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Background. The clinical and microbial factors associated with Klebsiella pneumoniae bloodstream infections (BSIs) are not
well characterized. Prior studies have focused on highly resistant or hypervirulent isolates, limiting our understanding of
K. pneumoniae strains that commonly cause BSI. We performed a record review and whole-genome sequencing to investigate
the clinical characteristics, bacterial diversity, determinants of antimicrobial resistance, and risk factors for in-hospital death in a
cohort of patients with K. pneumoniae BSI.

Methods. We identified 562 patients at Massachusetts General Hospital with K. pneumoniae BSIs between 2016 and 2022. We
collected data on comorbid conditions, infection source, clinical outcomes, and antibiotic resistance and performed whole-genome
sequencing on 108 sequential BSI isolates from 2021 to 2022.

Results. Intra-abdominal infection was the most common source of infection accounting for 34% of all BSIs. A respiratory tract
source accounted for 6% of BSIs but was associated with a higher in-hospital mortality rate (adjusted odds ratio, 5.4 [95% confidence
interval, 2.2-12.8]; P < .001 for comparison with other sources). Resistance to the first antibiotic prescribed was also associated with
a higher risk of death (adjusted odds ratio, 5.2 [95% confidence interval, 2.2-12.4]; P < .001). BSI isolates were genetically diverse,
and no clusters of epidemiologically and genetically linked cases were observed. Virulence factors associated with invasiveness were
observed at a low prevalence, although an unexpected association between O-antigen type and the source of infection was found.

Conclusions.
need for new approaches for surveillance and the rapid identification of patients with invasive antimicrobial-resistant

These observations demonstrate the versatility of K. pneumoniae as an opportunistic pathogen and highlight the

K. pneumoniae infection.
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Klebsiella pneumoniae is a leading cause of healthcare-associated
infections [1] and neonatal sepsis [2]. K. pneumoniae colonizes
the gut and respiratory tract of humans and animals, persists in
environmental reservoirs, and is permissive of horizontal gene
transfer [3, 4]. These characteristics have contributed to the emer-
gence of K. pneumoniae with high levels of antimicrobial resis-
tance (AMR) [5]. In 2019, an estimated 600000 deaths were
attributable to AMR K. pneumoniae globally [6].
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K. pneumoniae infections are associated with impaired host
defense, but infections also occur in nonimmunocompromised
individuals, and bacterial factors play a role in determining host
range [7, 8]. Hypervirulent strains have thick capsules, express
multiple siderophores, and are associated with invasive disease
following community acquisition in healthy hosts [9]. Classic
K. pneumoniae, in contrast, has variable capsule production,
may not express siderophores, and is opportunistic [8, 10].

Few studies have systematically evaluated the clinical and
microbiologic factors associated with K. pneumoniae blood-
stream infections (BSIs). Most research has focused on BSI in
highly selected K. pneumoniae populations, such as those dis-
playing carbapenem resistance or hypervirulence, but less at-
tention has been devoted to understanding K. pneumoniae
BSI in general clinical scenarios [11, 12]. As K. pneumoniae dis-
plays different infection characteristics in distinct populations
[3, 6], a better understanding is needed of risk factors for acqui-
sition of and death from K. pneumoniae BSI.
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In the current study, we evaluated a cohort of patients with
K. pneumoniae BSI at a tertiary care hospital in Boston,
Massachusetts in the United States. We extracted data on all pa-
tients with K. pneumoniae BSI from 2016 to 2022 and coupled
this with whole-genome sequencing (WGS) on isolates collect-
ed over the last year of the study. Here, we report the clinical
characteristics of patients with K. pneumoniae BSIs, define
risk factors for in-hospital death, and perform a genomic sur-
vey of the diversity and virulence factors of the bacterial
population.

