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Abstract

Successful microbial colonization of the gastrointestinal (GI) tract hinges on an organism’s

ability to overcome the intense competition for nutrients in the gut between the host and the

resident gut microbiome. Enteric pathogens can exploit ethanolamine (EA) in the gut to

bypass nutrient competition. However, Klebsiella pneumoniae (K. pneumoniae) is an

asymptomatic gut colonizer and, unlike well-studied enteric pathogens, harbors two geneti-

cally distinct ethanolamine utilization (eut) loci. Our investigation uncovered unique roles for

each eut locus depending on EA utilization as a carbon or nitrogen source. Murine gut colo-

nization studies demonstrated the necessity of both eut loci in the presence of intact gut

microbiota for robust GI colonization by K. pneumoniae. Additionally, while some Escheri-

chia coli gut isolates could metabolize EA, other commensals were incapable, suggesting

that EA metabolism likely provides K. pneumoniae a selective advantage in gut colonization.

Molecular and bioinformatic analyses unveiled the conservation of two eut loci among K.

pneumoniae and a subset of the related taxa in the K. pneumoniae species complex, with

the NtrC-RpoN regulatory cascade playing a pivotal role in regulation. These findings iden-

tify EA metabolism as a critical driver of K. pneumoniae niche establishment in the gut and

propose microbial metabolism as a potential therapeutic avenue to combat K. pneumoniae

infections.

Author summary

Klebsiella pneumoniae (K. pneumoniae) is a leading cause of nosocomial infections but is

considered a silent gut colonizer. A molecular understanding of how K. pneumoniae colo-

nizes the GI tract and overcomes host- and resident gut microbiota-mediated colonization

resistance requires further investigation. A direct mechanism of colonization resistance is
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through competition for the same nutrient resources. K. pneumoniae can sidestep nutrient

competition by metabolizing ethanolamine as an alternative nutrient source, thus over-

coming microbiota-mediated colonization resistance. The unique ethanolamine utiliza-

tion loci of K. pneumoniae are both required for robust gut colonization and are

conserved among K. pneumoniae, suggesting that ethanolamine metabolism is an impor-

tant mediator of gut colonization.

Introduction

The gastrointestinal (GI) tract is the most abundant site of bacterial colonization within

humans, harboring ~1014 cells [1]. The resident commensals of the GI tract continuously com-

pete with each other and the host for nutrients [2]. This constant battle for energy sources con-

sequentially leads to a protective phenomenon known as colonization resistance (CR), as

incoming microorganisms, including pathogens, are prevented from establishing themselves

in the GI tract due to limited nutrient availability [3,4]. The gut microbiota can employ various

tactics to enhance CR, including toxin production, host-response modulation, pH modifica-

tion, and nutrient competition [5]. One mechanism that can allow an incoming microorgan-

ism to overcome CR in the GI tract is increased metabolic capacity, which maximizes the

ability to adapt and persist under fluctuating nutrient availability [6].

Klebsiella pneumoniae (K. pneumoniae) is considered a priority pathogen by the Centers for

Disease Control and Prevention due to its prevalence in healthcare-associated infections

(HAIs) and multi-drug resistance [7,8]. Recent studies have demonstrated that K. pneumoniae
asymptomatically colonizes the GI tract before translocating to sterile sites within the host and

transmitting via the fecal-oral route [9,10]. This initial asymptomatic GI colonization groups

K. pneumoniae with opportunistic pathogens (pathobiont) as it can reside in the gut silently

until microflora-disrupting events such as antibiotic treatment or immune suppression, lead

to Klebsiella-associated disease states [11–14]. However, there are significant gaps in our

knowledge of the factors contributing to the initial asymptomatic GI colonization.

The GI tract contains a diverse selection of nutrient sources, which are constantly sought

after by the resident gut microbiome and the host. Incoming K. pneumoniaemust have the

metabolic capacity to compete with established commensals in the dynamic gut milieu. K.

pneumoniae possesses genes that encode for a diverse set of carbon and nitrogen metabolism

pathways [15], and we recently demonstrated that it could overcome CR by metabolizing

fucose as an alternative carbon source in the gut [16].

Phospholipid phosphatidylethanolamine (PE), a dominant membrane component of both

prokaryotic and eukaryotic cells, is abundant within the GI tract and is continuously modified

and recycled for alternative uses [17,18]. Bacterial phosphodiesterases hydrolyze PE into glyc-

erol and ethanolamine (EA) [19], which can be utilized by a variety of bacteria, including but

not limited to Salmonella sp., Escherichia coli (E. coli) and Pseudomonas aeruginosa (P. aerugi-
nosa) [20]. These bacteria contain specialized ethanolamine utilization (eut) genes, which

encode proteins that facilitate the conversion of EA into ammonia and acetaldehyde as nitro-

gen and carbon sources, respectively [21]. Ammonia can be used to synthesize amino acids

like glycine and glutamate, while acetaldehyde can be converted to ethanol or acetyl-CoA for

use in the TCA cycle or fatty acid biosynthesis (Fig 1A). There are two distinct eut loci: 1) A

long locus encompassing ~16 genes that encode proteins that facilitate EA uptake, utilization,

and locus regulation, and 2) A short locus that only contains genes responsible for importing

and metabolizing EA. Both loci contain eutB and eutC, which encode for the ethanolamine
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Fig 1. K. pneumoniae ethanolamine utilization (eut) loci provide growth advantages when EA is provided as a carbon or nitrogen source.

(A) Graphic representation of ethanolamine (EA) breakdown via the EutBC ammonia lyase into respective carbon and nitrogen sources.

Enzymes are highlighted in green (B) Genetic organization of the eut long- and short-locus of K. pneumoniae isolate KPPR1S with the deleted

genes highlighted. (C) In vitro aerobic (i & iii) and anaerobic (ii & iv) growth kinetics as depicted by CFU/mL over time of the wild-type (WT)

K. pneumoniae or single locus mutants (ΔeutCs & ΔeutCL) grown with EA as the sole nitrogen (i & ii) or the sole carbon (iii & iv) source at

37˚C. Strains were grown in M9 minimal media (MM) supplemented with 0.4% Gly and 2.5 mM EA (i & ii) or 20 mM EA and 10 mM NH4Cl

(iii & iv). All strains grown with EA as a nutrient source included 200nM B12. Mean ± SEM for� 3 independent experiments is shown. N=

nitrogen; C= carbon.

https://doi.org/10.1371/journal.ppat.1012189.g001
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ammonia-lyase (EutBC) (Fig 1B). It has been established that Firmicutes, commensal and

pathogenic E. coli strains and Salmonella sp. can metabolize EA via the long eut locus [22–24],

while P. aeruginosa and Acinetobacter baumannii (A. baumannii) possess the short locus

[25,26]. EutR in Enterobacteriaceae and the EutVW two-component system of Firmicutes,
have been implicated in regulating the long locus. Conversely, the short locus expression is

regulated by the enhancer protein EatR in conjunction with the alternative sigma factor

(RpoN; σ54) [23]. While most bacteria contain only one eut locus, K. pneumoniae is unique

because it possesses both a short and a long eut locus [20]. As there can be a metabolic cost

associated with the synthesis of enzymes, we speculated whether both loci were functional, if

there was a biological cost associated with retaining two distinct eut loci, and whether their

functions were unique or redundant. Furthermore, while the utilization of EA and regulation

of the eut locus has been investigated in other bacterial species, primarily those that cause

inflammation in the GI tract [27–31], there is a lack of understanding regarding EA metabo-

lism and regulation of the eut loci within K. pneumoniae.
Herein, we identified the contribution of each eut locus of K. pneumoniae towards EA

metabolism under aerobic and anaerobic conditions as well as the regulatory elements which

dictate the expression of each K. pneumoniae eut locus. Next, we characterized the contribu-

tion of each locus to GI colonization using a murine model with intact microbiota. Finally, we

determined the distribution and conservation of these loci across the K. pneumoniae Species

Complex (KpSC) [32].

Results

Ethanolamine loci of K. pneumoniae provide distinct EA-dependent

growth dynamics

To identify the importance of each eut locus in nutrient utilization, we constructed an in-

frame deletion mutant of the eutC gene in the long locus (ΔeutCL; intact short locus), the short

locus (ΔeutCS; intact long locus), and in both loci (ΔeutCL/CS), effectively inhibiting the ability

of K. pneumoniae to synthesize the ethanolamine ammonia-lyase. Despite both EutCL and

EutCS having only 51% similarity with each other, their predicted structures were tightly

aligned with an RMSD of 1.004 Å and both predicted to metabolize EA into ammonia and

acetaldehyde [33,34].

Wild-type (WT) KPPR1S (ST493) [35] and each isogenic mutant strain were grown aerobi-

cally in control M9 Minimal Media (MM) supplemented with glycerol and ammonia as the

sole carbon and nitrogen source, respectively. The mutant strains grew as WT in the absence

of EA (S1A Fig). Subsequently, when EA was furnished as the sole nitrogen source in M9 min-

imal media (MM), ΔeutCS exhibited delayed growth during the exponential phase. In contrast,

ΔeutCL behaved as WT (Fig 1Ci), suggesting that the short locus is important for exponential

growth when EA is provided as the sole nitrogen source, under aerobic conditions. Conversely,

ΔeutCL was unable to grow when EA was provided as the sole carbon source, while ΔeutCS
growth was unimpeded (Fig 1Ciii). This result signifies the importance of the long locus for

aerobic growth when EA is provided as a carbon source. Robust growth was observed when

EA was furnished at 20 mM as a carbon source compared to 2.5 mM EA (S1B Fig). The WT

strain grew when EA was provided as the sole carbon and nitrogen source, with the ΔeutCS
mutant behaving as WT (S1C Fig). Thus, the EA loci of K. pneumoniae provide distinct

growth advantages during in vitro aerobic conditions depending on the context of EA as an

energy source.

