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ABSTRACT

Background: Klebsiella pneumoniae (hereafter, Kp) is a major public health threat responsible for
high levels of multidrug resistant (MDR) human infections. Besides, Kp also causes severe infec-
tions in the community, especially in Asia and Africa. Although most Kp infections are caused by
endogenous intestinal carriage, little is known about the prevalence and microbiological char-
acteristics of Kp in asymptomatic human carriage, and attached risk factors including environ-
mental sources exposure.

Methods: Here, 911 pregnant women from communities in Madagascar, Cambodia, and Senegal
were screened for gut colonization by Kp. Characteristics of Kp strains (antimicrobial susceptibility,
genomic diversity, virulence, and resistance genes) were defined, and associated risk factors were
investigated.

Results: Kp carriage rate was 55.9%, and Kp populations were highly heterogeneous (6 phylogroups, 325
sequence types, Simpson index 99.6%). One third of Kp isolates had acquired antimicrobial resistance
genes. MDR-Kp (11.7% to 39.7%) and extended spectrum beta-lactamase (ESBL)-producing Kp (0.7% to
14.7%) varied among countries. Isolates with virulence genes were detected (14.5%). Environmental
exposure factors including food, animal contacts, or hospitalization of household members were asso-
ciated with carriage of Kp, antimicrobial resistance and hypervirulence. However, risk factors were country-
specific and Kp subpopulation-specific.

Conclusion: This large-scale multicenter study uncovers the huge diversity of Kp in human gut
carriage, demonstrates that antimicrobial resistance is widespread in communities of three low-
income countries, and underlines the challenges posed by Kp colonization to the control of
antimicrobial resistance.

ARTICLE HISTORY
Received 17 December 2019
Revised 4 March 2020
Accepted 22 March 2020

KEYWORDS

Klebsiella pneumoniae;
carriage; antibiotic
resistance; genomic
diversity; community; low-
income countries

Background healthy persons and are caused by Kp strains that are
regarded as hypervirulent (HV-Kp)." In LICs, multi-
drug resistant (MDR)-Kp is one important driver of
unfavorable outcome in infections because appropriate
therapy is often not available nor affordable.
Worryingly, the convergence of MDR and HV pheno-
types in single Kp strains is being increasingly
reported.’

The taxonomy of Kp has been recently updated,

highlighting the existence of five different species

Klebsiella pneumoniae (Kp) represents an increasing
threat to public health. Kp strains that produce
extended spectrum beta-lactamases (ESBLs) and car-
bapenemases often exhibit cross-resistance to other
available agents, and pan-resistant Klebsiella are
increasingly described. In low-income countries
(LICs), Kp is responsible for a large part of early
neonatal infections and for severe community-
acquired infections.” The latter can occur in previously
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distributed in seven phylogroups (Kpl to Kp7):
K. pneumoniae sensu stricto (phylogroup Kpl),
K. quasipneumoniae [subsp. quasipneumoniae (Kp2)
and subsp. similipneumoniae (Kp4)], K. variicola
[subsp. variicola (Kp3) and subsp. tropica (Kp5)],
‘K. quasivariicola’ (Kp6) and K. africana (Kp7).4 In
the manuscript, ‘Kp’ abbreviation refers to the
K. pneumoniae species complex (‘sensu lato’, including
the five species/seven phylogroups).

Kp is a well-established bacteria of the gut micro-
biota, and most Kp infections are caused by endogen-
ous strains that previously colonize the host
asymptomatically.”® However, Kp carriage has been
mostly analyzed within health-care facilities and with
a focus on antimicrobial resistant strains. Currently,
little is known about naturally occurring human car-
riage Kp populations, and on the prevalence and
diversity of MDR-Kp or HV-Kp among these.

Kp is a ubiquitous bacterium present in animals,
environmental sources, and food.” Therefore, environ-
mental exposures or behavioral factors may impact
individual Kp carriage. Understanding the determi-
nants of Kp carriage may lead to novel strategies to
control the spread of this pathogen. To our knowledge,
risk factors associated with Kp carriage have not been
investigated in the community, nor in LICs.

