they allowed uncovering striking di erences amgo
revealed the presence of a high numbeKafRYC492 bacteria strains of this species, in the context of their interaction
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with the host, including traits widely related to pathogeises Localized Injection of Different Strains of
such as resistance to phagocytosis, invasion and intréaellu K pneumoniae into Zebra sh Larvae

survival. The otic vesicle Rigure 4A) was selected as the larval tissue
to inject the bacteria and generate a localized infectioanev
Using Zebra sh Larvae as a Host Model This is a con ned compartment devoid of macrophages and

for Studying K. pneumoniae Pathogenesis neutrophils, and can be used to study the directed migration
Zebrash larvae have shown to be a useful surrogate mod& innate immune cells fenard et al., 20)2 Bacterial cells

to study the infective process of enteric bacterial pathogerdf PBS (control) were carefully injected in the otic vesicle
(van der Sar et al., 2003; Clatworthy et al., 2009; Nguye®f T9BACmpo:gfp zebrash larvae harboring GFP-labeled
Chi et al., 201 To our knowledge, no studies have evaluated'€utrophils, and neutrophil recruitment was quantied by
the virulence ofK. pneumoniaein the zebrash larvae, so measuring green uorescence inside the vesicle. Bacterial
we sought to develop an infection model suitable to generatfection in this compartment normally causes neutrophil

pathological e ects in the larvae, which could be quanti eddan "€Cruitment as soon as 3h after injectiofignard et al., 20)2
compared among di erent bacterial strains, and also to evalua We observed a marked in ammation of the otic vesicle after 8 h

the in vivo innate immune response of this host. In order to ©f injection, which was similar between all subjects, everse
accomplish this, we tried two kinds of inoculation methods:&XPosed t&. coliDH5a (data not shown). To determine whether

static immersion and injection. Both have been successfulf® Sh immune cells are able to clear the bacteria and resolve
used to cause infections with di erent bacterial pathogenshsu We examined the otic vesicle of injected sh 24 h after ingact

as Edwardsiella tardaand S. Typhimurium (van Soest et al., _(Flgure 4D; as control_, a larva injected with sterile PBS is shown
2011; Varas et al., 20)7®Regarding the injection method, we N Supplementary Figure 4B), when normally the clearance
followed either a systemic infection or a localized infesti Of non-pathogenic bacteria has occurred. The uorescence of
approach, based on previous studies of bacterial pathogeEeen-labeled neutrophils={gure 4B and red-labeled bacteria
using zebra sh embryos3enard et al., 20)2Thus, attempting (Figure 49 were q_uantl ed inside t_he _ouc veS|c_Ie fro_m injected
di erent routes of administration allowed us to set up a larvae. The bacterial burden was signi cantly higher in lievae
successful infection method, as well as to evaluate digtiost  njected withKp RYC492 an&p 700603, compared to the larvae
responses related to the bacterial entry mechanism, whioh cahjected withE. coliDH5a (Dunn's multiple comparisons test,

help discriminate between bacterial strains with diveisglence P < 0.0001). This correlates with the neutrophil recruitment,
potential. where a higher count was observed after injecting thesektio

strains, but only with statistical signi cance in th€p RYC492

. c g . . injected larvae (Dunn's multiple comparisons tgst 0.0001).
Systemic InjectIOh of Different Strains of This result indicates that thEp RYC492 strain (an&p 700603
K. pneumoniae Into Zebra sh Larvae in alesser extent) triggered a higher neutrophil recruitrrierthe

To achieve a systemic infection, zebra sh larvae (3-dpf)ewerinjected area, and that these strains also show an increbditg a

injected in the dorsal caudal aortdigure 4A) with 10,000 tg persist and/or replicate in the site of infection comparedhwit
to 20,000 cells of mCherry-labeledp RYC492,Kp BAA-  E. coliDH5a or Kp BAA-1705.