To provide further insight into the contribution of each locus in EA metabolism, we per-

formed co-culture experiments under aerobic growth conditions. Mirroring the results shown
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in S1A Fig, no out-competition was observed between the WT and the mutant strains when

tested under control growth media (M9 glycerol [Gly] + ammonia) (S2A Fig), providing fur-

ther evidence that there is no intrinsic growth defect within the mutant strains. When EA was

supplied as the sole nitrogen source, the WT strain outcompeted the ΔeutCS and ΔeutCL
mutants. All strains grown with EA as a nutrient source included 200nM B12. However, the

ΔeutCSmutant was outcompeted earlier and to a greater extent than the ΔeutCLmutant by the

WT (S2B Fig). Thus, unlike the single strain growth kinetic studies (Fig 1C), our competitive

growth studies reveal that both loci are critical for optimal growth when EA is provided as a

nitrogen source, albeit the short locus providing a bigger advantage with EA as a nitrogen

source. Corresponding to the single strain growth kinetics in Fig 1Ciii, when EA was provided

as the sole carbon source, the WT strain was unable to rescue the complete growth defect of

the ΔeutCLmutant, implying the importance of the long locus in EA utilization as a carbon

source (S2D Fig). We did not observe any difference between the WT and ΔeutCS when EA

was the sole carbon and nitrogen source (S2C Fig). Additionally, two other genetically distinct

K. pneumoniae isolates, hvKP1 (ST86), a hypervirulent strain, and AZ99 (ST1322), were able

to metabolize EA as a nutrient source albeit with different kinetics which resulted in variance

in growth (S1D and S1E Fig), suggesting that the ability to utilize EA is likely a common trait

across K. pneumoniae isolates.

Co-culture growth experiments between the ΔeutCLmutant and the ΔeutCSmutant with

EA as either the nitrogen or carbon source further supported the distinct importance of each

locus. With EA as the sole nitrogen source, ΔeutCL (intact eut short locus) outcompeted

ΔeutCS (intact eut long locus), whereas ΔeutCS outcompeted ΔeutCL when EA was provided as

the sole carbon source (S2E Fig). Our growth kinetics data suggest that both eut loci are func-

tional and provide a context-dependent growth advantage, with the short locus primarily used

for metabolism of EA as a nitrogen source.

Oxygen availability affects the metabolic activity of facultative anaerobic bacteria [42]. As

EA is present in the hypoxic environment of the gut (< 10 mmHg in the luminal colon) [36],

we hypothesized that K. pneumoniae would nevertheless be able to metabolize EA as a nutrient

source under anaerobic conditions. Thus, we performed anaerobic in vitro growth kinetic

studies with EA provided as different energy sources. Single and double eut locus mutants

grew as WT in control M9 MM (S1F Fig), albeit at a lower final cell density when compared to

aerobic conditions (S1A Fig). When EA was provided as the sole nitrogen source, both ΔeutCS
and ΔeutCL exhibited delayed growth relative to WT. The ΔeutCSmutant had a more extended

lag phase than ΔeutCL and the WT strain but eventually reached the same final cell density as

the other two strains (Fig 1Cii). Our data suggest that both eut loci are required for optimum

growth under anaerobic conditions with EA as a nitrogen source. Surprisingly, neither the

WT nor the ΔeutCSmutant strain could grow when EA was provided as the sole carbon source

(Fig 1Civ). Our aerobic and anaerobic growth studies in M9 MM demonstrate that K. pneu-
moniae can utilize EA, with both loci contributing toward EA metabolism, without incurring a

biological cost. Additionally, the ability of K. pneumoniae to metabolize EA as a carbon source

depends on oxygen availability.

A subset of gut commensals can metabolize EA

The ability to efficiently metabolize EA was initially believed to be a trait of pathogens [37].

However, recent findings have demonstrated that commensal isolates can also metabolize EA

[22,38]. Accordingly, we compared EA metabolism between K. pneumoniae, human commen-

sal strains and those isolated from the murine GI tract by measuring acetaldehyde, a byproduct

of EA metabolism (Fig 1A). Our plate-based aerobic metabolism assay demonstrated that the
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K. pneumoniaeWT strain can metabolize EA at a similar rate to the commensal E. coli isolates

Nissle, HS, and a murine GI isolate, GH2 (Fig 2A). The eut double locus mutant (ΔeutCL/CS)
produced negligible acetaldehyde levels, confirming that the majority of acetaldehyde is

Fig 2. EA present in the gut is metabolized by gut commensals, and it provides K. pneumoniae with a growth advantage. (A) EA

metabolizing capacity of K. pneumoniaeWT, the isogenic mutants ΔeutCL/CS, ΔeutCS, ΔeutCL, and gut commensals using an agar plate

colorimetric assay detecting acetaldehyde, a byproduct of EA metabolism. Strains were grown for 20 hours at 37˚C on M9 MM (0.4% Gly,

10 mM NH4Cl), M9 MM with casamino acids (CAA), and De Man–Rogosa–Sharpe (MRS) agar, all containing 10 mM EA, and

acetaldehyde quantified as described inMaterial and Methods section. E. coliNissle (Nissle), E. coli healthy scientist (HS), murine E coli
isolate (GH2), Acinetobacter sp. (GH4), Acinetobacter junii (GH5), Lactococcus lactis (L. lactis), Lactobacillus fermentum (L. fermentum),

Lactobacillus animalis (L. animalis), and Lactobacillus gasseri (L. gasseri). Mean ± SEM for� 3 independent experiments shown. (B) In
vitro competition experiments between the WT and the ΔeutCL/CS K. pneumoniae. Both strains were inoculated 1:1 in cecal filtrate (CF),

and grown at 37˚C under aerobic or anaerobic conditions. CFU were enumerated, and CI values determined at 4, 8 and 24 hours post-

inoculation. Shown is mean ± SEM from� 3 independent experiments. Statistical significance of CIs were calculated using Wilcoxon

signed-rank test with a theoretical median of 0. (C) LC MS/MS data showing the concentration of EA in the colonic extracts of mice

either mock-infected (uninfected) or infected with K. pneumoniae. Boxes and whiskers with data points from individual mice shown with

mean and minimum to maximum values. Each symbol represents a single mouse. (D) qRT-PCR showing eut loci expression in the

murine GI tract. Shown is fold-change in transcription of eat, eutBS, eutCS (short eut locus) and eutBL, eutCL (long eut locus) comparing

RNA isolated from cecal contents from either K. pneumoniae-inoculated mice or grown in M9 MM. Mice were inoculated by oral feeding

of 106 CFU, and cecal contents harvested 15 days post-inoculation. KPPR1S 16S (rrsA)-specific primers were used as housekeeping gene

for 2-ΔΔC
T analysis. The values were further normalized to gyrA expression. For each biological replicate (n� 3 for in vitro and in vivo

samples), qRT-PCR was conducted in triplicate. Shown is mean ± SEM. *, P� 0.05; ns, not significant.

https://doi.org/10.1371/journal.ppat.1012189.g002
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generated through EA metabolism. A comparison of acetaldehyde produced by the single eut
locus mutants implicated the long locus as primarily responsible for acetaldehyde’s produc-

tion. Acinetobacter strains GH4 and GH5 were either unable to produce or produced low levels

of acetaldehyde. Similarly, gram-positive species isolated from the murine gut produced

exceedingly low levels of acetaldehyde (Fig 2A).

Our previous study showed that homogenized cecal filtrate (CF) can be a gut mimetic

media for competitive growth studies [16]. Liquid chromatography with tandem mass spec-

trometry (LC-MS/MS) analysis of CF revealed that it contained ~3.5 ng/μl of ethanolamine,

indicating the retention of small metabolites that promote growth. In contrast to growth stud-

ies with M9 MM, where no out-competition was observed between the WT and the ΔeutCL/CS
mutant (S2A Fig), the WT consistently outcompeted the ΔeutCL/CSmutant under both aero-

bic and anaerobic growth conditions in CF (Fig 2B). Our results provide further evidence that

certain commensal isolates can metabolize EA which confers a competitive advantage in CF.

The eut loci of K. pneumoniae are upregulated in the GI tract

Enteric pathogens metabolize EA present in the GI tract [21] and have been shown to modu-

late the gut EA level [27]. As CF provided the WT with a competitive advantage against the EA

metabolism mutant (ΔeutCL/CS), we sought to determine whether K. pneumoniae gut coloni-

zation impacts the level of EA in the GI tract. We employed our murine model of K. pneumo-
niae gut colonization and used LC-MS/MS analysis to compare the abundance of EA in

colonic samples between mock (uninfected) and WT K. pneumoniae-infected mice at 14 days

post-infection. A difference in levels of EA between infected and uninfected mice was not

observed (Fig 2C), suggesting that, unlike Salmonella enterica serovar Typhimurium (S. Typhi-
murium), K. pneumoniae does not reduce the pool of free EA in the GI tract [27].

As our results indicate the presence of EA in the murine gut and our in vitro growth assays

show that K. pneumoniae can metabolize EA (Fig 1C), we next ascertained whether K. pneu-
moniae eut loci respond to EA present in the GI tract, using quantitative reverse-transcription

PCR (qRT-PCR) on RNA isolated from cecal samples from mice infected with WT K. pneumo-
niae. eut expression was measured by using primers that specifically targeted eutB and eutC for

each locus (the two components of the ethanolamine ammonia-lyase) and eat (the EA

importer of the short locus). We observed upregulation of transcripts from each locus, suggest-

ing both eut loci within K. pneumoniae are activated (Fig 2D), likely due to the presence of EA

in the gut. Thus, our data show that compared to in vitro conditions K. pneumoniae eut loci

transcripts increase in the gut, though levels of EA are not affected by K. pneumoniae.

The eut loci of K. pneumoniae are required for robust GI colonization

To evaluate the significance of EA metabolism on GI colonization, we orally inoculated mice

with intact microbiota with either the WT or our ΔeutCL/CS isogenic mutant strain. We mea-

sured bacterial burden through fecal collection for 15 days as a non-invasive metric of GI colo-

nization. Organ colonization was measured at the experimental endpoint. The ΔeutCL/CS
mutant consistently shed at a lower level compared to the WT throughout the study (Fig 3A)

and had lower colonization levels in the oropharynx and the lower intestinal sites at the termi-

nal time point (S3A and S3B Fig). These results suggest that EA metabolism contributes to K.

pneumoniae gut colonization. Next, as our murine model represents K. pneumoniae gut colo-

nization in the presence of an intact microbiome [39], we determined whether the ΔeutCL/CS
mutant colonization defect was microbiota-dependent. Mice were treated with ampicillin one

day prior to inoculation with either the WT or ΔeutCL/CS, which effectively ablated the micro-

biota, allowing the experimental strains to persist due to K. pneumoniae’s intrinsic resistance
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Fig 3. EA metabolism provides K. pneumoniae an advantage in the GI tract. (A) Fecal shedding of K. pneumoniae inoculated mice.