The objectives of this study were to define the pre-
valence, antimicrobial resistance, genomic diversity,
and virulence potential of Kp isolates carried by preg-
nant women from three LICs, and to identify risk
factors associated with colonization of Kp and its resis-
tant or virulent subpopulations.

Methods
Study design

This cross-sectional study was nested within the
BIRDY program.® Briefly, it consists of a cohort of
pregnant women and their newborns in Madagascar,
Senegal, and Cambodia with an urban and rural site in
each country (Figure S1). Pregnant women enrolled
between January 2015 and December 2016 were
invited to participate in the present Klebsiella carriage
study. A maternal stool sample was taken at delivery
or, in case of home delivery, shortly after delivery.
Data on maternal socio-demographic characteristics,
medical history, and exposures, possibly related to Kp
and its resistant or virulent subpopulations carriage,

including dietary habits, antibiotic consumption, and
contacts with animals, were collected.

Klebsiella pneumoniae isolation

Fecal samples were obtained using endorectal swabs or
stool samples, inoculated in a Luria-Bertani broth with
amoxicillin (10 mg/L final concentration) and incubated
18 h at 37°C° The enrichment was performed with
amoxicillin because Kp isolates carry a constitutively
expressed class A beta-lactamase (of blasiyy, blaokp or
blay g type) that confers intrinsic resistant to aminope-
nicillins (such as ampicillin and amoxicillin), whereas
many other bacteria including E. coli (the most abun-
dant potential competitor) are susceptible to amoxicillin.
100 microliters of the enrichment culture were plated
onto selective Simmons citrate with inositol medium
agar plates.'® Large, yellow, glossy colonies suspected of
being Klebsiella were identified using either API20E or
mass spectrometry (MALDI-ToF, Bruker). The first
isolate identified as either Klebsiella pneumoniae or
Klebsiella variicola was kept. For 7 carriers, two isolates
genetically distinct based on 7-gene MLST were
retained.""

Antimicrobial susceptibility testing

The susceptibility of Kp isolates to 16 antimicrobial
agents (amoxicillin + clavulanic acid, ticarcillin + cla-
vulanic acid, piperacillin + tazobactam, cephalothin,
cefotaxime, ceftazidime, cefepime, aztreonam, imipe-
nem, gentamicin, amikacin, tobramycin, nalidixic acid,
ciprofloxacin, tetracycline, and trimethoprim + sulfa-
methoxazole) was defined using the agar disk diffusion
method and interpreted according to EUCAST 2015
guidelines, except for cephalothin, nalidixic acid and
tetracycline (CLSI M100-S25). ESBL isolates were
identified using the double-disk synergy test (DDST).

Genomic sequencing and bioinformatics analyses

NextSeq-500 sequencing of Nextera XT 2 x 150 nt
libraries was performed. Genomic assemblies (Table
S1) were obtained using SPAdes v3.9."” Multilocus
sequence typing (MLST) was performed using the
BIGSdb-Kp database (https://bigsdb.pasteur.fr).' "
This resource was also used for detecting quinolone
target genes mutations, and variants of the wzi
and intrinsic class A beta-lactamases.'>'* Novel
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variants were submitted to BIGSdb (for blagyyy, blaokp,
and bla; gy variants) and to NCBI beta-lactamases
database (blagiyv.ops 10 blagiyv.aag). Other beta-lacta-
mases and antimicrobial resistance gene families were
detected using Kleborate (https://github.com/katholt/
Kleborate). Isolates that carried only the intrinsic
blagy (or blagkp or blaign), fosA and 0gxAB genes
were considered as having an ancestral resistome.
Other antimicrobial resistance genes were considered
acquired. To evaluate the correlation between the anti-
microbial resistance phenotype and genotype, and to
depict co-resistance networks, we constructed
a correlation matrix for binary variables (in the case
of resistance genes: 1, presence; 0, absence; in the case
of antimicrobial drugs: 1, resistant/intermediate; 0,
susceptible) using the ‘corr.test’ function (Pearson
method, which for a pair of binary variables equates
to the Phi coefficient) from the ‘corrplot’ R package.
Significant correlations were visualized utilizing the
‘corrplot’ function from the same package.