METHODS

Patient Population

The study was conducted at Massachusetts General Hospital in
Boston, Massachusetts, a 1000-bed tertiary care hospital with
>11 000 admissions to the internal medicine service annually
[13]. Patients who had K. pneumoniae isolated in >1 blood cul-
ture from 1 March 2016 to 31 May 2022 were included; patients
ranged in age from 2 months to 96 years. We reviewed records
retrospectively from March 2016 to June 2021 and prospective-
ly from July 2021 to May 2022. Isolates from all K. pneumoniae
BSIs identified during the prospective period were subcultured
for sequencing and hypermucoidity testing. The study was ap-
proved by the MassGeneral Brigham Institutional Review
Board.

Record Review

We extracted clinical and microbiologic data from the medical
record; this procedure is detailed in the Supplementary
Methods. K. pneumoniae BSI was defined as isolation of the
bacterium in >1 blood culture bottle during the study period.
Infectious diseases clinicians (D.]. R., R. C. L., and J. B. H.) re-
viewed each case to ensure that the primary infection sites met
the National Healthcare Safety Network definitions [14]. A pri-
mary catheter-associated infection was documented if the cath-
eter was present for >48 hours before the positive culture and
no other site of infection was identified. In cases where no site
met the above criteria, the source was listed as unidentified.
Hospital-acquired infection was defined as a positive blood cul-
ture collected >48 hours after admission. Hardware-associated
infections were classified when source hardware was present for
>48 hours before the BSI.

Microbiology

K. pneumoniae isolated from blood cultures in the Massachusetts
General Hospital Clinical Microbiology Laboratory underwent
identification using matrix-assisted laser desorption ioniza-
of flight (MALDI-TOF)
(bioMérieux V3.2 database) and antimicrobial susceptibility test-

tion-time mass spectrometry

ing per Clinical and Laboratory Standards Institute standards.

Multidrug resistance (MDR) was defined as resistance to ceftri-
axone and >2 non-B-lactam drug classes [15]. Isolates with in-
termediate susceptibility were categorized as resistant.
Hypermucoidity testing was performed using methods described
by Short et al [7]. In brief, cultures were grown in lysogeny broth,
a 1:100 dilution of this was subcultured and normalized to an op-
tical density (OD) of 1 and centrifuged at 1000g for 5 minutes,
and mucoidity was expressed as a ratio of the OD at 600 nm
(ODggo) of the supernatant to the ODggg of the original culture,

with the top 15% of ratios considered hypermucoid.

Genome Sequencing

WGS was performed on the first K. pneumoniae bloodstream
isolate collected from patients between July 2021 and May
2022. Sequencing was performed using 150-base paired-end
reads on an Illumina platform with an average of 10 million
reads per isolate. Reads were aligned to the reference genome
NTUH-K2044 [16]
Pilon v1.24 was used for single-nucleotide polymorphism

using bwa software v0.7.17 [17].

(SNP) calling [18]. Core SNPs were used to create a phylogenet-
ic tree using RAXML v8.2.12 [19]. Sequence types (STs), AMR
genes, virulence factors, and K and O types were identified
using Kleborate v2.2.0 [20], and fim and mrk genes were
identified using the basic local alignment search tool
(BLAST) v2.9.0+ [21]. We calculated the Shannon diversity in-
dex (SDI) of STs using the R package “vegan.” All sequences
were uploaded to the Sequence Read Archive (BioProject
PRJNA978102).

Statistical Analysis

The association between in-hospital death and patient and bac-
terial characteristics was assessed using x* tests for categorical
variables and t or Wilcoxon tests for continuous variables.
Covariates included age, sex, comorbid conditions (diabetes,
liver disease, chronic kidney disease, cancer, solid tumor, and
hematologic cancer), Charlson comorbidity index, immuno-
suppressed status, neutropenic status, underlying bacteremia
source (abdominal, urinary tract, central catheter, respiratory
tract, or unidentified), intensive care unit (ICU) admission at
the time of culture, resistance to particular antibiotics (ceftriax-
one, cefepime, piperacillin-tazobactam, aminoglycoside, and
fluoroquinolones), time to first effective antibiotic, hospital-
acquired infection, whether an incorrect antibiotic was prescribed,
and whether the infectious diseases service was consulted. Bivariate
associations were first assessed; subsequently, adjusted odds ratios
(ORs) and 95% confidence intervals (CIs) were obtained from a
multivariable logistic regression model to evaluate associations
with in-hospital death, with adjustment for covariates. All analyses
were performed with R software, v4.2.1 [22], or SAS v9.4 software
(SAS Institute), and differences were considered significant at
P < .05 (2-sided) .
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RESULTS

A total of 562 unique patients meeting criteria were identified.
Of these, 454 patients (81%) were included in the retrospective
review, and 108 (19%) were identified prospectively. No pa-
tients were excluded.