Mice were orally inoculated with 106 CFU of the WT K. pneumoniae, or the isogenic double locus mutant (ΔeutCL/CS) (n� 10 for

each group). On the indicated days, K. pneumoniae was enumerated from collected feces. Each symbol represents a single mouse on a

given day. Bars, indicate medial bacterial shedding, and dashed line indicates limit of detection. A Mann-Whitney U test was

performed between the WT and the ΔeutCL/CS at each time point. (B-F) Fecal shedding from in vivo competition experiments. Mice
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to ampicillin and reach a "supershedder" state. The supershedder state entails the expansion of

K. pneumoniae to high levels in the gut, allowing it to shed over 100-fold more than mock-

treated mice [40]. No statistical difference in shedding was observed between the WT and the

ΔeutCL/CSmutant, with both strains shedding at a supershedder state (S3C Fig), suggesting

that EA metabolism is dispensable with a reduced gut microbiome afforded by antibiotic treat-

ment that likely allows K. pneumoniae access to more preferred energy sources. Therefore, our

shedding data demonstrates that the difference in colonization observed between the WT and

the ΔeutCL/CSmutant is due to an intact resident microbiome, which likely exerts enhanced

nutritional competition manifesting as CR. Furthermore, we conducted competition studies to

investigate the contribution of each eut locus to gut colonization by K. pneumoniae. Our other

goal was to determine whether the parental WT could rescue the colonization defect of the

ΔeutCL/CSmutant strain. In these studies, the mice were inoculated with a 1:1 mixture of the

WT strain and either the ΔeutCL/CS, the ΔeutCL, or the ΔeutCSmutant. Shedding post-inocula-

tion was monitored daily for up to 10 days, and competitive index (CI) was calculated. ΔeutCL/
CSwas outcompeted by the parental strain, suggesting that the WT is unable to rescue the colo-

nization defect of the EA metabolism mutant (Fig 3B). Our data indicate that both eut loci

contribute to K. pneumoniae gut colonization. The long locus mutant (ΔeutCL) appeared to be

outcompeted more effectively than the short locus mutant (ΔeutCS) (Fig 3C and 3D). Subse-

quently, chromosomal complementation at the native locus of the ΔeutCLmutant competed

efficiently against the WT strain in the murine GI tract, suggesting that the defect in gut colo-

nization was specific to the disruption in EA metabolism (Fig 3E).

Based on our in vivo CI results, we postulated that the long locus is more beneficial in aiding

K. pneumoniae to overcome CR than the short locus. However, when mice were co-infected

with a 1:1 mixture of ΔeutCS and ΔeutCLmutant strains, the ΔeutCLmutant (intact short eut
locus) outcompeted ΔeutCS (intact long eut locus) (Fig 3F), highlighting the importance of the

short eut locus. Collectively, these data suggest that the ability to metabolize EA is critical for

robust gut colonization. While both loci contribute to nutrient competition against commen-

sals in the GI tract, the long locus considerably impacts competition when the WT strain is

present.

Unique regulators control each eut locus within K. pneumoniae
EutR regulates the expression of the long eut locus in other enteric pathogens [29,41], but its

contribution to K. pneumoniae eut loci regulation is unclear. We identified a putative EutR

binding site in the promoter region of the long eut locus. To ascertain whether EutR regulates

K. pneumoniae eut loci, we performed qRT-PCR on samples grown in M9 MM with EA as the

sole nitrogen source. Additionally, we constructed plasmids where the promoter region of the

short and the long eut locus was cloned upstream of green fluorescent protein (gfp) allowing

us to perform kinetic GFP expression studies. When EA was provided as a nitrogen source,

both eut loci were upregulated (Fig 4A). Our qRT-PCR and GFP assays suggest that in a eutR::

cam (eutR-) mutant background, the long eut locus expression was abrogated (Fig 4A–4C),

whereas no significant change in expression of the eut short locus was observed (Fig 4A, 4D

were orally inoculated with a 1:1 mixture of the WT and the ΔeutCL/CS strain (B), the WT and the eut short locus mutant ΔeutCS
strain (C), the WT and the eut long locus mutant ΔeutCL strain (D), the WT and the chromosomally complemented strain (eutCL+)
(E), the long locus mutant (ΔeutCL::kan) and the short locus mutant (ΔeutCS) (F), and fecal shedding was enumerated on the indicated

days (n� 8). The competitive index (CI) for each day was determined as described inMaterials and Methods section. Each symbol

represents a single mouse on a given day. Values above the dashed line indicate the mutant outcompeted the WT, whereas values

below the dashed line indicate WT outcompeted the mutant. Bars indicate median value. Statistical significances of CIs were

calculated using Wilcoxon signed-rank test with a theoretical median of 0. *, P� 0.05; **, P� 0.01; ***, P� 0.001.

https://doi.org/10.1371/journal.ppat.1012189.g003
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Fig 4. K. pneumoniae EutR regulates the long but not the short eut locus (A) In vitro qRT-PCR measuring the transcripts

of genes from the eut long (eutBL& eutCL) and short (eat, eutBS, eutCS) locus present in the WT and the eutR- isogenic

mutant. Strains were either grown with EA provided as a nitrogen source (test) or ammonia (control). KPPR1S gyrA-specific

primers were used as housekeeping gene for 2-ΔΔC
T analysis. Mann-WhitneyU test was performed comparing eut loci

transcript abundance in the WT and eutR- strain background. (B-C) GFP kinetic assay of the WT and the eutR-mutant strain

carrying plasmid with eutL promoter transcriptional gfp fusion (eutL΄-gfp+). (D-E) GFP kinetic assay of the WT and the eutR-

mutant strain carrying plasmid with eutS promoter transcriptional gfp fusion (eutS΄-gfp+). (B&D) Strains were grown in M9

MM + 0.4% Gly and 10 mM NH4Cl or M9 MM + 20 mM EA and 10 mM NH4Cl (EA as C). (C&E) Strains were grown in M9

MM + 0.4% Gly and 10 mM NH4Cl or M9 MM + 0.4% Gly and 2.5 mM EA. All strains grown with EA as a nutrient source

included 200nM B12. ****, P� 0.0001; ns, not significant.

https://doi.org/10.1371/journal.ppat.1012189.g004
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and 4E). The short locus expression was only upregulated when EA was provided as a nitrogen

source, consistent with our kinetic growth and competition studies (Figs 1C and S2E), sug-

gesting that the short locus facilitates EA metabolism as a nitrogen source.

The chromosomes of P. aeruginosa and A. baumannii, unlike K. pneumoniae, only contain

the eut short locus [25,26]. Their short locus also encodes a regulator termed EatR. However,

we did not identify a regulator within the genetic region of the eut short locus, suggesting the

possibility of alternative factors regulating the expression of the short locus. This led us to

investigate the promoter region, wherein we identified putative binding sites for both NtrC

and RpoN (Fig 5Ai). NtrC is a transcription factor involved in activating genes associated with

nitrogen stress and enhances the activity of the alternative sigma factor RpoN (σ54) through

binding upstream of RpoN [42]. RpoN is known to promote arginine catabolism and the

expression of virulence determinants [43,44]. We hypothesized that NtrC, in conjunction with

RpoN, contributes to activating the short eut locus (Fig 5Aii). To test our hypothesis, we con-

structed deletion mutants of each (ntrC::cam [ntrC-], rpoN: cam [rpoN-]). As the rpoN- mutant

was unable to grow in M9 MM with EA as a nitrogen source, we focused on the ntrC-mutant

and performed qRT-PCR and GFP kinetic studies on samples grown in M9 MM with EA as

the sole nitrogen source. Both the short and long eut locus expression was tightly regulated,

with both loci upregulated in the presence of EA as a nitrogen source (Fig 5B and 5C). In the

ntrC- background, the expression of the short eut locus was downregulated, with the long eut
locus expression unaffected (Fig 5B–5D) (S4A and S4B Fig). Furthermore, through site-

directed mutagenesis (SDM), we replaced the conserved GCGC sequence [45] in the putative

NtrC binding site at the short eut locus with CAAA, the least likely nucleotide sequence

(Fig 5Ai). Although the SDM sequence did not completely abolish the GFP expression in the

presence of EA, it reduced it, suggesting a direct involvement of NtrC in regulating the short

eut locus (Fig 5E). Thus, our results show that the eut loci are upregulated in the presence of

EA as a nitrogen source. In contrast, only the long eut locus is upregulated when EA is pro-

vided as a carbon source, suggesting context-dependent modulation of eut loci expression.