1705, Kp 700603, andE. coli DH5a (the latter as a non-

pathogenic bacterial control previously validated in thissho . .

model;Varas et al., 201Jaor with PBS as an injection control. Bacterial Infection of Zebra sh Larvae by

After daily monitoring of the injected larvae the survivaasy Static Immersion

quanti ed and comparedKigure 4B). As expected;. coliDH5a  In order to explore whetheK. pneumoniaean infect zebra sh
caused no lethality at any dose, condition, and time evalthat through the natural entry route for this enteric pathogen,dan
Despite incubating the infected animals at 28(the optimal based on previous studiesan Soest et al., 2011; Varas et al.,
temperature for bacterial growth is 32Z), the larvae injected 2017a,) we adapted and optimized an immersion protocol for
with K. pneumoniaestrains showed an increased mortality overits use with this pathogen. The selected conditions inclugsdg
time. Zebra sh larvae injected witliKp BAA-1705 showed no Tg(il:egfp) zebra sh larvae (3 dpf), and co-incubating them
signi cant lethality compared with the group injected with.  with bacteria during a period of 48 h. This transgenic line has
coli DH5a (Gehan-Breslow-Wilcoxon tesp D 0.155). On the a GFP-labeled vasculature, and was chosen to better evaluate
other hand,Kp RYC492 caused the highest lethality, reachinghe occurrence of bacteremia after immersion, and to obtin
75% at 3 dpi, whileKp 700603 caused intermediate lethality, uorescence signal from the whole larvae (green) to corttiias
with 78.6% survival at the end of the experiment. Over timepacteria-derived uorescence (red). Afterwards, the #were
larvae injected witte. colicells completely cleared the infection, washed to remove unattached bacteria, and then monitored fo
while severely a ected sh infected witk. pneumoniaestrains  days after immersion (dpi). Washing was performed daily dgrin
showed a marked bacteremia, spreading through the circrylato the experiment. Unlike to that observed with injections inteth
system and internal organsFigure 4C as control, a non- circulatory system, no lethality was observed in larvae érsad
infected dead larva is shown in Supplementary Figure 4A). Thig& suspensions of anyK. pneumoniaestrain evaluated (data
occurred in all death events, regardless of Khepneumoniae not shown). Since bacterial infections in zebra sh mightisa
strain. consequences other than death, we monitored the uoreseehc
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FIGURE 4 | K. pneumoniaestrains show different virulence behavior in the zebra sh faae as revealed by survival curves and neutrophil recruiegmt. (A) Scheme of a
5-dpf zebra sh larva. Bacteria were injected in the dorsal cadal artery (red arrow) for establishing a rapid systemicfiection, or in the otic vesicle (blue circle) for a
localized infection.(B) Kaplan-Meier survival curves following injection of 3 dpéfvae with various strains oK. pneumoniaeor with E. coliDH5a as a control. Larvae
survival was monitored for 3 days after injection. The datara representative of three independent experiments, with #otal of 57 larvae per bacterial strain.

(C) Representative picture of a larva infected for 24 h witK. pneumoniae RYC492 strain, after acute bacteremia and death, and an untdcted larva injected withE.
coli as a control. Bacteria expressing mCherry uorescent protei is shown red. Scale bar, 500mm. (D) Neutrophils attracted to the otic vesicle of TgBACmpo:gfp)
zebra sh larvae injected withK. pneumoniaestrains or E. coliDH5a after 24 h post-injection (hpi). Bacteria are red and neutghils are green. The white dashed lines
encircle the otic vesicle. Scale bar, 100mm. (E) Bacterial burden in the otic vesicle of zebra sh larvae afte24 hpi. Measurements of red uorescence from
mCherry-labeled bacteria are plotted as arbitrary units (4) for eachK. pneumoniaestrain or forE. coliDH5a. The data are representative of three replicates, with a
total of 21 larvae per condition.(F) Neutrophils in ltrated in the otic vesicle of TgSACmpo:gfp) zebra sh larvae after 24 hpi. Measurements of green uorescece from
EGFP-labeled neutrophils are plotted as arbitrary units (A for larvae injected wittK. pneumoniaestrains, E. coliDH5a, or PBS. The data are representative of three
independent experiments, with a total of 21 larvae per bacteal strain. Error bars represent the standard deviation aang the replicates. Statistical differences
compared to E. coliDH5a were assessed using a Kruskal-Wallis analysis followed byubn's multiple comparisons test. *** < 0.0001.

the bacteria within larvae through live-cell imaging. Ohsdion  compared to 48 hpi, while the opposite was observed with
of the larvae under uorescence revealed that the bacterithe threeK. pneumoniaestrains, where an increased bacterial
accumulated in the gastrointestinal tract. To evaluate scoke  colonization was observed in a later timnfédures 5B,Q.

the colonization, we arti cially separated the gut into tleranajor In conclusion, while the immersion method allowed
zones: anterior, middle and posteridfigure 5A). The amount di erentiating the non-pathogenic bacterid( coliDH5a) from

of uorescence in each zone was observed and an intensithe pathogenic bacteriak( pneumoniaestrains), the injection
score was assigned: no colonizatidrD, low colonizationD 1, method allowed discriminating between strains from the sam
medium colonizationD 2 and high colonizatiorD 3. The sum bacterial species with di erent degree of virulené@RYC492

of the values for each zone was calculated for each indijidua= Kp 700603> Kp BAA-1705).

representing the total intestinal colonization scoFagure 5B).