Patient Characteristics

Table 1 shows the cohort characteristics. K. pneumoniae BSI
occurred more often in older, male patients. Polymicrobial in-
fection occurred in 25% of K. pneumoniae BSI (Supplementary
Figure 1) and was present across sources (Supplementary
Table 1). K. pneumoniae BSI was associated with severe illness:
207 patients (37%) were admitted to the intensive care unit, and
81 (14%) died before discharge. The most common comorbid
conditions were diabetes and cancer. Of 178 patients with can-
cer, 104 (58%) had solid organ cancer, while 74 (42%) had
hematologic cancer. Thirty-nine patients (6.9%) had recurrent
K. pneumoniae BSI. Ten recurrences were in the prospective
cohort; of these, 6 reinfections were due to the same strain,
and 4 due to different strains.

Source of Infection

We identified a source in 430 patients (77%) (Table 2).
Intra-abdominal infections were most common, followed by
urinary tract, central venous catheter, and respiratory tract in-
fections (Figure 1A). One hundred sixty-one infections (29%)

Table 1. Demographic Characteristics and Comorbid Conditions in
Patients With Klebsiella pneumoniae Bloodstream Infections

Patients, No. (%)?

Characteristic or Total Cohort Prospective Retrospective

Condition (N =562) Cohort(n=108) Cohort (n =454)
Male sex 335 (59.6) 68 (63) 267 (58.8)
Age, mean (SD), y 62.1 (16.8) 62.9 (19.7) 61.9 (16.0)
BMI, mean (SD)° 26.9 (7.3) 26.7 (7.2) 26.9 (7.3)
Polymicrobial 140 (24.9) 29 (26.9) 111 (24.4)
bacteremia®
Immunosuppressed 284 (50.5) 51 (47.2) 233 (51.3)
CCl, mean (SD) 5.37 (2.9) 5.21 (3.15) 5.41(2.9)
Comorbid conditions®
Cancer 178 (31.7) 32 (29.6) 146 (32.2)
Diabetes 182 (32.4) 32 (29.6) 150 (33.0)
Coronary artery 109 (19.4) 24 (22.2) 85 (18.7)
disease
COPD or asthma 90 (16.0) 17 (15.7) 73 (16.1)
Liver disease 94 (16.7) 16 (14.8) 78 (17.2)
Chronic kidney disease 145 (25.8) 31 (28.7) 114 (25.1)
ICU admission 207 (36.8) 39 (36.1) 168 (37.0)
Hospital death 81 (14.4) 11 (10.2) 70 (15.4)

Abbreviations: BMI, body mass index; CCl, Charlson comorbidity index; COPD, chronic
obstructive lung disease; ICU, intensive care unit, SD, standard deviation.

“Data represent no. (%) of patients unless otherwise specified.

®BMI calculated as weight in kilograms divided by height in meters squared.
°See Supplementary Figure 1 for further details.

9The 6 most common comorbid conditions are listed.

were healthcare associated; in those patients, the median time
from admission to positive blood culture was 12 days (inter-
quartile range [IQR], 6-22 days). However, 434 patients (77%)
were hospitalized in the preceding year, suggesting high exposure
to hospital environments. One hundred eighty-five BSIs (33%)
were hardware associated. An unidentified source was most com-
mon in patients with hematologic cancers, in whom gut transloca-
tion was frequently suspected (Figure 1B).