Plasmid replicons were detected using PlasmidFinder
(https://cge.cbs.dtu.dk/services/PlasmidFinder)."”
Kleborate (https:/github.com/katholt/Kleborate) was
used to search for yersiniabactin, colibactin, aerobactin,
and salmochelin clusters, and to predict the capsular
types.'®!” BIGSdb-Kp was used to define the presence of
other virulence-associated genes (Table S1).'® Isolates
harboring at least one of the genes rmpA and rmpA2,
and/or at least one complete gene cluster among
iucABCD-iutA (aerobactin), iroBCDN (salmochelin),
ybtAEPQSTUX-fuyA-irpl-irp2 (yersiniabactin), clbAB-
CDEFGHIJKLMNOPQR (colibactin) and allABCDRS
(allantoinase) were considered virulent. Hypervirulent
Kp were defined as isolates harboring at least one of the
genes rmpA and rmpA2, and/or at least one complete
gene cluster among iucABCD-iutA (aerobactin) and
iroBCDN (salmochelin). We defined ‘high-risk clones’
as clones harboring 7-gene MLST sequence types (ST)
represented at least 10 times in NCBI genomes
(April 2019: 6,258 genomes available) and mentioned
in the title or abstract of at least five publications in
NCBI PubMed (“Klebsiella” + “pneumoniae” +
“STxxx”, April 2019).

Phylogenetic and statistical analyses

Genome phylogeny was derived from MASH dis-
tances using JolyTree (https://gitlab.pasteur.fr/
GIPhy/JolyTree) and visualized using iTOL (https://
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itol.embl.de/)."”” Unique strains were defined with
a < 10 allelic mismatch cutoff within allelic variation
recorded using BIGSdb genome comparator function
based on the 5,073 protein-coding genes of strain
Kp616 (GCA_003076555.1; 90% identity and 90%
length coverage).

Statistical analyses were performed using Stata
version 15 (Stata Corp., College Station, TX). We
defined multidrug resistant (MDR) strains as being
resistant to at least one antimicrobial agent in at
least 3 antibacterial categories. Chi square or
Fisher exact test was used to compare the preva-
lence of Kp subsets (all, MDR, ESBL) and antibio-
tic resistance patterns among countries. Risk factor
analysis was performed separately for each country
given the inter-country variation of the pregnant
women’s characteristics. We constructed univari-
ate analysis to examine associations between
women’s environmental exposures, and overall
Kp, MDR-, ESBL-, and virulent Kp carriage. All
variables with a univariate p-value <0.2 were
included in multivariate analysis. We used
a logistic regression model for all, MDR, and
ESBL-Kp subsets. We conducted backwards step-
wise elimination of non-significant parameters
(p < .05). All multivariate models were adjusted
for site (urban/rural). For the seven women from
whom 2 Kp were isolated, both were kept in the
multivariate analysis; sensitivity analyses per-
formed with and without these duplicates led to
identical results.***"*

Ethics

The study was approved by the ethics committees
of Madagascar (068-MSANP/CE), Senegal (SEN
14-20), Cambodia (132 NEHCR) and was author-
ized by the Institut Pasteur in Paris, France.
Written informed consent was given by all
participants.

Results
Kp carriage

A total of 911 pregnant women from Madagascar
(n = 423), Cambodia (n = 152), and Senegal
(n = 336) were enrolled. For 874 (95.9%) of these,
both epidemiological data and a fecal sample were
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obtained (Figure S2). Women enrolled in the urban
sites represented 32.6%, 55.5%, and 35.2% of the total
in Madagascar, Cambodia, and Senegal, respectively.
The study population (Table 1) was young (mean
27 years; SD 6.4) and underprivileged, as a large
majority (79.3%-88.9%) did not complete secondary
school and an important fraction did not have toilets
within the housing (Madagascar: 93.1%; Cambodia:
49.3%; and Senegal: 29.9%).