Photographs of representative individuals of each conditioa ‘
shown in Figure 5C There were no clear di erences betweenK' pneumoniae RYC492 Showed an

distinct K. pneumoniaestrains when observing the pattern of INCreased Bio Im Formation and a Thicker

colonized zones, although they appear to be prone to coloniZ8apsule

the anterior and middle digestive tract rather than the poste  The assays presented above indicated KpelRYC492 is virulent
digestive system (Supplementary Table 1). The total intalstinto both D. discoideunand zebra sh hosts, showing resistance
colonization score determined fd&. coliDH5a was signi cantly  to phagocytosis by amoeba cells, a great ability to colonize the
lower than that observed for all th&. pneumoniaestrains zebra sh gastrointestinal tract, and to trigger a strongate
assayed, both at 48 and 96 hpi (Two-way ANOWA; 0.0001). immune response in the otic vesicle injection model. In spite
E. coli DH5a colonization signi cantly decreased at 96 hpi of the strong neutrophil recruitment unleashed, this immune
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FIGURE 5 | K. pneumoniaecan infect zebra sh larvae by immersion and colonize its gasbintestinal tract.(A) Scheme of the gastrointestinal tract of a 5-dpf zebra sh
larva, showing three arbitrarily de ned zones (anterior, rddle and posterior).(B) Semi-quantitative assessment of the intestinal colonizan upon immersing

zebra sh larvae in a suspension containing differeniK. pneumoniaestrains or with E. coliDH5a. At the indicated time, larvae were anesthetized, observednder a
uorescence stereomicroscope, and the total intestinal cabnization was scored in a scale from 1 to 9, following the créria described in the Materials and Methods
section. The data presented correspond to six replicates wh a total of 75 larvae per bacterial strain(C) Fluorescence microphotographs of zebra sh larvae
representative of the data showed in(B). Bright eld images of representative non-infected larvae ©48 and 96 h post-immersion are presented for more clarity. fie
larvae vasculature is shown in green, while infecting bactie are shown in red. Scale bar, 500mm. ***p < 0.0001.

response failed to reduce the bacterial burden in a normaétimto generate a viscous string of more than 5mm in length by
lapse, compared to non-pathogenic bacteria and to otler stretching bacterial colonies on an agar plaéd&@dgn et al., 203
pneumoniasstrains. As described previously, the capsule is onelowever, after streaking and growikg RYC492 in sheep-blood
of the most relevant virulence factors in this species, adé@ud  agar and performing the test, it resulted negative, indigathat

it has been previously related to resistance to phagocytosiis strain is not hypermucoviscous (data not shown). Nexd, w
immunogenicity, biolm formation, and tissue colonizatio sought to explore if a simple classical capsule staining using Ind
Furthermore, we observed that the macrocolonies formed omk could allow us to distinguish morphological peculiargie
sheep-blood and LB agar plates Kp RYC492 but not byKp  of the Kp RYC492 capsule compared with that I§p 700603
700603 orKp BAA-1705 showed a mucoid phenotype, whichand Kp BAA-1705. After staining, the samples were observed
could also be related to the properties of its capsule. In viewsing confocal microscopy in a laser-mediated bright eldaeo

of this, we tested iKp RYC492 possess the hypermucoviscouand several elds were photographed and analyZédure 6A
phenotype (highly associated with hypervirulent strains)jalth shows pictures of 3 representative capsule-stained individua
has been semi-quantitatively de ned by a positive “stringtte cells from each strain. Additionally, an expanded set of p&sur
This test is positive when a bacteriology inoculation looptikea of this experiment is presented in Supplementary Figure 5,
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FIGURE 6 | Klebsiella pneumoniaeRYC492 virulence correlates with a more prominent and irredar capsule and with increased bio Im formation ability.