Consistent with other Enterobacteriaceae, EutR of K. pneumoniae is involved in the regulation

of the long eut locus for EA metabolism. Our data also demonstrate that when EA is metabo-

lized as a nitrogen source, NtrC-RpoN directly modulates the expression of the eut short locus.

eut locus conservation varies between taxa in the K. pneumoniae Species

Complex

To explore if this metabolic behavior is likely conserved across the population and not specific

to the isolates we tested, we surveyed the presence of both eut loci across the KpSC, which com-

prises K. pneumoniae and six additional closely related taxa that can each cause human disease

and cannot be readily distinguished by standard clinical microbiology techniques [32]. We

queried 7829 KpSC genomes for each eut gene and the binding motifs for EutR, RpoN and

NtrC. The short and long eut loci were intact in 98.72% and 93.5% of all queried genomes,

respectively. The short locus was highly conserved among all taxa, as were the RpoN and NtrC

binding sites, indicating consistent regulation and a strong evolutionary pressure for mainte-

nance of this locus. However, we observed a partial deletion of the eat gene in several genomes

(n = 90), which was notably common among those representing ST23 (n = 79 of 93 ST23

genomes), a dominant cause of so-called ‘hypervirulent’ community-acquired K. pneumoniae
infections. Further investigation revealed this was caused by a 5’ truncation of the first 323

nucleotides (108 residues), consistent with a previous report highlighting a sequence insertion

within eat that was associated with the major globally-distributed ST23 sub-lineage, known as

CG23-I [46]. It is unclear if these isolates can still use Eat as an EA permease by translating
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Fig 5. K. pneumoniae eut short locus expression is regulated in an NtrC-dependent manner. (A) (i) Shown are the putative NtrC and

RpoN binding sites present in the promoter region upstream of the eut short locus. The conserved NtrC and RpoN binding elements are

shown, with the conserved -12(GC) and the -24 (GG) RpoN binding sites capitalized. NtrC binding site selected for site-directed mutagenesis

(SDM) highlighted within box. (ii) Proposed binding of NtrC and RpoN when EA is present as a nitrogen source. (B-C) GFP kinetic assay of

the WT and the ntrC- mutant strain carrying plasmid with gfp transcriptional fusion to either (B) the eutS promoter (euts΄-gfp+) or (C) eutL
promoter (eutL΄-gfp+). Strains were grown in M9 MM + 0.4% Gly and 2.5 mM EA (experimental) or M9 MM + 0.4% Gly & 10 mM NH4Cl

(control). (D) qRT-PCR measuring transcript abundance of the eut short (eat) and long (eutBL, eutCL) locus in the WT and the ntrC- isogenic

mutant background. Strains were grown in M9 MM + 0.4% Gly and 2.5 mM EA (experimental) or M9 MM + 0.4% Gly & 10 mM NH4Cl

(control). KPPR1S gyrA-specific primers were used as housekeeping gene for 2-ΔΔC
T analysis. Mann-WhitneyU test was performed

comparing eut loci transcript abundance in the WT and ntrC- strain background. (E) GFP kinetic assay of WT strain carrying plasmid with
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from the Met 109 as a start codon (although the first 3 transmembrane alpha-helices would be

missing from the resulting protein).

The long eut locus was species-specific: It was found in>99.9% K. pneumoniae, K. variicola
subsp. variicola, K. africana and K. quasivariicola genomes; however it was present in only 19%

of K. quasipneumoniae subsp. similipneumoniae (n = 56/291) and 60% K. variicola subsp. tro-
pica (n = 3/5), and was completely absent from K. quasipneumoniae subsp. quasipneumoniae
suggesting that it was lost from the common ancestor of the later taxon (Figs 6 and 7). While

our dataset contains too few genomes to speculate on the eutL status of the common ancestor

of K. variicola subsp. tropica, our data suggest that the common ancestor of K. quasipneumo-
niae subsp. similipneumoniaemost likely harboured eutL, which has subsequently been lost

multiple times (genomes harboring the long eut locus were distributed throughout the K. qua-
sipneumoniae subsp. similipneumoniae phylogeny (S5 Fig) and crucially were always identified

in the same genomic context, matching that of the other KpSC taxa (S6 Fig), although we can-

not rule-out the possibility of a single loss in the ancestor of all K. quasipneumoniae, followed

by multiple independent reacquisitions.

Discussion

For an incoming pathobiont such as K. pneumoniae to establish itself in the GI tract, it must

either outcompete the resident microbiota for energy sources and/or metabolize alternative

energy sources. Here, we examined how the metabolism of EA allows K. pneumoniae to over-

come CR and establish asymptomatic colonization in the GI tract. We have systematically

demonstrated the ability of K. pneumoniae to utilize EA as a carbon and nitrogen source

gfp fused to either the WT eutS promoter region (eutS΄-gfp+) or the eutS promoter with the putative NtrC binding element mutated through

SDM. Strains were grown in M9 MM + 0.4% Gly and 2.5 mM EA (experimental) or M9 MM + 0.4% Gly & 10 mM NH4Cl (control). All

strains grown with EA as a nutrient source included 200nM B12. Mean ± SEM for� 3 independent experiments is shown. *, P� 0.05; ns, not

significant.

https://doi.org/10.1371/journal.ppat.1012189.g005

Fig 6. The short eut locus is conserved among the K. pneumoniae species complex but presence of the long locus varies by taxa. Heatmap gene arrows

showing the distribution of the eut loci across the entire K. pneumoniae Species Complex (KpSC), ordered by phylogeny. The darker blue indicates higher

proportion of loci presence within a given taxon. Genes are shown as arrows, while putative regulator binding sites are shown as raised directional arrows. Red

crosses indicate complete absence of a genetic feature in a taxon: Ka—K. africana. Kp–K. pneumoniae. Kqq–K. quasipneumoniae subsp. quasipneumoniae. Kqs–
K. quasipneumoniae subsp. similipneumoniae. Kqv–K. quasivariicola. Kvt–K. variicola subsp. tropica. Kvv–K. variicola subsp. Variicola.

https://doi.org/10.1371/journal.ppat.1012189.g006
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through two distinct eut loci. In contrast, most gut bacteria that metabolize EA contain a single

locus [20,23].

As EA is considered an abundant GI nutrient source [23], we hypothesized that K. pneumo-
niaemetabolizes EA to overcome CR and carve out its niche in the GI tract. LC-MS/MS quan-

tified free EA within the GI tract (Fig 2C), corroborating results from previous studies

investigating EA utilization that showed the presence of EA in the GI tract [27,30]. Notably, S.
Typhimurium induced colitis causes a reduction in free EA [27] whereas, K. pneumoniae is

generally not associated with microflora disruption [39] nor observed to reduce EA levels, sug-

gesting this effect induced by S. Typhimuriummay decrease the amount of EA available in the

GI tract. We identified several gut commensals that can metabolize EA, albeit to different lev-

els. Recent studies have demonstrated that commensal gut bacteria can metabolize EA and

modulate the levels of EA in the human gut, which correlates with changes in gut permeability,

inflammation, and glucose metabolism [38,47].

We observed upregulation of the short and long eut loci within the GI tract, with ΔeutCL/CS
mutant colonizing the murine gut poorly, suggesting that the metabolism of EA expands the

nutritional capacity of K. pneumoniae, allowing it to bypass nutrient limitations and establish

colonization in the gut. Our co-infection studies provided insights into the contribution of

Fig 7. The eut long locus is present within a metabolism-focused region of the chromosome. Gene comparison map showing typical arrangements between

the ypfJ and yybH flanking genes. Two out of 5 K. variicola subsp. tropica isolates lacked the operon, along with 235 out of 291 K. quasipneumoniae subsp.
similipneumoniae genomes.19Ka—K. africana. Kp–K. pneumoniae. Kqq–K. quasipneumoniae subsp. quasipneumoniae. Kqs–K. quasipneumoniae subsp.
similipneumoniae. Kqv–K. quasivariicola. Kvt–K. variicola subsp. tropica. Kvv–K. variicola subsp. variicola.

https://doi.org/10.1371/journal.ppat.1012189.g007
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each eut locus towards gut colonization (Fig 3). When the eut single-locus mutants competed

in a co-infection experiment, the ΔeutCL and ΔeutCS were outcompeted by the WT strain,

implying that both loci are essential for colonization and provide a unique benefit. Further-

more, ΔeutCL outcompeted ΔeutCS when EA was provided as a nitrogen source in vitro, and in

the GI tract, suggesting that K. pneumoniae preferentially metabolizes EA as a nitrogen source.

This was also reflected in the presence of the two loci across the KpSC, where the short eut
nitrogen utilization locus was more prevalent than the long carbon utilization locus. As most

commensals that metabolize EA within the GI tract only contain the eut long locus [20,47], K.

pneumoniaemay retain the eut short and long locus to outcompete eutL-containing commen-

sals. Gut commensals, particularly Firmicutes have an amino acid auxotrophy [48]. Thus, we

postulate that K. pneumoniae, through enhanced EA metabolism, affects auxotrophic nutrient

availability, leading to out-competition of commensals.

Our genomic analyses showed that the short eut locus is highly conserved among the KpSC,

although the eat gene is truncated in the major sub-lineage of ST23 associated with hyperviru-

lent infections that can affect otherwise healthy hosts. While the long locus was also highly

conserved among K. pneumoniae, the dominant taxon identified among human infection and

gut carriage isolates, it was not conserved among all taxa. Notably the long locus was absent

from K. quasipneumoniae subsp. quasipneumoniae, which, may at least, in part explain the

comparatively low frequency of its isolation from human gut carriage specimens in compari-

son to its sister taxon, K. quasipneumoniae subsp. similipneumoniae (as well as K. pneumoniae
and K. variicola subsp variicola which together are the most frequently identified taxa).

Surprisingly, although K. pneumoniae has two eut loci, it can only use EA as a carbon source

under aerobic conditions, signifying the importance of oxygen as a terminal electron acceptor.

Besides S. Typhimurium, other enteric pathogens with a single locus cannot use EA as a carbon

source under aerobic conditions [27,37]. In S. Typhimurium, acetate formed by EutD is phos-

phorylated by EutQ, eventually producing Acetyl-CoA, and EutQ is required for growth on

EA under anaerobic conditions in the presence of respiratory electron acceptor tetrathionate

(S4O6
2−) [49]. Similar to E. coli, K. pneumoniae does not have the ttr locus, which encodes a tet-

rathionate reductase, making it unlikely that K. pneumoniae would be able to use exogenously

supplied tetrathionate as an electron acceptor under anaerobic growth conditions [50]. Fur-

thermore, K. pneumoniae colonization does not elicit an inflammatory response [39], so host

inflammatory molecules are unavailable to serve as electron acceptors under anaerobic condi-

tions. Although, K. pneumoniae gut colonization may modify the gut microbiome, increasing

oxygen availability for respiration. Additionally, the host reduces inorganic dietary non-heme

ferric iron (FeIII) to ferrous iron (FeII) through ferrireductases before uptake [51]. FeIII could

act as an electron acceptor [52], which K. pneumoniae could use for anaerobic respiration. Fur-

ther studies aiming to look at microbiome modulations that occur with K. pneumoniae and

the use of different electron acceptors under anaerobic conditions would help us provide a bet-

ter understanding of K. pneumoniae interactions and metabolism in the gut.