Antibiotic Administration

We determined the time to delivery of the “first antibiotic”
and the “first effective antibiotic” after each initial positive
culture was obtained, limiting this inquiry to antibiotics
with gram-negative activity. The first effective antibiotic
was defined as the first antibiotic given after the culture
was obtained to which the isolate was susceptible.
Seventeen different first antibiotics were used by clinicians;
in 8 cases, no antibiotic was given because patients elected
for comfort measures only. Cefepime was the most
(47.9%) followed by

piperacillin-tazobactam (20.3%) and ceftriaxone (12.2%)

frequently used first antibiotic

(Supplementary Table 2).

The median time to delivery of the first effective antibiotic
was 1.9 hours (IQR, 0.48-12.15 hours). In 195 patients,
there was a >4-hour delay from when cultures were drawn
to when an effective antibiotic was given. In 40 (7%) of the
554 cases with administered antibiotics, the isolate was
resistant to the first antibiotic given, and a prolonged time
to delivery of the first effective antibiotic was observed
(median, 30.8 hours; IQR, 16.9-42.8 hours). Of these 40 pa-
tients, only 9 had prior cultures (from any site) growing
gram-negative organisms with resistance to the given
antibiotic.

Bacterial Characteristics

Antimicrobial Resistance

Supplementary Table 3 shows resistance patterns of the 562 iso-
lates; 112 (20%) were resistant to ceftriaxone, and 89 (16%)
were MDR. Cefepime resistance was detected in 43 isolates (8%),
and carbapenem resistance in 18 (3%). Healthcare-associated infec-
tions were more resistant to all antibiotic classes.

Genomic Diversity
We assembled 108 complete genomes from the prospective
collection. Ninety-four of these were identified through WGS
as K. pneumoniae, while in 14 instances there was discordance
between MALDI-TOF and WGS species typing, with 9 identi-
fied as Klebsiella quasipneumoniae and 5 as Klebsiella variicola.
This rate of discordant classification has been observed in other
WGS studies of K. pneumoniae [23, 24].

The isolates were diverse (Figure 2). Among the 94 con-
firmed K. pneumoniae isolates, 70 STs were represented. Of

Genomics of Klebsiella pneumoniae Bacteremia « CID 2024:78 (15 January) « 33


http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciad507#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciad507#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciad507#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciad507#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciad507#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciad507#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciad507#supplementary-data

Table 2. Source of Klebsiella pneumoniae Bloodstream Infection

Patients With BSI by Infection Source, No. %

BSI Type Overall Abdominal Urinary Tract Unidentified Central Catheter Respiratory Tract SSTI Multiple Sources
or Outcome (N=562) (n=189) (n=138) (n=132) (n=47) (n=33) (n=12) (n=7)
Hospital acquired 161 (29) 39 (21) 27 (20) 50 (38) 21 (45) 18 (55) 2(17) 3 (43)
MDR 87 (16) 21011 28 (20) 15 (11) 8(17) 10 (30) 2(17) 2(29)
ESBL phenotype 112 (20) 29 (15) 32 (23) 22 (17) 10 (21) 12 (36) 4 (33) 2 (29)
Hardware 185 (33) 86 (46) 42 (30) 01(0) 47 (100) 7(21) 0(0) 3(43)
ICU admission 207 (37) 56 (30) 39 (28) 54 (41) 17 (36) 28 (85) 7 (568) 4 (57)
Hospital death 81 (14) 23(12) 13(9) 20 (15) 3(6) 17 (52) 3(25) 2(29)

Abbreviations: BSI, bloodstream infection; ESBL, extended-spectrum B-lactamase; ICU, intensive care unit; MDR, multidrug resistance; SSTI, skin and soft-tissue infection.
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the global MDR STs, only ST307 (4 isolates), ST14 (3 isolates)
and ST20 (4 isolates) were present in our population [25, 26].
We calculated the ST diversity of the K. pneumoniae isolates us-
ing the SDI and compared it to findings of another study [27]
including isolates from multiple anatomic sources. Even
though our cohort was restricted to bloodstream isolates, the
K. pneumoniae BSI isolates from our cohort were more diverse
(SDI, 4.14 vs 3.53 for all K. pneumoniae; 4.07 vs 4.08 for
carbapenem-sensitive K. pneumoniae). There were 2 pairs of
isolates (KPN0005 and KPN0021; KPN0019 and KPN0090),
which both had 38 pairwise SNPs between them. However,
we found no epidemiologic links between the patients, suggest-
ing that there were no transmission events in this cohort.