Kp colonization was detected in 489 of 874 (55.9%)
women. Carriage rate per country (Figure la) was
significantly lower in Senegal (40.2%, 95% CI [36.3-
46.9]; p < .001) compared to Madagascar (64.7%, CI
[59.9-69.2]) and Cambodia (66.4%, [58.3-73.7]).
Carriage rate was lower in the urban area than in the
rural area (Figure 1a) in Senegal (29.5% versus 45.4%,
p = .006) but not in Madagascar (63.6% versus 65.2%,
p =.7) and Cambodia (61.5% versus 70.4%, p = .3).

Kp phylogenetic diversity

Genomic sequence-based phylogenetic relationships
(Figure 2) revealed the presence of six deep lineages,
corresponding to K. pneumoniae phylogroups Kpl
(70.1%), Kp2 (2%), Kp3 (10.7%), Kp4 (15.7%) and
Kp5 (2.3%) and a novel phylogroup we named Kp7,
described elsewhere as K. africana.* Kpl was the most
frequent phylogroup in each country (68-73.7%), but

Table 1. Characteristics of the inclusion population.

phylogroups distribution differed among countries
(p < .001) (Figure 1b): Kp4 was the second most
common group in Cambodia and Senegal (27.8%
and 20.4%, respectively) but not in Madagascar (Kp3:
17.2%; Kp4: 8.4%).

A remarkably high genotypic diversity was found
based on MLST. There were 325 STs, a majority of
which (242, 74.5%) were represented by a single isolate
(Figure S3). The genotype distribution into multiple
low-frequency ST's was reflected by a very high (99.6%)
Simpson diversity index, even within individual coun-
tries or sites (range, 98.7-99.7%). High-risk clones
(Table S2) represented 70 (14.1%) isolates (Table S3).
Among 11 STs with >5 isolates, six were high-risk
clones and nine were isolated in two or three countries
(Figure 1c). However, based on the number of allelic
differences between strains within these clonal groups,
only two strains were observed in more than one
carrier (Figure 1c; Table S1).

Antimicrobial resistance

Antimicrobial resistance rates differed among the
three countries (Figure 3a; Table S4). Low levels of
resistance were observed for imipenem (0.8%) and
amikacin (0.4%). Resistance rates to quinolones
(15.5%), other aminoglycosides (17.5%), and third-

n (%) or mean (SD)

Madagascar N = 405 Cambodia N = 146 Senegal N = 323 p-value
Urban Site 132 (32.6) 81 (55.5) 105 (35.2) <0.001
Age (years) 259 (6.4) 27 (5.7) 28 (6.71) 0.08
Gestity
1 121 (29.9) 48 (32.9) 70 (21.7) 0.04
>1 284 (70.1) 119 (67.1) 253 (78.3)
Education
Absence/primary school 90 (22.2) 78 (53.4) 227 (70.3) <0.001
Partial secondary school 231 (57.0) 50 (34.2) 62 (19.2)
Complete secondary or higher 84 (20.7) 18 (12.3) 34 (11.1)
Occupancy
Unemployed 263 (64.9) 50 (34.3) 258 (79.9) <0.001
Manual job 129 (31.9) 90 (61.6) 55 (17.0)
Clerical job 13 (3.2) 6 (4.1) 10 (3.1)
House characteristics
Individual housing 135 (33.3) 93 (64.1) 210 (65.0) <0.001
Housing within a compound 133 (32.8) 30 (20.7) 3 (22.6)
Accommodation shared with other families 137 (33.8) 2 (15.2) 0 (12.4)
Electricity 299 (73.8) 145 (99.3) 307 (95.6) <0.001
Toilets
Inside the house 28 (6.9) 74 (50.6) 225 (70.2) <0.001
Outside the house 377 (93.1) 72 (49.3) 96 (29.9)
Pregnancy follow-up
Skilled health-care workers 384 (97.2) 142 (97.3) 322 (99.7) 0.02
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Figure 1. Rates of Kp carriage and genotype diversity.