The eut long locus shares genetic and functional similarities, such as microcompartment

formation and use of B12 as a cofactor with the propanediol utilization (pdu) operon [53,54].

The pdu operon is responsible for 1,2-propanediol catabolism, a byproduct of fucose and

rhamnose fermentation [55]. We have recently shown that host mucin-derived fucose provides

a growth advantage to K. pneumoniae in the murine GI tract [16]. Thus, it is likely that the

fucose (fuc), pdu, and eut operons collectively contribute to providing a growth advantage to

K. pneumoniae against the resident gut microbiota.

Asymptomatic GI colonization is an understudied aspect of K. pneumoniae that is crucial in

understanding its transmission, survival, virulence, and overall pathogenicity. Herein, we

demonstrate that EA derived from cell membranes is a valuable carbon and nitrogen source
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for K. pneumoniae, allowing it to bypass nutritional competition in the gut and overcome CR

by opportunistic use of EA. In addition, we establish that each eut locus has distinct efficiency

in metabolizing EA depending on the nutrient source context. We identify NtrC and RpoN

that respond to nitrogen stress as novel regulators of the eut short locus, suggesting stiff com-

petition for preferential nitrogen sources in the gut. This study advances our understanding of

how an asymptomatic pathobiont overcomes CR through the metabolism of alternative energy

sources, allowing us to identify potential new strategies to reduce the burden of K.

pneumoniae.

Material and Methods

Ethics statement

This study was conducted according to the guidelines outlined by the National Science Foun-

dation animal welfare requirements and the Public Health Service Policy on Humane Care

and Use of Laboratory Animals [56]. All mouse experiments were conducted according to the

guidelines of the American Association for Laboratory Animal Science (AALAS) and were

approved by the Wake Forest Baptist Medical Center Institutional Animal Care and Use Com-

mittee (IACUC). The approved protocol number for this project is A20-084.

Strain and plasmid construction

Strains, PCR primers, qRT-PCR primers, and plasmids used in this study are listed in Tables

1, S1, and S2. The deletion mutants (ΔeutCS, AZ159; ΔeutCL, AZ160; ΔeutCL/CS; AZ169) were

constructed as previously described [39,57]. Briefly, Q5 High-Fidelity DNA Polymerase (New

England BioLabs [NEB]; M0491L) was used to amplify the kanamycin (kan) cassette and the

surrounding FLP recombination target sites using plasmid pKD4 as a template. The PCR

product was purified and electroporated (1.8 kV, 400O, 25 μF) into a KPPR1S-derivative con-

taining the temperature-sensitive plasmid pKD46 (AZ63), with the λ red recombination genes

downstream of an arabinose-inducible promoter. Recombination was performed as described

[58], and successful mutants were selected on lysogeny broth (LB) agar supplemented with

kan (25 μg/mL). pKD46 was removed by growing plates above the temperature sensitivity

threshold (37˚C), and resulting colonies (eutCS::kan, AZ157; eutCL::kan, AZ158) were con-

firmed via colony PCR. The kan cassettes were subsequently removed by electroporating

pFlp3 that encodes a FLP recombinase and tetracycline resistance, into AZ157 and AZ158.

Successful mutants (ΔeutCS, AZ159; ΔeutCL, AZ160) were selected for both tetracycline

(10 μg/mL) resistance and kanamycin (25 μg/mL) sensitivity and confirmed via colony PCR.

The pFlp3 was removed via growth on 5% sucrose plates. AZ169 (ΔeutCL/CS) was constructed

by introducing the kan cassette into AZ160 as described above.

To construct AZ225 (eutR::cam [eutR-]), AZ226 (rpoN::cam [rpoN-]), and AZ227 (ntrC::

cam [ntrC-]) genomic DNA was isolated from the corresponding mutant with a transposon

insert in the gene of interest in the MKP103 background [59]. The transposon element with

the chloramphenicol (cam) cassette was then amplified with ~500-bp homology using Q5

polymerase. λ red recombination was carried out as described above, and successful mutants

in the KPPR1 background were selected on LB agar with cam (50 μg/mL) and confirmed via

colony PCR.

A chromosomal complement of ΔeutCL (eutCL+; AZ282) was constructed as described [46].

Briefly, the eutCL gene with ~500bp upstream and downstream sequence was amplified from

KPPR1S genomic DNA via Q5 polymerase. NotI-HF and NheI-HF were used to digest

pKAS46 followed by the eutC PCR product cloned into pKAS46 using the NEBuilder HiFi

DNA Assembly Master Mix (NEB; E2621L) and transformed into Escherichia coli S17-1 λpir.
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Successful transformants were confirmed with PCR and subsequently through Sanger

sequencing. Conjugation was performed with AZ160 for eutCL, and successful complemented

strains were selected and confirmed as described [57].

The plasmid pPROBE encoding green fluorescent protein (GFP) was used to insert the pre-

dicted promoter region of the long (eutL) and short eut (eutS) locus upstream of gfp (transcrip-

tional fusion). The eutS and eutL promoter region (~500 bp) was amplified from KPPR1S

genomic DNA via Q5 PCR. SalI-HF and BamHI-HF or EcoRI-HF were used to digest

pPROBE and, subsequently assembled with the eut promoter PCR products using the NEB-

uilder HiFi DNA Assembly Master Mix (NEB; E2621L) and transformed into Escherichia coli
S17-1 λpir. Successful colonies were confirmed via PCR, plasmid isolated and the insert con-

firmed through Sanger sequencing. Subsequently, the plasmids were transformed into K. pneu-
moniae strains of interest. The gcgc to caaa nucleotide substitution within the putative NtrC

binding site of the eutS promoter fused to gfp (pPROBE) was carried out using the Q5 site-

directed mutagenesis kit (NEB; E0554S). Plasmid was isolated from successful transformants,

and the substitution confirmed through Sanger sequencing.

Table 1. Strains used in the studya.

Strain Description Antibiotic Resistance Reference

AZ17 KPPR1 serotype 2, O antigen type 1, derivative of ATCC 43816 rifr [35]

AZ55 KPPR1S strr derivative of KPPR1 strr, rifr [68]

AZ63 KPPR1S pKD46 strr, rifr, specr [39]

AZ94 KPPR1; apra::tn7 aprr, rifr [69]

AZ99 strr derivative of AZ10 K. pneumoniae stool isolate, ST1322, wzi 372 strr [39]

AZ95 KPPR1 pKD46 rifr, specr This Study

AZ121 hvKP1 serotype 2 ST86 liver isolate ampr [70]

AZ157 KPPR1S eutCS::kan strr, rifr, kanr This Study

AZ158 KPPR1S eutCL::kan strr, rifr, kanr This Study

AZ159 KPPR1S ΔeutCS strr, rifr This Study

AZ160 KPPR1S ΔeutCL strr, rifr This Study

AZ169 KPPR1S ΔeutCL/CS strr, rifr, kanr This Study

AZ195 E.c S17-1 λ pir pPROBE tpr, smr, kanr [71]

AZ218 KPPR1 eutCL::kan rifr, strr, kanr This Study

AZ222 MKP103 eutR::cam camr [59]

AZ225 KPPR1 eutR::cam rifr, camr This Study

AZ226 KPPR1 rpoN::cam rifr, camr This Study

AZ227 KPPR1 ntrC::cam rifr, camr This Study

AZ282 KPPR1S eutCL+ strr, rifr This Study

AZ133 Escherichia coli Nissle - [72]

AZ134 Escherichia coli HS - [73]

AZ190 Lactobacillus fermentum - Acquired from R. Nagpal

AZ191 Lactobacillus gasseri - ATCC 33323 (DSM 20243)

AZ238 Lactococcus lactis - This Study

AZ239 Lactobacillus animalis - This Study

AZ244 GH2 murine gut isolate E. coli - This Study

AZ292 GH4 Acinetobacter sp. - This Study

AZ294 GH5 Acinetobacter junii - This Study

aampr, ampicillin resistant; aprar, apramycin resistant; camr, chloramphenicol resistant; kanr, kanamycin resistant; rifr, rifampicin resistant; strr/smr, streptomycin

resistant; tpr, trimethoprim resistant.

https://doi.org/10.1371/journal.ppat.1012189.t001
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Cecal filtrate (CF) preparation

Uninfected mice were euthanized as described below with their cecum excised. A small inci-

sion was made at the distal end of the cecum and placed, cut side down, into a 2 mL screw-

cap tube. The contents of the cecum were squeezed into the tube and the remaining tissue

was discarded. The resulting cecal contents were weighed and diluted 1:5 in PBS. 3–4 tubes

were pooled into a 15 mL conical tube (SARSTEDT; 62.554.100) and pelleted at ~7,700 x g
for 10 minutes at room temperature. The supernatant was then aliquoted into Eppendorf

tubes and pelleted again at 21,000 x g for 10 minutes. The resulting supernatant was then

transferred to a reservoir, drawn up by a 5 mL syringe (Fisherbrand; 14955458), and filter

sterilized with a 0.2 μm filter (Fisherbrand; 09-719C) into 2 mL Eppendorf tubes. The

resulting CF was stored at -20˚C and diluted 1:2 with PBS for experimental use at a final

dilution of 1:10.

Kinetic growth assays

A single colony of each KPPR1S-derived experimental strain was added to 5 mL M9 Minimal

Media (MM) with 0.4% Glycerol (Gly; sole carbon source) and 10mM NH4Cl (sole nitrogen

source) and grown overnight at 37˚C with constant agitation. The following day, cultures were

washed three times in PBS, diluted 1:100 into 5 mL test media (M9 + 0.4% Gly and 10mM

NH4Cl; M9 + 0.4% Glycerol, 2.5 mM EA, & 200nM B12; M9 + 20 mM EA, 10 mM NH4Cl, &

200nM B12; M9 + 25 mM EA & 200 nM B12) and grown at 37˚C with constant agitation. For

all studies where EA was added in the growth medium, cobalamin (B12) was also included. At

designated time points, a 20 μL sample was taken, serially diluted and samples plated on selec-

tive antibiotic plates for enumeration.