Genetic Determinants of Resistance

Sixty-eight (63%) of 108 sequenced isolates had no resistance
genes other than the chromosomal sulf-hydryl variable com-
mon to all K. pneumoniae, and the remainder had 1-13 AMR
genes spanning 9 drug classes (Figure 3A and 3B). Of 108

sequenced isolates, 25 (23%) were resistant to ceftriaxone
(Supplementary Table 4). blacrx.m.1s was present in 16
(64%) of the 25 ceftriaxone-resistant isolates. Genes encoding
carbapenemases (blaxpc, [2 isolates], blaxpc.s, blaoxa-as
and blanypnm.s) were identified in 5 of 7 carbapenem-resistant
isolates, while blacrx p 15 and blargy.; genes with concomi-
tant porin mutations were present in the other 2.

Virulence

We assessed the number of acquired virulence factors and the
overall “virulence score” for each isolate. This metric, devel-
oped by Lam et al [20], incorporates the number and type of
virulence genes present with well-supported clinical risks
(Figure 3C and 3D). One isolate (KPN0084) belonging to
ST23, a hypervirulent ST associated with East Asia [28], had
the highest possible score of 5 and was hypermucoid. The in-
fected patient was a previously healthy man originally from
East Asia admitted with liver abscesses, a presentation consis-
tent with the hypervirulent genotype. Eighty-two isolates
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Figure 2. Phylogenetic tree of the 94 Klebsiella pneumoniae bloodstream infection isolates, a midpoint-rooted tree based on core single-nucleotide polymorphism aligned
to reference strain NTUH-K2044. Column 1 shows the sequence types (STs) with >3 isolates represented; column 2, ceftriaxone resistance pattern; and column 3, the in-
fection source. Branches are colored black or red for community-acquired or hospital-acquired infections, respectively. Abbreviations: AST, antimicrobial susceptibility test-
ing; SSTI, skin and soft-tissue infection.

(77%) had a virulence score of 0, while 3 isolates (2.8%) had a with virulence scores >3 also carried the rmpADC/rmpA_2
virulence score of 3 (aerobactin only) and 21 (20%) had a vir- genes associated with hypermucoidity. Three of these isolates
ulence score of 1 (yersiniabactin only) (Figure 3). The 4 isolates (KPN0084, KPN0029, and KPN0035) had a hypermucoid
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phenotype [7]. We assessed the prevalence of the fim and mrk
fimbrial operons within our population, and both were present
in >90% of the isolates (Supplementary Table 5).

Serotype

Capsular polysaccharide (K) and lipopolysaccharide (O) anti-
gens are used to characterize K. pneumoniae serologically, and dif-
ferent serotypes demonstrate differential capacity in evading host
defenses [29]. We identified the serotypes of the prospective co-
hort using Kleborate, which are listed in Supplementary
Table 6. Among the 94 isolates confirmed as K. pneumoniae,
56 capsule-encoding loci (KL) were identified, and 2 strains had
unidentified KL. The most common loci, KL102 and KL2 ac-
counted for 5 (5%) and 6 (6%) of confirmed K. pneumoniae

BSIs, respectively. Eight known O types were identified, and 7 iso-
lates had unknown O types based on WGS. The most common O
types were O1 and O3b, which accounted for 35 (37%) and 19
(20%) of the isolates, respectively. As shown in Supplementary
Table 7, a respiratory tract source was associated with higher
odds of O1 infection (OR 5.9 [95% CI: 1.1-31.1]), while a gastro-
intestinal source was associated with higher odds of O3b infection
(3.8 [1.3-10.7]) and lower odds of O1 infection (0.36 [.14-.97]).