(a). Prevalence of Kp carriage across countries and sites. The difference of prevalence between urban and rural sites was statistically significant
in Senegal. Cl, confidence interval. (b). Phylogroup distribution in the three countries. Phylogroup Kp6 was not found; phylogroup Kp7 was
only found in one isolate from Senegal. (c). Frequency and geographic distribution of the most common carriage STs. 1% frequency
corresponds to 5 isolates. Urban bar sectors are dotted with white. Within single STs, genome-wide variation ruled-out recent transmission
among individual carriers, except in two instances (< 10 allelic mismatches out of 5,073 gene loci) in Madagascar (ST37: urban-rural triplet;
ST48: rural pair) represented by oval shapes inside the bar sectors. High-risk clones are represented by an asterisk above the bars.

generation cephalosporins (14.4%) were higher  (14.4%) and Madagascar (8.4%). MDR-Kp rates
(p < .001) in Cambodia compared to Madagascar ~ were higher in Madagascar (39.7%) compared to
(2.7%, 8%, and 10%, respectively) and Senegal (~3%  Cambodia (25.8%) and Senegal (11.7%; p < .001).
each). ESBL-Kp were almost absent in Senegal = Multidrug-resistance was higher in the urban site
(0.7%) but they were frequent in Cambodia  compared to the rural site only in Cambodia (42.5%
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Figure 2. Phylogenetic relationships. The scale bar corresponds to 0.01 substitutions per site. iTOL (https://itol.embl.de/) was used to
visualize country of origin (circles at branch tips), phylogroups (background color in first circle comprising the isolates names), the ancestral or
acquired character of isolates’ resistome (second circle), ESBL phenotype (third circle), and virulence genes as indicated in front of each external

circle.

vs 14%, p = .002; Table S4). In Cambodia, 10.3% of
the isolates were resistant to at least 8 categories of
antibiotics. As expected, higher resistance levels
were observed for older antibiotics (amoxicillin
and ticarcillin with clavulanate, tetracycline, and
trimethoprim/sulfamethoxazole).

Comparisons among phylogroups showed dif-
ferences only in Cambodia, with higher resistance
rates against gentamicin and tetracycline in Kpl
(p = .04 and p = .006, respectively; Table S3).

Antimicrobial resistance genes, plasmids and
sublineages

As expected, 0gxAB, fosA, and the chromosomal
beta-lactamase gene were ubiquitous (Table S3;
Figure 3b); 117 variants of the latter were found, with
blasyy.11 (n = 145, 29.7%) being the most frequent
(Figure S4). Remarkably, 334 (67.4%) of isolates had

no acquired resistance gene nor any GyrA or ParC
alterations, thus corresponding to the ancestral
(“wild-type”) resistome type. The median number
of acquired resistance genes was 3 (similar in each
country), ranging from 9 to 11 among ESBL produ-
cers. Of the 37 ESBL enzymes, CTX-M-15 was the
most common (n = 22, 60%). Resistance genes were
strongly associated with phenotypic resistance
(Figure 3c), and some gene associations were
depicted, reflecting their genetic linkage on common
genetic platforms (plasmids, transposons, integrons)
and resulting in co-resistance phenotypes. For exam-
ple, blagxa 1, aac(6’)-1b-cr, catB, and gnrB were asso-
ciated with blacrx_m.15 gene, whereas blay ap_,, gnrs,
and aac(3)-11d were linked to blacrx_a.14/-27; detec-
tion rates for both combinations were higher in
Cambodia (Table S5).

Plasmid replicons were found in 70.6%, 73.9%, and
55.5% of Kp from Madagascar, Cambodia, and
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Figure 3. Antimicrobial resistance.