For anaerobic growth kinetics, a single colony of the strain to be tested was inoculated into

5 mL M9 Gly & NH4Cl and grown at 37˚C with constant agitation for 24 hours. Afterwards,

100 μL starter stocks were prepared in 20% glycerol and stored at -80˚C. Freezer stocks were

thawed, sub-cultured 1:100 in 5 mL of M9 Gly & NH4Cl and grown for 12 hours at 37˚C with

constant agitation. Next, cultures were adjusted to an OD600 of 3 in test media and moved into

the anaerobic chamber (Coy Labs; #1200002). Each strain was diluted 1:100 in 5 mL test media

and grown statically under anaerobic conditions at 37˚C. Samples were removed at designated

time points and plated onto selective antibiotic media plates for enumeration. The test media

was moved into the anaerobic chamber to adjust the previous day.

For aerobic in vitro competition studies, overnight cultures were prepared as described

above. Each competing strain was washed three times in PBS, diluted 1:100 into the test media,

and grown at 37˚C with constant agitation. At the designated time points, a 20 μL sample was

removed, serially diluted, and plated on selective antibiotic plates for enumeration. The Com-

petitive Index (CI) was calculated for each time points using the following formula where t(x)

equals the time since initial subculture:

Log10 CI ¼
Strain 1 tðxÞ
Strain 2 tðxÞ

� �

Strain 1 tð0Þ
Strain 2 tð0Þ

� �

Competition studies in CF were performed as described [16]. Strains were grown overnight

in LB, spun down, washed with PBS, and diluted 1:100 each into fresh CF. Samples were

removed at designated time points, diluted and plated for enumeration. CI was calculated as

described.
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Mouse inoculations for shedding, colonization, RNA isolation and mass

spectrometry

All mouse experiments were conducted with C57BL/6J specific pathogen-free mice obtained

from Jackson Laboratory that were bred and maintained in the animal facility within Biotech

Place at Wake Forest School of Medicine. All infections were performed according to Young

et al. [39]. Briefly, 5–7-week-old mice underwent food and water withdrawal for 4 hours prior

to infection. Mice were then orally fed 50 μL of K. pneumoniae in PBS with 2% sucrose, fol-

lowed by a 1-hour break before receiving another 50 μL, leading to a total infectious dose of

~106 CFU. Inoculation doses were serial diluted and plated for enumeration to confirm infec-

tious dose.

Post-infection fecal collection as a marker for GI colonization was carried out as previously

described [39]. On collection days, fecal pellets were collected, weighed, diluted 1:10 in PBS

(weight/volume), and homogenized with 2.7 mm glass beads using a bead mill homogenizer

(Fisherbrand; 15-340-163). Samples were subsequently subjected to a brief spin in a microcen-

trifuge, and the fecal slurry was serial diluted and plated on selective antibiotic plates for enu-

meration. Shedding limit of detection: 100 CFU/mL.

At the experimental endpoint, mice were subjected to 5 minutes of CO2 exposure at a flow

rate of 2.5 L/min followed by cardiac puncture for euthanasia. Following euthanasia, bacterial

density in the oropharynx and the lower GI tract was determined via an oropharyngeal lavage

and harvesting of the ileum, cecum, and colon tissue followed by homogenization. For oropha-

ryngeal lavage the esophagus was exposed and an incision was made, allowing a gavage needle

to deliver 200 μL of PBS into the esophagus and collected into an Eppendorf tube from the

mouth (limit of detection: 33 CFU/mL). Sections of the ileum, cecum, and colon were har-

vested, weighed, and diluted 1:10 in PBS (weight/volume) prior to homogenization. Tissue

homogenates were serially diluted and plated on selective plates for enumeration (limit of

detection: 102 CFU/mL).

For competition studies, bacterial strains were prepared with an inoculation dose to achieve

a 1:1 ratio of each strain. ~1x106 of each strain was delivered in the 100 μL inoculation dose.

Fecal shedding and organ collection was performed as described above. The CI for fecal shed-

ding for each day was calculated according to the formula below with the output representing

the bacterial burden in CFU/g and the input representing the inoculation dose in CFU:

Log10 CI ¼
StrainðxÞOutput=StrainðyÞOutput
StrainðxÞInput=StrainðyÞInput

The “supershedder” phenotype was induced by administering 250 mg/L of ampicillin in

drinking water 1 day prior to inoculating mice with either the WT KPPR1S strain (AZ55) or

the ΔeutCL/CS isogenic mutant (AZ169). The bacterial burden in the GI tract was determined

by quantifying the CFU for each strain in fecal pellets for up to 7 days.

Sample collection, RNA extraction, cDNA synthesis, and qRT-PCR

Overnight cultures of each experimental strain were grown in M9 + Gly & NH4Cl, diluted

1:100 into test media, and grown to an OD600 of ~0.5. Samples were then divided into 2 mL ali-

quots, spun down, resuspended in 500 μL 1x TE buffer (pH = 8.0), and 1 mL of RNAprotect

Bacteria Reagent (Qiagen) was added. Samples were processed according to the manufactur-

er’s protocol and RNA extraction was performed using the TRIzol method [60]. RNA yields

were measured using a NanoDrop spectrophotometer. The crude RNA was further treated

with DNAse (TURBO DNA-free kit, Invitrogen; AM1907), precipitated overnight, and RNA

eluted in DNAse-free water. cDNA was synthesized as per manufacturers protocol (BIO-RAD;
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#1725038). Samples were purified using the Qiagen MinElute PCR Purification Kit (Qiagen;

#28004). For qRT-PCR, samples were prepared in duplicate on a CFX384 Touch real-time

PCR detection system (BIO-RAD) according to iTaq Universal SYBR Green Supermix instruc-

tions with slight modifications. Reaction volume was adjusted to 11 μL with 10 ng of cDNA

per well. Primers targeting gyrA were used as the internal control and cDNA from RNA iso-

lated from the WT grown in M9 MM (Gly & NH4Cl) was used as the sample control. Fold-

change in gene expression was calculated using the 2ΔΔC
Tmethod [61].

Bacterial RNA from murine cecum samples was isolated as previously described [16].

Briefly, the cecal contents of mice infected with KPPR1S were placed into a 2 mL screwcap

tube (Fisherbrand; 02-682-558) containing glass beads, diluted 1:1 with RNAlater (Invitro-

gen; AM7020), homogenized, and stored at 4˚C overnight. Next, equal volume chilled PBS

was added, and samples were centrifuged at 700 x g for 1 minute at 4˚C. The supernatant

was transferred to a new tube, and spun down at 9,000 x g for 5 minutes at 4˚C. The result-

ing pellet was resuspended in 500 μL 2x Buffer A (200 mM NaCl, 200 mM Tris base, 200

mM EDTA), 210 μL 20% SDS, and 500 μL UltraPure Phenol:Chloroform:Isoamyl Alcohol

(25:24:1) (ThermoFisher; #15593031). The samples were transferred to 2 mL screwcap tubes

containing 250 μL 0.1 mm silica beads (BioSpec Products) and homogenized on the bead

mill followed by centrifugation at 6,800 x g for 3 minutes at 4˚C before the aqueous layer

was transferred to a new tube. An equal volume of Phenol:Chloroform:Isoamyl Alcohol was

added to the samples followed by centrifugation at 18,000 x g for 5 minutes at 4˚C. The

RNA was precipitated from the samples using isopropanol. The resulting RNA was further

purified, cDNA synthesized as described above. K. pneumoniae eut loci primers specificity

was tested against cDNA synthesized from RNA isolated from naïve mice. Fold-change in

gene expression was calculated using the 2ΔΔC
T method [61]. KPPR1S 16S (rrsA)-specific

primers were used as housekeeping gene for 2-ΔΔC
T analysis. The values obtained were fur-

ther normalized to gyrA expression.

GFP kinetic assays

Each experimental strain was grown overnight in M9 MM (Gly & NH4Cl) and supplemented

with 25 μg/mL kan, and 100 μL LB. Overnight cultures were OD600 adjusted to 4, and subse-

quently subcultured 1:100 in either M9 MM (Gly & NH4Cl) or test media. 100 μL of each sam-

ple was loaded with 8 technical replicates into a 96-well flat bottom tissue culture plate

(Fisherbrand; FB012931). Afterwards, 100 μL of M9 + Gly & NH4Cl was added with 4 techni-

cal replicates as a control. The lid of the 96-well plate was treated with 0.2% Triton in ethanol

to prevent fogging. The Synergy H1 Microplate Reader (BioTek) was used to measure the opti-

cal density OD600 and the fluorescence of GFP at OD540 (RFU) of cultures at designated time

points. RFU values were normalized to OD600.

Ethanolamine quantification in colonic samples and cecal filtrate

For liquid-chromatography tandem mass spectrometry (LC-MS/MS), 7–8-week-old mice,

either uninfected (mock) or infected with the WT strain, were euthanized 15 days post-inocu-

lation as described above. Roughly 1 cm colon segments containing fecal material were

removed and flash-frozen in liquid nitrogen until sample preparation. Colonic contents were

separated from the tissue prior to being weighed, diluted in 1 mL ultrapure water, and homog-

enized (Omni Beadruptor 24). Next, 100 μL 40% sulfosalicylic acid was added and after 15

minutes of incubation, samples were centrifuged and 1 mL of supernatant was combined with

300 μL 0.5 M NaHCO3, 200 μL 20 mg/mL dansyl chloride, and 20 μL 1 M NaOH. Samples

were vortexed and left to incubate for 20 minutes in the dark. Afterwards, 20 μL of 25%
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NH4OH was added, the samples were vortexed again, and 500 μL of 5% ACN was added.

Finally, the samples were dried under vacuum and resuspended in 50 μL of 5% ACN.

EA content was measured using an LCMS 8050 Triple Quadrupole Mass Spectrometer

(Shimadzu) equipped with a Nexera UHPLC system. Ionization was set to the following

parameters: nebulizing gas flow: 2 L/min, heating gas flow: 10 L/min, interface temperature:

300˚C, DL temperature: 250˚C, heat block temperature: 400˚C, drying gas flow: 10 L/min.