Risk Factors for In-Hospital Death

In an unadjusted analysis increasing age, ICU admission at
time of culture, higher Charlson comorbidity index, cancer,
AMR, and a respiratory tract source were associated with in-
creased mortality rate (Table 3). After adjustment for
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Table 3. 0dds Ratios Obtained With Unadjusted and Adjusted Logistic Regression Assessing the Relationship of Variables to In-Hospital Death

Unadjusted Regression Model

Adjusted Regression Model

Variable OR (95% Cl) P Value OR (95% ClI) P Value
Age (in years) 1.0 (1.0-1.0) .04 1.01 (.99-1.04) 3
Male sex 0.89 (.65-1.4) .63 0.57 (.33-1.00) .05
Diabetes 1.3(.80-2.2) .29
Liver disease 1.5(.82-2.7) 19
Chronic kidney disease 1.1(.6-1.8) .85
Cancer 1.7 (1.0-2.7) .05
Solid tumor 0.89 (.47-1.7) 72 0.91 (.40-2.08) .83
Hematologic cancer 2.5(1.4-4.6) <.01 4.48 (2.13-9.41) <.001
Immunosuppression 1.4 (.83-2.2) .23
ANC <500/uL 2.4(1.2-4.9) .02
Charlson comorbidity index 1.1 (1.0-1.2) .04 1.14 (.99-1.30) .06
Infection source

Abdominal 0.8 (.47-1.3) .39

Urinary tract 0.568 (.3-1.1) .09

Central catheter 0.42 (.13-1.4) 15

Respiratory tract 8.1(3.9-16.9) <.001 5.35 (2.23-12.79) <.001

Unidentified 0.92 (.62-1.7) .79
Antibiotic resistant

Ceftriaxone 2.1 (1.2-3.5) .01

Cefepime 3.8(1.9-7.7) <.001

Piperacillin-tazobactam 2.9 (1.5-5.5) .00

Aminoglycoside 1.9 (.93-3.9) .08

Fluoroquinolone 1.4 (.76-2.4) .29

MDR 1.7 (94-3.1) .08
Delay of >4 h to antibiotic treatment 1.5(.9-2.4) A2
Incorrect 1st antibiotic 3.8(1.9-7.7) <.001 5.22 (2.21-12.37) <.001
ID consultation 0.83 (.61-1.3) 44
Hospital-acquired infection 2.8(1.7-4.5) <.001
ICU admission 4.72 (2.86-7.79) <.001 5.06 (2.82-9.07) <.001

Abbreviations: ANC, absolute neutrophil count; CI, confidence interval; ICU, intensive care unit; ID, infectious diseases; MDR, multidrug resistance; OR, odds ratio.

confounding in the multivariable model, independent predictors
of in-hospital death were ICU admission, hematologic cancer
(aOR 4.48 [95% CI: 2.13-9.41]), a respiratory tract source (aOR
5.35[2.23-12.79]), and resistance of the infection strain to the first
antibiotic given (aOR5.22 [2.21-12.37]). Resistance to ceftriaxone
and higher-order B-lactams was associated with increased odds of
death, but this phenotype was tightly correlated with incorrect first
antibiotic and was not included in the final multivarjable model.
In the prospective cohort, we evaluated the association between
in-hospital death and 4 K. pneumoniae virulence factors (yersinia-
bactin, colibactin, salmochelin, and aerobactin), as well as the
association with a virulence score >1, using Fisher’s exact test
(Supplementary Table 8). Salmochelin was the only factor that
reached statistical significance (OR, 10 [95% CI: 1.3-79.8]), but
it was present in isolates from only 3 patients, 2 of whom died.

DISCUSSION

K. pneumoniae BSIs were opportunistic in our cohort, with
most cases occurring in individuals with hospital exposure,

immunocompromised status, and indwelling hardware.
Biliary tract infection was the single most common source, a
finding that aligns with a population-based survey in Canada
from 2000 to 2007 [11]. Patients with hepatobiliary hardware
may consequently be ideal candidates for studies of vaccines
to prevent invasive K. pneumoniae infections [30].