(A) K. pneumoniaecells were subjected to classical capsule staining with Indiink, and observed and photographed using confocal microsopy. Pictures of 3
representative cells of each bacterial strain are presente The capsule corresponds to the white area between the badary cell and the black background. Scale bar,
2mm. (B) Bio Im formation assessment of K. pneumoniaestrains or E. coliDH5a upon growth in a 96-well plate during 18 h. Bacterial cells aldered to the wells were
stained with crystal violet, where bio Im formation is propational to the absorbance of the bound stain (measured at 598m). The values shown correspond to the
mean of three independent experiments and the error bars repsent the standard deviation. RYC492 strain showed a sigmiantly higher ability to form bio Ims than
Kp 700603 (one-way ANOVA, **5 < 0.0001), and then the rest of the bacterial strains tested.

where stained cells were ordered by cell length to facilifa¢e a suggested role iK. pneumoniaevirulence (Marcoleta et al.,
comparison, and to allow appreciating the capsular morphology016. No additional putative virulence factors were found in the
in all the variety of cell dimensions observed. While béth  rest of the Gls, except for a#e'spermidine/putrescine transport
700603 andKp BAA-1705 strains showed a well-de ned and system encoded in a Glintegrated at a Ser tDNA. Besides, t&o G
regular round-shaped capsukep RYC492 showed a notoriously were identi ed in the Kp 700603 chromosome, corresponding
thicker capsule, with an irregular morphology and a fuzzy aspecto a prophage and a Gl encoding many hypothetical proteins
Thus, the classical staining allowed us to easily di ergatihe  of unknown function. Kp BAA-1705 harbors ve Gls in its
strains analyzed in terms of the capsular morphology, where ehromosome. Three of them likely correspond to prophages,
thicker and more irregular capsule ip RYC492 correlated to and the other two encoded many proteins of unknown function,
his more virulent phenotype. none of them predicted as putative virulence factors. Thus, in
To investigate ifKp RYC492 has an increased ability toagreement with its experimentally demonstrated virulencdy on
form bio Ims, we conducted a simple assay in 96-well plates t&p RYC492 harbors putative pathogenicity islands integrated in
measure bio Im formation over an abiotic surface, previouslyits chromosome. Though, none of these factors could be clearly
used to the same end with other strains Kf pneumoniae linked to phagocytosis resistance.
(Bruchmann et al., 20)5As expectedKp RYC492 showed a  Next, we analyzed and compared the whole genome sequences
signi cantly higher ability to form bio Ims thanE. coliDH5a  of the threeK. pneumoniastrains using di erent bioinformatics
and then all otherK. pneumoniaestrains tested Rigure 6B).  tools. General andK. pneumoniaepecic identi cation
This correlates with its increased ability to colonize tebra sh ~ of virulence factors were performed using PathogenFinder

intestine, and with having a more prominent capsule. (Cosentino et al., 20)3nd Kleborate (Lam et al., in review),

. . . respectivelyKp RYC492 showed the highest number of predicted
Genomic Determinants of K. pneumoniae virulence factors (294), although many of them correspond to
RYC492 Virulence proteins which function has not been addressed experimgntall

In order to better understand the molecular basis of the(Table 2 Supplementary Table 3). Despikp BAA-1705 and

di erences observed among th&. pneumoniaestrains in Kp 700603 showed a considerable smaller number of putative
the multiple virulence phenotypes assessed, we analyzed thieulence factors (130 and 50, respectively) they were piesdlic
previously sequenced genome #fp RYC492,Kp 700603, as human pathogens by PathogenFinder with a probability of
and Kp BAA-1705 in search for virulence factors, as well a82.2 and 84.2%, respectively, while KpRYC492 showed a score of
to gain information regarding their determinants for capsule88.7%. Additionally, in the genome &fp 700603 we could not
production. Since in a previous work we found that genomic nd genes encoding putative homologs to proteins participating
islands (Gls) integrated into tRNA-coding genes (tDNAs) are in type-lIl secretion systems (T3SS), such as those encaded i
important source of virulence factors in this specig%a(coleta the Salmonellapathogenicity islands SPI-1 and SPI-2, which
et al., 201)3 we started identifying and characterizing the Glshave a demonstrated role in invasion and intracellular seai
present in the chromosome of the thrée pneumoniaestrains  respectively Que et al., 2013; Jennings et al., 2J0Regarding
(Table 2and Supplementary Table Kp RYC492 chromosome adhesion factors such as mbriae, no di erences where olesbrv
harbors 4 Gls from which GIE492, encoding the determinantstmong the three strains. All of them harbor thekA and mrkD

for producing microcin E492 and salmochelin siderophore, hagenes previously associated with adherence to animal tissues
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TABLE 2 | Main genomic features ofK. pneumoniaestrains used in this study.