Dansylated ethanolamine MRM transitions in positive ESI mode: 294.9> 280.1, 171.1, 157.1.

EA was separated on a Zorbax Eclipse Plus C18 column (1.8 μm, 2.1 x 100 mm; Agilent, Santa

Clara, CA) with a flow rate of 0.4 mL/min. Mobile phases consist of water + 0.1% formic acid

and acetonitrile. The mobile phase gradient began at 5% acetonitrile and was then increased to

95% at 2.5 minutes. This was held at 95% for 1 minute before being returned to 5% and held

until 4.5 minutes.

EA metabolism screen

Test strains including the WT, ΔeutCL/CSmutant and other commensals were grown over-

night in liquid broth media. 1 mL was removed, and bacteria pelleted, and the supernatant

resuspended in 1 mL PBS. 100 μl of the cell suspension was spread on to M9 MM agar plates

containing 0.4% Gly, 10 mM NH4Cl and 10 mM EA, M9 with 0.2% casamino acids 0.4% Gly,

10 mM NH4Cl and 10 mM EA, or De Man–Rogosa–Sharpe (MRS) agar supplemented with 10

mM EA, and incubated for 20 hours at 37˚C. Afterwards, the bacterial lawn was overlaid with

5mL of respective liquid agar containing 500 mM EA, and incubated at 37˚C for 1 hour, fol-

lowed by addition of 5 mL of 0.1% 2,4-dinitrophenylhydrazine in 2M HCl to the plate for 3

minutes at room temperature. The liquid was poured off and 5 mL of 5M potassium hydroxide

was added to the plate and incubated at room temperature for 5 minutes. 1 mL of sample was

removed and centrifuged briefly to pellet debris and 100 μl loaded in a 96-well plate in tripli-

cate and absorbance read at 565 nm on a Synergy H1 Microplate Reader (BioTek). Commen-

sals were grown on MRS with EA, and concurrently on MRS without EA (control).

Absorbance values obtained from MRS with EA were subtracted from values obtained with

MRS without EA.

16S r-RNA sequencing

Molecular characterization of the bacterial isolates was carried out using the 16S rRNA gene-

based PCR amplification and sequencing from the genomic DNA, as described in our previous

studies [62]. Briefly, the quality and quantity of the isolated genomic DNA was measured

using a NanoDrop One Spectrophotometer (Thermo Fisher), and the DNA was diluted to 20

ng/μl. The 16S rRNA gene were PCR-amplified using the universal primer pair 27F: 5’-

AGAGTTTGATCMTGGCTCAG-3’ and 511R 5’-GCGGCTGCTGGCACRKAGT-3’ on a

QuantStudio-3 Real-Time PCR System (Applied Biosystems). Sanger sequencing of the result-

ing amplicons was performed using the ABI 3730 Genetic Analyzer sequencer (Applied Bio-

systems). The obtained sequence data were BLAST-analyzed against the NCBI GenBank

Database (www.ncbi.nlm.nih.gov/blast [ncbi.nlm.nih.gov]) for the confirmation of genus and

species/strain identification of the isolates.

Structure and genomic analysis

EutC structures were obtained from Alphafold2-predicted UnitProt entries A0A0H3GNA2

(eutC short) and A0A0H3GWG7 (eutC long) [33]. Structural alignments and RMSD values

were generated using the Matchmaker function from UCSF ChimeraX (version

1.7rc202311272154) [34].
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Sequence read data were obtained for diverse KpSC described in 29 studies (S3 Table), sub-

jected to quality control using Trim Galore version 0.5.0 [63], assembled with Unicycler ver-

sion 0.4.7 [64], annotated with Bakta version 1.1.1 [65] and subsampled to a representative set

using PopPUNK clustering [66] combined with genome metadata as described in S1 Data.

Species and sequence types were determined using Kleborate version 2.0.4 [32].

eut genes and regulator binding sites were identified using BLASTn (minimum 80% query

coverage and identity, reference sequences from K. pneumoniaeNTUH-K2044; accession

GCF_000009885.1). To identify regulator binding sites (EutR, NtrC and RpoN), the entire

upstream region of each operon was identified as above, and then the sequence was screened

via a nested blastn, and filtered on 70% identity prior to manual inspection of variable sites. To

analyze the genetic context of the long eut operon, the surrounding genomic regions were

extracted from annotation files using the slice_multi_genbank.py (https://gist.github.com/

bananabenana/20ff257f237d5a6e6f449fd7066577a1) and Clinker version 0.0.23 [67] was used

for visualization. See S1 Data for full analysis details (https://doi.org/10.6084/m9.figshare.

24718599.v2)

Statistical analysis

All statistical analyses were performed using GraphPad Prism 9.4.1 (GraphPad Software, Inc.,

San Diego, CA) and R as described above. Comparisons between two groups were analyzed

via the Mann-Whitney U test, comparisons between multiple groups were analyzed via the

Kruskal-Wallis test with Dunn’s post-analysis, and competitive index/competition experi-

ments were analyzed using the Wilcoxon signed-rank test.

Supporting information

S1 Fig. In vitro growth kinetics (A) of the WT, ΔeutCs, ΔeutCL, and ΔeutCL/CS K. pneumoniae
under aerobic conditions. All strains were grown in M9 MM + 0.4% Gly & NH4Cl. (B) of the

WT in different concentrations of EA supplemented with B12 (200nM) under aerobic condi-

tions. (C) of the WT and ΔeutCs with EA as a sole carbon and nitrogen source (M9 MM + 25

mM EA). (D-E) Aerobic in vitro growth kinetics of AZ99 (D), and hvKP1 (E) grown in control

media (M9 + 0.4% Gly and 10 mM NH4Cl; black circle), EA as a nitrogen source (M9 + 0.4%

Gly and 2.5 mM EA; grey square), EA as a carbon source (M9 + 20 mM EA and 10 mM

NH4Cl; grey triangle) and EA as a sole carbon and nitrogen source (M9 + 25 mM EA; dia-

mond). All strains grown with EA as a nutrient source included 200nM B12. (F) Anaerobic in
vitro growth kinetics of WT, ΔeutCs, ΔeutCL, and ΔeutCL/CS. All strains were grown in M9

MM + 0.4% Gly & NH4Cl. N� 3. Bars indicate Mean ± SEM.

(TIF)

S2 Fig. In vitro competitive index (CI) studies. (A) WT K. pneumoniae and ΔeutCs, ΔeutCL,
or ΔeutCL/CS were inoculated 1:1 in M9 MM + 0.4% Gly & 10 mM NH4Cl. CIs were calculated

at 4, 8, and 24 hours. (B) WT K. pneumoniae and ΔeutCs or ΔeutCL inoculated 1:1 in M9 MM

+ 0.4% Gly & 2.5 mM EA. CIs calculated at the noted time points. (C) WT and ΔeutCs K. pneu-
moniae inoculated 1:1 in M9 MM + 25mM EA. (D) WT K. pneumoniae and ΔeutCs or ΔeutCL
strains were inoculated 1:1 in M9 MM + 20 mM EA & 10 mM NH4Cl. (E) In vitro 1:1 competi-

tive index of ΔeutCs and ΔeutCL K. pneumoniae grown in either M9 MM + 0.4% Gly & 2.5

mM EA (EA as N) or M9 MM + 20 mM EA & 10 mM NH4Cl. All strains grown with EA as a

nutrient source included 200nM B12.

(TIF)
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S3 Fig. (A) Colonization density within the oropharynx of mice colonized with either WT or

ΔeutCL/CS K. pneumoniae at day 15 post inoculation. A Mann-Whitney U test was performed

between the WT and the ΔeutCL/CS. (B) Colonization density within the ileum, cecum, and

colon of mice colonized with either WT or ΔeutCL/CS K. pneumoniae. CFU enumeration was

performed at day 15 post inoculation. A Mann-Whitney U test was performed comparing the

WT and the ΔeutCL/CS at different gastrointestinal sites. (C) Supershedder state induced by

administration of antibiotics in the drinking water (250 mg/L of ampicillin) prior to inocula-

tion of mice with either WT or ΔeutCL/CS K. pneumoniae. Mice were kept on the antibiotic

water for the duration of the study. Dashed line represents supershedder threshold. A Mann-

Whitney U test was performed comparing the WT and the ΔeutCL/CS at different timepoints.

*, P� 0.05; **, P� 0.01; ns, not significant.

(TIF)

S4 Fig. GFP kinetic assay of WT and ntrC-mutant strain carrying plasmid with gfp transcrip-

tional fusion (A) with the eutL promoter (eutL΄-gfp+) (B) or the eutS promoter (eutS΄-gfp+).
Strains were grown in either M9 MM + 0.4% Gly and 10 mM NH4Cl or M9 MM with 20 mM

EA and 10 mM NH4Cl (EA as C) (A-B). All strains grown with EA as a nutrient source

included 200nM B12.

(TIF)

S5 Fig. Maximum-likelihood phylogenetic tree of the two K. quasipneumoniae subspecies

and the presence of the long eut operon. Tree contains additional KpSC species for context.

(TIF)

S6 Fig. Distribution of pairwise Google Word distances within each Eut protein sequence

across the KpSC dataset (n = 27,317,136–30,603,576 pairwise comparisons). A correspond-

ing density plot is shown next to each boxplot to show the distribution of pairwise distances.

(TIF)

S1 Table. List of primers used in the study.

(DOCX)

S2 Table. List of plasmids used in the study.

(DOCX)

S3 Table. Results of eut operon distributions across the KpSC.

(XLSX)

S4 Table. Data used to generate figures.

(XLSX)

S1 Data. Genomic analysis to identify the presence of eut loci and their conservation across

K. pneumoniae species complex.

(DOCX)

Acknowledgments

We thank Melissa Kendall (UVA School of Medicine) for providing the E. coliHS isolate. We

also thank Virginia Miller (UNC-Chapel Hill) and Kimberly Walker (UNC-Chapel Hill) for

fruitful discussions, and input on the project.

We would also like to acknowledge the support provided by the Proteomics and Metabolo-

mics Shared Resource of the Wake Forest School of Medicine and Wake Forest Baptist Com-

prehensive Cancer Center.