“linked to third-generation cephalosporins resistance
#linked to fluoroquinolones resistance
¢ linked to aminoglycosides resistance

 linked to sulphonamides and trimethoprim resistance

(a) Rates (%) of phenotypic non-susceptibility. ESBL, extended-spectrum beta-lactamases detected by the positive double-disk
synergy test (DDST); IMI, imipenem; AMK, amikacin; GEN, gentamicin; CIP, ciprofloxacin; SXT, trimethoprim-sulfamethoxazole. (b)
Prevalence (%) of resistance genes. (c) Correlation matrix between antimicrobial resistance genotype and phenotype (Pearson
method). Blank squares represent correlations without statistical significance (p > .05). Positive correlation is depicted by blue circles,
whereas red circles represent significant negative correlation. The size and strength of color represent the numerical value of the Phi
correlation coefficient. Black boxes represent genes commonly found together in the same strain. The plot was created with the
‘corrplot’ R package. Antimicrobial agents: CEP, cephalothin; TOB, tobramycin; GEN, gentamicin; SXT, trimethoprim-sulfamethoxazole;
TET, tetracycline; CAZ, ceftazidime; ATM, aztreonam; CTX, cefotaxime; FEP, cefepime; DDST, double-disk synergy test; CIP, ciproflox-
acin; NAL, nalidixic acid; TZP, piperacillin-tazobactam; AMC, amoxicillin-clavulanic acid; TCC, ticarcillin; IMI, imipenem; AMK, amikacin.
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Senegal, respectively. Twenty-two replicon types were
detected (Table S2), of which IncFIB(K) (36.1%),
Col440I (27.4%), IncFII (26.4%), IncR (15.9%), and
IncFIA(HI1) (15.1%) were the most frequent.
However, the predominant type in Senegal was
Col440I (31.4%), and plasmid distribution differed
among countries (p < .001).

Seventy isolates (14.1%) belonged to widespread
genotypes commonly associated with ESBL or carba-
penemase production (Table S3). Furthermore,
among ESBL-Kp, 19 (51.4%) belonged to previously
recognized MDR STs. Although ST307 is emerging as
a major carbapenemase-producing sublineage,”>**
our ST307 carriage isolates did not harbor carbapene-
mase genes.

Virulence genes and convergence with resistance

Seventy-two (14.5%) virulent isolates were found
(Figure 1), with yersiniabactin being the most fre-
quent virulence factor (62 isolates, 12.5%; Figure S5;
TableS5). The regulator of mucoid phenotype genes
rmpA and rmpA2 were present in six isolates (1.2%),
whereas aerobactin and salmochelin clusters were
present in 14 (2.8%) and 11 (2.2%) isolates, respec-
tively; these hypervirulence-associated clusters were
observed mostly in Madagascar and were associated
with ST of capsular serotype K2 previously described
as hypervirulent:*>*® ST25, ST65, ST375, and ST380
(Table S3). In contrast, no isolate of the liver abscess-
associated serotype K1 ST23 was found.

Virulence and antibiotic resistance elements were
generally observed in distinct isolates (Table S3; Figure
§6). In particular, aerobactin and salmochelin hyper-
virulence clusters were associated with ancestral resis-
tome isolates (in Madagascar, p = .05 and p = .06,
respectively). However, in one urban Cambodian iso-
late (SB5663, ST17), a convergence of MDR
(blacrx.ma7 blapapo, dfrA, sul2, tetA, floR) and
hypervirulence (rmpA, yersiniabactin, salmochelin/
ICEKp1) was observed (Table S3; Figure S6).

Associations between environmental exposures
and specific characteristics of Kp

Risk factors of Kp, MDR, ESBL, and virulent Kp
carriage were investigated (Table 2; Table S7). The
use of antibiotics during pregnancy was associated
with a higher risk of Kp carriage (in Madagascar,

adjusted odds ratio (aOR) = 2.1; p = .03), as was
dry fish consumption (in Cambodia: aOR = 2;
p = .05) and contact with chicken (in Senegal:
aOR = 1.9; p = .008). In contrast, hands washing
after using toilets (in Madagascar: aOR = 0.5;
p = .02), but also manipulating animal excrement
(in Madagascar, aOR = 0.5; p = .008), were asso-
ciated with a reduced risk of Kp carriage.