Strain Predicted VFs & Probability of being a Capsular Genomic Islands ©
human pathogen 2 (%) genotype/serotype b
RYC492 294 (92) 88.7 wzi37; KL22 and -Asn tDNA: GIE492 ( 22 kbp). Encodes genes for production
KL37/K22 and K37 of salmochelin siderophore and microcin E492\(arcoleta et al.,
2016).

-Leu tDNA: Unnamed ( 5 kbp). Putative GI remnant.
-Phe tDNA: Unnamed ( 3 kbp). Putative GI remnant.
-Ser tDNA: Unnamed ( 19 kbp). Harbors genes related to
c-diGMP signaling, a F&C /spermidine/putrescine transport
system, and a phosphotransferase sugar uptake system.

BAA-1705 130 (52) 82.2 wzil54; -Arg tDNA: Unnamed ( 43 kbp). Putative prophage, encoding
KL107/Unknown many proteins related to capsid and tail assembly.

-Leu tDNA: Unnamed ( 11 kbp). Putative prophage remnant.
-Thr tDNA: Unnamed ( 10 kbp). Putative prophage remnant.
-Asn tDNA: Group Il Asn tDNA-associated Gl (28 kbp;
Marcoleta et al., 2016. Encodes proteins involved in conjugal
transfer and many of unknown function.
-Phe tDNA: Unnamed ( 58 kbp). Encodes mostly hypothetical
proteins of unknown function.

700603 50 (12) 84.2 wzil71; -Arg tDNA: Unnamed ( 47 kbp). Putative prophage, encoding
KL53/Unknown many proteins related to capsid and tail assembly.
-Arg tDNA: Unnamed ( 47 kbp). Encodes many hypothetical
proteins of unknown function.

aThe total number virulence factors and the probability of being a human plaogen were predicted using the PathogenFinder toolGosentino et al., 2013. The numbers in parenthesis
indicate the amount of the predicted VFs corresponding to proteins of unknowfunction.

bCapsular genotype were determined using KleborateV{yres et al., 2016 and Kaptive (Lam et al., in review) tools, which compare the capsule biosthesis genes found in a given
K. pneumoniae genome with dedicated databases, and categorize them into deed wzi and KL groups. Only in the case of RYC492, the capsular genotype could belated to two
putative K serotypes (K22 and K37).

¢For each genomic island, we indicated the tRNA coding gene (tDNA) in vi¢h it was found integrated, a previously given name (if available), &&e (in kbp), and a brief description of
the carried genes.

as well as theecpRABCDEbperon, also associated to tissue'she associated with its ability to replicate intracellulanty D.
adherenceAlcantar-Curiel et al., 2093 discoideum.
Kleborate and Kaptive tools were used to determine the
capsular genotype of each strain, which in some cases can beiSCUSSION
associated to a de ned capsular serotypey(es et al., 20%6