We found that K. pneumoniae BSI arises from a genetically
heterogeneous population of bacteria, with an unexpectedly
low prevalence of acquired virulence determinants. This differs
from prior molecular epidemiologic studies that focused on
K. pneumoniae with specific phenotypes, including carbape-
nem-resistant or hypervirulent isolates, which found they
were dominated by specific lineages [31, 9]. In our large, unse-
lected cohort we found that K. pneumoniae BSI was not driven
by a restricted population of bacteria with increased potential
for invasion and dissemination, but rather by diverse strains
with potential to cause invasive disease in compromised hosts.
A 2021 study in the United Kingdom also found that blood-
stream isolates were diverse and that canonical virulence genes
were observed at low frequency [12]. Similarly, a study that
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included both BSI and non-BSI clinical K. pneumoniae showed
extensive diversity and a low prevalence of acquired virulence
genes [23]. Taken together, these studies provide evidence
that while a convergence of resistance and increasing virulence
may drive the expansion of selected lineages [32], K. pneumo-
niae BSI in highly resourced hospital settings arises from a het-
erogenous population of opportunistic pathogens.

The diversity observed in our study suggests either that com-
munity acquisition is the dominant driver of K. pneumoniae in-
fection or that there is a large reservoir of K. pneumoniae strains
in the healthcare environment. This has implications for the
design of epidemiologic studies; mapping transmission events
will require deep probing of environmental and human
reservoirs to identify risk factors for the transmission of
closely related strains, thereby lending support to evolving
strategies, such as institutional wastewater sampling [33, 34].
This finding is also consistent with the observation that many
K. pneumoniae infections are caused by colonizing strains, as
opposed to outbreaks of highly resistant, transmissible, or hy-
pervirulent strains, and it adds support for implementing bun-
dled decolonization protocols in certain high-risk populations
[35, 24, 36].

The diversity of the K. pneumoniae strains also extends to
their serotype. While the KL2 locus has been associated with in-
vasiveness and represents the most common capsule type, this
accounted for a small fraction of our characterized isolates. Our
observation that certain O types were associated with distinct
anatomic sites of infection was unexpected and not previously
reported. If confirmed, these associations suggest that
O-polysaccharide-specific biologic properties may affect the
anatomic niche and shape the outcome of host-pathogen inter-
actions in invasive K. pneumoniae.

Our study informs the approach to antibiotic therapy when
K. pneumoniae BSI is suspected or identified. First, when K.
pneumoniae BSI is confirmed, concomitant bacteremia with
other enteric pathogens is common. Almost a quarter of K.
pneumoniae BSIs involved additional bloodstream organisms.
This suggests that broad antibiotic coverage should be main-
tained until concomitant infection is excluded. In addition,
the excess mortality rate in patients given the wrong first anti-
biotic underscores the need for approaches to rapidly identify
patients at risk for resistant organisms [37, 38].

Our study has limitations. First, we only present data on pa-
tients with K. pneumoniae BSI and are unable to estimate
population-based incidence rates. Second, our study was con-
ducted in a tertiary care hospital, which may not be represen-
tative of all medical settings. Third, we had bacterial
sequencing data only from the prospective cohort; however,
this patient population was well-matched to the retrospective
cohort, and we expect it to be representative. Fourth, we used
short-read sequencing, which limited our ability to investigate
the role of plasmid transmission among isolates [27]. Finally,

given the discordance in species typing we identified between
MALDI-TOF and WGS, some proportion of the retrospective
cohort may be Klebsiella species other than K. pneumoniae.

In conclusion, the current study demonstrates that K. pneu-
moniae BSI is a life-threatening infection caused by diverse
strains. The typical genotypic and phenotypic characteristics
associated with hypervirulent K. pneumoniae strains were ob-
served at an unexpectedly low frequency, and the convergence
of increasing AMR and virulence factors reported in other
studies was not seen in this cohort. Nonetheless, association
between AMR, the incorrect first choice of antibiotic, and in--
hospital death was profound, pointing to a need to prevent
K. pneumoniae BSI and to rapidly identify patients who are at
risk of AMR K. pneumoniae infection.
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