Among Kp-colonized women, those who
reported washing their hands after using toilets
(in Madagascar: aOR = 0.4; p = .02), to eat dried
meat (in Madagascar: aOR = 0.4; p = .01), or to be
in contact with chicken (in Senegal: aOR = 0.2;
p = .01) were less at risk of being MDR-Kp colo-
nized. In contrast, women who reported eating
raw vegetables at least once per week (in
Madagascar: aOR = 2.4; p = .03) were more at
risk of being MDR-Kp colonized.

Regarding virulent Kp carriage, hospitalization
of a household member in the previous year (in
Madagascar: aOR = 4.0; p = .001), consumption of
rabbit meat (in Madagascar: aOR = 3.6; p = .01),
and use of fecal material as fertilizer (Senegal: 3.7,
p = .02) were risk factors. In contrast, fish con-
sumption was associated with decreased virulent
Kp colonization (Senegal: OR = 0.2; p = .02).

No risk factor for MDR and virulent Kp car-
riage in Cambodia and for ESBL Kp carriage in the
3 countries were identified.

Discussion

Despite the importance of Kp carriage in the ecology
and spread of this pathogen, knowledge on Kp colo-
nization is scarce, especially in LIC communities. In
previous carriage studies, other Enterobacteriaceae
including E. coli were considered together with Kp,
which represented a minority of studied isolates.””*®
In addition, previous work focused on ESBL- or car-
bapenemase-producing Enterobacteriaceae carriage,
overlooking the natural diversity and ecology of sus-
ceptible populations from which resistant strains
evolve.

The design of our community-based multicentric
study is unique in that the naturally colonizing popu-
lation of Kp was investigated irrespective of antimi-
crobial resistance phenotypes, providing insights into
the natural ecology of Kp in human carriage. We
found that Kp carriage rate per country ranged from
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40% to 66%. Kp community carriage studies in high-
income countries found carriage rates ranging from
6% to 35%; rates were much higher in one study of
Chinese volunteers living in Asian countries.””*
Although hospitalization is known to increase Kp
carriage, our estimates are even higher than the pre-
valence of Kp carriage reported in hospital settings,
typically ranging from 20 to 35%.>>*” Kp abundance
in the gut microbiota is low; combining an enrichment
step with a Klebsiella selective medium may have
contributed to recover Kp at higher rates here than
in previous studies.® Of concern, pregnant women
can transmit to their children during delivery or after
birth, potentially leading to neonatal sepsis.>!

Our data demonstrate that Kpl is the most
prevalent phylogroup in all sites. Currently, recog-
nized high-risk clones all belong to Kpl, and this
phylogroup is the most frequent in human
infections.”®** Our results suggest that the clinical
predominance of Kpl might be a direct reflection
of the ecological dominance of this group in car-
riage, rather than to a higher infectious potential
compared to other phylogroups. Consistent with
this hypothesis, the high rate of Kp4 carriage in
Cambodia is mirrored by common Kp4 blood-
stream infections in this country.’

A striking inter-carrier genetic diversity of Kp was
found, with almost three quarters of isolates having
aunique ST. Further, genomic sequencing ruled out in
all cases except two, the occurrence of recent transmis-
sion. Human Kp carriage populations thus appear
structured into individual carriers acting as rarely
connected islands, favoring evolutionary diversifica-
tion into a multitude of genotypes.

Kp isolates causing hypervirulent infections
belong to recognized sublineages of capsular ser-
otypes K1 and K2, but the source of these infec-
tions is poorly known. K1-ST23 was common
among Asian healthy carriers.”® Here, several iso-
lates belonging to hypervirulent K2 sublineages
were found, suggesting that the human gut may
act as a reservoir of these strains.