Lam et al., in review). Kaptive tool classi ed the capdol of  ynj| now, multidrug-resistant and hyperviruler€. pneumoniae
Kp BAA-1705 ancKp 700603 as KL107 and KL53, respectivelystrains have evolved separately in distinct clonal groups
although none of them have been associated with determinegiennequin and Robin, 20)6However, given the high genomic
serotypes. Kleborate tool indicated thigp RYC492 possesses plasticity of this species and that the dissemination of both
genes for the production of two capsular serotypes (K22 angksistance and virulence determinants were associatethtias
K37). Unfortunately, to our knowledge there are no experinaént mobile elements such as plasmids and genomic islands, it
data regarding the virulence and resistance to phagocyuisis is likely that in the near future strains showing both traits
other K. pneumoniaestrains (besides RYC492) harboring anywill arise. This will certainly represent a challenge to global
of these serotypes. Performing similar assays with additionhealth, particularly since the interplay between resistamm a
strains of these serotypes will allow us to further test ifr¢his  virulence in this species is poorly understood. Despite its
an association between K22/K37 capsule types and an increasggh clinical relevance, the lack of a good animal model for
resistance to phagocytosis. studying pathogenesis has hampered the virulence assessment
In conclusion and in agreement with the experimentalof multiresistantk. pneumoniastrains, because in the available
data, genomic analyses allowed the identi cation of putativ mice models they usually behave as avirulebia¢o-Navarro
pathogenicity islands only inKp RYC492, which also et al., 201} Thus, new assays and the use of simple host
harbored the highest number of predicted virulence factorsnodels will contribute to the understanding ¢f. pneumoniae
in dierent positions of its genome. Nevertheless, it waspathogenesis and antimicrobial resistance. In this context,
not possible to associate any of these factors with thee presented a series of assays to st#dypneumoniae
phagocytosis resistance phenotype displayed by this straiirulence using the social amoeb@. discoideumand the
RegardingKp 700603, no clear genetic determinants couldsh Danio rerio as host models. These assays allowed us
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to observe striking dierences in virulence-associateditéra mammalian's body, where bacteria must interact and/or inéec
among distinct strains of this bacterial pathogen, inclugin variety of hosts in a changing environment.
resistance to phagocytosis, invasiveness, intracellulaivsiy As mentioned before, other alternative host models havea bee
intestinal colonization, neutrophil recruitment and letitg. used to study bacterial pathogenesis, each of them showing
In each host model, these traits were monitored in di erentadvantages and limitations. One of the most used for studying
physiological contexts observing consistent results, supmpr K. pneuminiagpathogenesis is the larval state of the wax moth
the conservation of the mechanisms involved in the intdmact G. mellonellginsua et al., 2013; Wand et al., 2013; Mills et al.,
of K. pneumoniaevith di erent hosts. 2017. This model can be maintained at 37, and thus allows
The use of non-mammalian host models for studying bacterialo study the infective process at the same temperature than tha
pathogenesis has allowed not only to facilitate the evaloatiooccurring inside mammalian hosts. However, this host is not
of virulence-associated phenotypes, but also to discover thamenable for live-cell imaging, or for knocking-out host fims,
many of the mechanisms required for infecting diverse hostasD. discoideunand zebra sh are. Other cited bene t of using
are essentially conserved, as well it is the molecular basiee ~ G. mellonellamodel is the multiple options for the delivery of
host's response to the infection. Thus, using di erent modests  pathogens, such as topical application, oral delivery and iioject
and exploiting the advantages that each of them o ers, allow§Junqueira, 20)2However, this bene tis also valid for our host
interesting comparisons regarding the virulence strategied models, but with the di erence that, in the case of zebra sh, we
host defense mechanisms during the infection of phylogeallyic are using a vertebrate host where not only the innate inmune
distant organisms. In this work, we showed tHat discoideum response but also the adaptive inmunity can be studied.
and zebrash larvae have several advantages to be used asPhagocytes are a rst line of defense against bacterial
models for studyK. pneumoniaepathogenesis. Their optical pathogens, playing a key role in the host's innate immune
transparency and the availability Bt discoideunmutant strains response to infection. The amoebB. discoideumshares
and transgenic zebra sh lines permitted to follow the infgeti many traits with human phagocytes including the ability to
process trough live-cell imaging and without requiring isixee  ingest and Kkill bacteria, as well as key aspects of membrane
sample acquisition. Also, their easy manipulation, rapid glgw tra cking, endocytic transport and sorting eventsB(zzaro
and numerous progeny, allowed analyzing a numerous cohost al., 2008 Previous studies have explored téebsiella
and to perform several replicates, providing more statisticaD. discoideuninteraction, identifying host genes required for
robustness to the conclusions. One of the limitations thavdn the intracellular killing of K. pneumoniae(Benghezal et al.,
these models is that the infection cannot be performed aC37 200§. Remarkably, homologs of those genes also determined
in circumstances where such temperature is expected to be tirosophil&s susceptibility to this pathogen, supporting the
optimum for the expression of several virulence factors of Bam conservation ofKlebsiellahost interaction mechanisms across
pathogens. In this direction, previous studies demonstratedistant lineages. Our results are in line with this obseorat
that more than 120E. coligenes are overexpressed at@7 since RYC492 resulted to be the most viruléhtpneumoniae
compared with that observed at 23, including several involved strain for both the amoeba and zebra sh hosts. Moreover, the
in the uptake and metabolism of amino acids, carbohydrategesistance to phagocytosis and the capsule properties seem to
and iron (White-Ziegler et al., 2007 However, there is also be key conserved determinants in the infection of dierent
evidence indicating thaSalmonellaTyphimurium exposed to hosts. When we comparep RYC492 with the previously
sublethal heat stress (42) responds by altering the expressioncharacterizedK. pneumoniaeMGH78578 strain, which was
of several virulence factors, which further enhances theean shown to be attenuated in a mice respiratory disease model
of bacterial cells to intestinal Caco-2 cel&réat et al., 20)1 and highly susceptible to phagocytosis by murine macrophages
Also, Yang et al. (2013evaluated the expression of tie (Fodah et al., 2034 we also observed thd{p RYC492 was
Enteritidis virulence-related genspvR hilA, sefA andavrAat  more virulent. Social development assays performed Wijth
di erent temperatures, showing that most of them are expresseMGH78578 revealed that it behaved similar kp BAA1705
signi cantly more at 42C than a 37C. Moreover, it was shown and Kp 700603, resulting to be mildly virulent to the amoeba
that S. Typhi can grow in seafood incubated at £2 and that (Supplementary Figure 6). This supports the utility of this mlode
key virulence-associated genes suaha& andstnwere strongly to compare the virulence of di erenK. pneumoniaestrains.
expressed at this temperatuteumar et al., 2016 Furthermore,  Unfortunately, the extreme resistance &p MGH78578 to
in previous work we showed that releva® Typhimurium  most antibiotics prevented its transformation with a plasmid
virulence factors required for infection of mammalian hostls  conferring red uorescence required for most of the livdice
and animal models at 3T, including the type Ill secretion imaging experiments performed in this study.
systems (T3SS) encoded in SPI-1 and SPI-2 pathogenicitgssla  Additional studies support the role of the capsule in
are also essential to invade and survive indilediscoideum K. pneumoniaevirulence, where mutants in the biosynthesis
cells at 23C (Riquelme et al., 20)6All this evidence points of this structure are attenuated in a murine host model
out that although mammalian's pathogens are indeed adapted@enghezal et al., 200&urthermore,Pan et al. (2011jound
to successfully infect these animal hosts atG37they also can several capsular genes related to phagocytosis resistance in a
display a wide array of virulence traits at di erent environmal  Dictyosteliummodel, and that this trait could be linked to
conditions. This is not surprising considering that part ofeth hypervirulence. LaterMarch et al. (2013)explored the role
existence of many bacterial (human) pathogens occurs catsicbf K. pneumoniaesurface structures on its interaction with
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D. discoideurand mouse alveolar macrophagésqug-Holub To our knowledge, this is the rst report using zebra sh
et al., 199). As expected, non-capsulated mutants were moréarvae to studyK. pneumoniaevirulence. A recent work used
susceptible to phagocytosis by bofh discoideumand the adult zebrash to test the safety and the e cadgp vivo of
macrophages. Consistently, such mutants showed attenuat&treptomycederived molecules with antibacterial activity
virulence when using a pneumonia mouse moddh(ch et al., against multiresistant. pneumoniae(Cheepurupalli et al.,
2013. Similarly, we found that the production of a more 2017. An intramuscular injection protocol was optimized to
prominent capsule correlated with an increased resistance foroduce clinical and sub-clinical infections with this patem,
phagocytosis byD. discoideumand to a reduced clearance and to successfully test the e cacy of the antimicrobigissivo.
by immune host cells of zebra sh larvae, as observedKipr This points out the usefulness of zebra sh model to testivo
RYC492. molecules directed to counteradf. pneumoniaeinfections.
Our assays usingp. discoideumpermitted the evaluation Our results showed that this model could also be used to study
of additional aspects oK. pneumoniaevirulence. Through K. pneumoniaevirulence and the associated hosts immune
exploiting the amoeba social development, we easilesponse. Dierent infection methods (injection/immersipn
distinguished the highly virulent strairKp RYC492 from allowed evaluating traits such as lethality, neutrophil
the attenuated or mildly virulent straintsp 700603 andKp BAA-  recruitment, bacterial clearance, and intestinal colatian.
1705. Phagocytosis assays using vegetative amoebaloelésial Remarkably, immersion assays showed that zebra sh larvae
observing di erences in the invasiveness among di erentisga  could be easily infected witk. pneumoniaghrough its natural
and to assess the strong resistance to phagocytosis displayedte of entry, leading to the colonization of di erent zones
by Kp RYC492. These assays also revealed Kpaf700603 of the gastrointestinal tract. Noteworthy;heepurupalli et al.
could replicate insideD. discoideuncells. Both resistance to (2017)observed that immersion in doses Kf pneumoniaeip