Antimicrobial resistance differed among countries,
likely reflecting the different levels of antibiotic use,
hygiene, and infection control between the 3 coun-
tries. The proportion of MDR and ESBL-producing
isolates was high in Madagascar and Cambodia. These
findings are worrisome, as the gut is a well-known
reservoir of infections by these strains.® Besides, the

role of Kp as a source of ESBL genes and other resis-
tance determinants that can be transmitted horizon-
tally to other pathogens is a clear cause of concern.*
We did not find any carbapenemase-producing Kp,
indicating that its spread in the community is still
limited in these countries, consistent with low carba-
penem <:onsumption.35

We were able to investigate for the first time, risk
factors associated with natural carriage of Kp and its
genetic or phenotypic subpopulations. We found that
women who washed their hands after toilet use were
less likely to be colonized with Kp or MDR Kp in
Madagascar. Hand washing is effective in controlling
the transmission of fecal-oral infection in the commu-
nity, but is often neither properly done nor practiced
at key times.”® Our finding supports that promotion of
a simple hygienic behavior could contribute to the
control of the spread of antimicrobial resistance in
the community.

Consumption of food or contact with some ani-
mals were found associated with Kp, MDR, or viru-
lent Kp carriage. Raw vegetables or rabbit meat
(although rabbit meat consumption was low) were
associated with a higher risk of being colonized with
MDR-Kp or virulent Kp, respectively, suggesting
a possible food origin for these isolates. Bacteria
can persist on products that are inadequately cooked
prior to consumption. However, at which step of the
food supply chain these products are contaminated
remains an open question. This study calls for more
focused investigations of the presence of Kp on
food. We also found that manipulating animal
excrement and having animal contacts appear pro-
tective of Kp and MDR-Kp colonization. One expla-
nation could lie in negative ecological associations
between Kp and other bacteria during animal hosts
colonization. Future studies on interactions of Kp
with the gut microbiota are warranted.

We acknowledge several limitations to this study.
Due to the cross-sectional design, the interpretation
of the risk factors must be cautious, in particular due
to recall bias. Our sample size was not very large,
specifically in Cambodia, which might explain that
we found few risk factors associated with MDR or
virulent Kp. Although the majority of the samples
consisted in a stool collection (85%), endorectal
swabbing was performed instead when stool was
not available. However, previous studies showed
that bacterial communities defined from endorectal



swabbing and stool specimens are similar.’”*® In

addition, we used an enrichment step that allows
the recovery of Kp isolates even when the amount of
starting material is low, which could potentially be
the case when using rectal swabs.

Human-to-human contact was not investigated in
depth here. Characteristics reflecting a potential
human transmission (number of household mem-
bers) were collected and were not significantly asso-
ciated with Kp carriage. We performed our carriage
study in pregnant women, who represent a homoge-
neous and generally healthy population, with limited
socioeconomic status bias. However, the immune sys-
tem is modified during pregnancy, impacting the gut
microbiota.” Whether pregnancy has an impact on
Kp carriage would require dedicated studies. Finally,
food or environmental sampling performed in parallel
to human screening would have allowed comparing
Kp populations in these niches, possibly leading to
their association with human carriage, but these stu-
dies will be particularly challenging in light of the huge
diversity of Kp revealed herein.*

Conclusions

To conclude, this multicentric study provides the most
detailed picture to date of Kp colonization in human
LICs communities. One important outcome is the
high prevalence of Kp carriage, and high levels of
antimicrobial resistance among carriage Kp isolates.
Our findings also illustrate the challenges of under-
standing the transmission dynamics of ubiquitous
pathogens. As Kp carriage risk factors were country-
dependent, major drivers could not be pointed out,
probably reflecting the influence of a complex combi-
nation of antibiotic use, hygienic and environmental
conditions in the given local context. Consequently,
our results suggest that there is “no one size fits all”
intervention to tackle the Kp community burden and
that public health strategies to control Kp spread may
need to be defined based on local specificities.
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