phagocytosis and intracellular survival traits were conathby  to 10 CFU/mL did not lead to clinical symptoms of adult sh,
live-cell imaging of th&lebsiellaamoebae interaction. Recently, which only were achieved after intramuscular inoculatioh o
it was shown that a strain oK. pneumoniaecould survive 10 CFU. In our assays, infection by immersion was achieved
within macrophages in an intracellular compartment that didusing 5-8 18 CFU/mL, while 15,000-18,000 CFU were used
not fuse with lysosomes, naméglebsiellacontaining vacuole for injections. This points to an increased susceptibilitytioé
(KCV) (Cano et al., 2005 The evidence also indicated thiit  larvae compared to adult zebra sh as a key element to reach
pneumoniaehas the potential to escape from the phagocyteK. pneumoniaeinfections through immersion. Additionally,
Our results support this observation. Detection by confocalsing early stages of the zebra sh development allowed us to
microscopy of extracellular bacteria after 24 h post-infatti take advantage of the transparency of the larvae for liie-cel
in the gentamicin-protection assays strongly suggest @t imaging studies and to evaluate a high number of individuals
700603 could escape fron discoideuntells upon replication. for robust statistics analyses. Due to the small size of thvaéa
It has been shown thaK. pneumoniaecapsule is dispensable the infections could be performed in 6-well plates, reducing t
for intracellular survival and that it would be down reguwdat space requirements and simplifying the manipulation of the
inside the KCV Cano et al., 200)5Accordingly, we observed no animals. On the other hand:heepurupalli et al. (201 A)sed
positive correlation between capsule properties and intralegll ex vivo cultures of zebra sh liver to evaluate histopathology
survival, where the strain showing the most prominent capsuland hepatotoxicity of the antimicrobials tested. Unfortuelst
(Kp RYC492) was unable to replicate inside amoeba cellsuch evaluations were not performed after bacterial inéecti
The assays described here could be used as a basis to furthewould have been interesting to see Kf. pneumoniaecan
investigate the ability of certaifK. pneumoniaeisolates to recapitulate a liver abscess in adult zebra sh, and thus using
survive inside phagocytic cells. A variety bBf discoideum similarex vivoliver cultures to study this kind of infection. Our
strains harboring uorescent fusions of proteins localigimo  assays using zebra sh larvae indicated tKptRYC492 showed
di erent subcellular compartments are available from Dictythe highest lethality when injected into the bloodstrears, a
Stock center. Fluorescent labeling of distinct structuvéshe  well as the highest neutrophil recruitment and bacterial dem
endocytic pathway would allow to tradk vivo the fate ofK.  after 24 h of being injected into the otic vesicle, a compartime
pneumoniaecells upon host cell invasion, and to identify key normally devoid of neutrophils. This kind of immune cells is
events that determine their survival or killing. FurthernepD.  crucial for early-stage defense agaikdsippneumoniagén mouse
discoideumhas been used as a model to study autophagy andfection models Fukutome et al., 1980; Rehm et al., 1980
its role in controlling infection when invasive bacteriacape A recent study showed that a K1 clinical isolate could resist
from endosomal compartments to the cytosélglvo-Garrido  neutrophil-mediated killing remaining viable up to 24 h afte
et al.,, 201p D. discoideunstrains mutant in key autophagy infection, whereas infection of its acapsular mutant wasrekba
proteins can be used to assess the role of this process in théthin 12h (Lee C. H. et al., 20).7Also, in another report
response of the host t&. pneumoniaentracellular survival. it was demonstrated that there is a good correlation between
Moreover, the simple manipulation and rapid growth of this capsule type (mainly serotypes K1 and K2) and resistance to both
amoeba allows to set up simple assays such as those proposgtiacellular and phagocytic killing by neutrophils isolatemhf
herein to evaluate a large number Bf pneumoniaestrains human patientsi(ee |. R. et al., 20).7Our results indicated that
or mutants, in the search for genes linked to intracellularthe higher neutrophil recruitment and the reduced clearance
survival. displayed byKp RYC492 in the zebra sh model, correlated with
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its strong resistance to phagocytosisydiscoideumand with In conclusion, our results showed that the surrogate host

the production of a more prominent and irregular capsule. models D. discoideumand zebrash larvae oer several
Besides the capsule, other factors such as production aflvantages for the study & pneumonia&irulence. Moreover,

siderophores or antibacterial toxins are likely to conttidbio these models seem to be very promising tools in the screening

K. pneumoniaevirulence. In a previous study, we found that for novel anti-virulence molecules against multi-drug is¢ant

the GIE492 island, coding for the production of microcin E492pathogens includingK. pneumoniae This was successfully

and salmochelin, was highly prevalent among liver abscesaecomplished usin®. discoideunas a host model to test both

associated®. pneumoniaéMarcoleta et al., 20)6Although not  the e cacy and the safety of molecules with anti-virulence

yet experimentally demonstrated, MccE492 production woulgotential over Pseudomonas aerugino§aravo-Toncio et al.,

permit the prevalence of the producers over surrounding cell€016.

competing for the same siderophores and thus increasing

their iron supply. This e ect would be potentiated by the co- AUTHOR CONTRIBUTIONS
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