PLOS PATHOGENS Ethanolamine metabolism provides Klebsiella pneumoniae an advantage in the gut

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012189 May 7, 2024 23 / 28

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012189.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012189.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012189.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012189.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012189.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012189.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012189.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012189.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012189.s011
https://doi.org/10.1371/journal.ppat.1012189


Author Contributions

Conceptualization: Andrew J. Barnes, M. Ammar Zafar.

Data curation: Ben Vezina, Kelly L. Wyres.

Formal analysis: Andrew J. Barnes, Emma F. Bennett, Ben Vezina, Andrew W. Hudson,

Andrew S. Bray, Ravinder Nagpal, Kelly L. Wyres, M. Ammar Zafar.

Funding acquisition: M. Ammar Zafar.

Investigation: Andrew J. Barnes, Emma F. Bennett, Ben Vezina, Andrew W. Hudson, Gio-

vanna E. Hernandez, Noah A. Nutter, Andrew S. Bray, Ravinder Nagpal, Kelly L. Wyres,

M. Ammar Zafar.

Methodology: Andrew J. Barnes, Emma F. Bennett, Ben Vezina, Andrew W. Hudson, Ravin-

der Nagpal, Kelly L. Wyres.

Project administration: M. Ammar Zafar.

Resources: Giovanna E. Hernandez, M. Ammar Zafar.

Software: Ben Vezina, Kelly L. Wyres, M. Ammar Zafar.

Supervision: Andrew J. Barnes, Emma F. Bennett, Kelly L. Wyres, M. Ammar Zafar.

Validation: Andrew J. Barnes, Emma F. Bennett, Ben Vezina, Ravinder Nagpal, Kelly L.

Wyres.

Visualization: Andrew J. Barnes, Emma F. Bennett, Ben Vezina, Kelly L. Wyres, M. Ammar

Zafar.

Writing – original draft: Andrew J. Barnes, M. Ammar Zafar.

Writing – review & editing: Ben Vezina, Kelly L. Wyres, M. Ammar Zafar.

References
1. Thursby E, Juge N. 2017. Introduction to the human gut microbiota. Biochem J 474:1823–1836. https://

doi.org/10.1042/BCJ20160510 PMID: 28512250

2. Coyte KZ, Rakoff-Nahoum S. 2019. Understanding Competition and Cooperation within the Mammalian

Gut Microbiome. Curr Biol 29:R538–R544.

3. Sorbara MT, Pamer EG. 2019. Interbacterial mechanisms of colonization resistance and the strategies

pathogens use to overcome them. Mucosal Immunol 12:1–9. https://doi.org/10.1038/s41385-018-

0053-0 PMID: 29988120

4. Pereira FC, Berry D. 2017. Microbial nutrient niches in the gut. Environ Microbiol 19:1366–1378.

https://doi.org/10.1111/1462-2920.13659 PMID: 28035742

5. Khan I, Bai Y, Zha L, Ullah N, Ullah H, Shah SRH, Sun H, Zhang C. 2021. Mechanism of the Gut Micro-

biota Colonization Resistance and Enteric Pathogen Infection. Frontiers in Cellular and Infection Micro-

biology 11. https://doi.org/10.3389/fcimb.2021.716299 PMID: 35004340

6. Baumler AJ, Sperandio V. 2016. Interactions between the microbiota and pathogenic bacteria in the

gut. Nature 535:85–93. https://doi.org/10.1038/nature18849 PMID: 27383983

7. Centers for Disease C, Prevention. Klebsiella pneumoniae in Healthcare Settings.

8. Tzouvelekis LS, Markogiannakis A, Psichogiou M, Tassios PT, Daikos GL. 2012. Carbapenemases in

Klebsiella pneumoniae and other Enterobacteriaceae: an evolving crisis of global dimensions. Clin

Microbiol Rev 25:682–707. https://doi.org/10.1128/CMR.05035-11 PMID: 23034326

9. Martin RM, Cao J, Brisse S, Passet V, Wu W, Zhao L, Malani PN, Rao K, Bachman MA. 2016. Molecu-

lar Epidemiology of Colonizing and Infecting Isolates of Klebsiella pneumoniae. mSphere 1. https://doi.

org/10.1128/mSphere.00261-16 PMID: 27777984

PLOS PATHOGENS Ethanolamine metabolism provides Klebsiella pneumoniae an advantage in the gut

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012189 May 7, 2024 24 / 28

https://doi.org/10.1042/BCJ20160510
https://doi.org/10.1042/BCJ20160510
http://www.ncbi.nlm.nih.gov/pubmed/28512250
https://doi.org/10.1038/s41385-018-0053-0
https://doi.org/10.1038/s41385-018-0053-0
http://www.ncbi.nlm.nih.gov/pubmed/29988120
https://doi.org/10.1111/1462-2920.13659
http://www.ncbi.nlm.nih.gov/pubmed/28035742
https://doi.org/10.3389/fcimb.2021.716299
http://www.ncbi.nlm.nih.gov/pubmed/35004340
https://doi.org/10.1038/nature18849
http://www.ncbi.nlm.nih.gov/pubmed/27383983
https://doi.org/10.1128/CMR.05035-11
http://www.ncbi.nlm.nih.gov/pubmed/23034326
https://doi.org/10.1128/mSphere.00261-16
https://doi.org/10.1128/mSphere.00261-16
http://www.ncbi.nlm.nih.gov/pubmed/27777984
https://doi.org/10.1371/journal.ppat.1012189


10. Selden R, Lee S, Wang WLL, Bennett JV, Eickhoff TC. 1971. Nosocomial Klebsiella Infections—Intesti-

nal Colonization as a Reservoir. Annals of Internal Medicine 74:657-+. https://doi.org/10.7326/0003-

4819-74-5-657 PMID: 5559431

11. Brown SP, Cornforth DM, Mideo N. 2012. Evolution of virulence in opportunistic pathogens: generalism,

plasticity, and control. Trends Microbiol 20:336–42. https://doi.org/10.1016/j.tim.2012.04.005 PMID:

22564248

12. Struve C, Krogfelt KA. 2004. Pathogenic potential of environmental Klebsiella pneumoniae isolates.

Environ Microbiol 6:584–90. https://doi.org/10.1111/j.1462-2920.2004.00590.x PMID: 15142246

13. Paczosa MK, Mecsas J. 2016. Klebsiella pneumoniae: Going on the Offense with a Strong Defense.

Microbiol Mol Biol Rev 80:629–61. https://doi.org/10.1128/MMBR.00078-15 PMID: 27307579

14. Sahly H, Podschun R, Ullmann U. 2000. Klebsiella infections in the immunocompromised host. Adv

Exp Med Biol 479:237–49. https://doi.org/10.1007/0-306-46831-X_21 PMID: 10897425

15. Liao Y-C, Huang T-W, Chen F-C, Charusanti P, Hong Jay SJ, Chang H-Y, Tsai S-F, Palsson Bernhard

O, Hsiung Chao A. 2011. An Experimentally Validated Genome-Scale Metabolic Reconstruction of

Klebsiella pneumoniae MGH 78578, iYL1228. Journal of Bacteriology 193:1710–1717. https://doi.org/

10.1128/JB.01218-10 PMID: 21296962

16. Hudson AW, Barnes AJ, Bray AS, Ornelles DA, Zafar MA. 2022. Klebsiella pneumoniae l-Fucose

Metabolism Promotes Gastrointestinal Colonization and Modulates Its Virulence Determinants. Infect

Immun https://doi.org/10.1128/iai.00206-22 PMID: 36129299

17. Cho G, Lee E, Kim J. 2021. Structural insights into phosphatidylethanolamine formation in bacterial

membrane biogenesis. Sci Rep 11:5785.

18. Kawai K, Fujita M, Nakao M. 1974. Lipid components of two different regions of an intestinal epithelial

cell membrane of mouse. Biochim Biophys Acta 369:222–33. PMID: 4371841

19. Larson TJ, Ehrmann M, Boos W. 1983. Periplasmic glycerophosphodiester phosphodiesterase of

Escherichia coli, a new enzyme of the glp regulon. J Biol Chem 258:5428–32. PMID: 6304089

20. Tsoy O, Ravcheev D, Mushegian A. 2009. Comparative genomics of ethanolamine utilization. J Bacter-

iol 191:7157–64. https://doi.org/10.1128/JB.00838-09 PMID: 19783625

21. Garsin DA. 2010. Ethanolamine utilization in bacterial pathogens: roles and regulation. Nat Rev Micro-

biol 8:290–5. https://doi.org/10.1038/nrmicro2334 PMID: 20234377

22. Rowley CA, Anderson CJ, Kendall MM. 2018. Ethanolamine Influences Human Commensal Escheri-

chia coli Growth, Gene Expression, and Competition with Enterohemorrhagic E. coli O157:H7. mBio 9.

https://doi.org/10.1128/mBio.01429-18 PMID: 30279284

23. Kaval KG, Garsin DA. 2018. Ethanolamine Utilization in Bacteria. Mbio 9. https://doi.org/10.1128/mBio.

00066-18 PMID: 29463652

24. Fox KA, Ramesh A, Stearns JE, Bourgogne A, Reyes-Jara A, Winkler WC, Garsin DA. 2009. Multiple

posttranscriptional regulatory mechanisms partner to control ethanolamine utilization in Enterococcus

faecalis. Proc Natl Acad Sci U S A 106:4435–40. https://doi.org/10.1073/pnas.0812194106 PMID:

19246383

25. Lundgren BR, Sarwar Z, Pinto A, Ganley JG, Nomura CT. 2016. Ethanolamine Catabolism in Pseudo-

monas aeruginosa PAO1 Is Regulated by the Enhancer-Binding Protein EatR (PA4021) and t he Alter-

native Sigma Factor RpoN. J Bacteriol 198:2318–29. https://doi.org/10.1128/JB.00357-16 PMID:

27325678

26. Villa EA, Escalante-Semerena JC. 2022. Acinetobacter baumannii Catabolizes Ethanolamine in the

Absence of a Metabolosome and Converts Cobinamide into Adenosylated Cobamides. mBio 13:

e0179322. https://doi.org/10.1128/mbio.01793-22 PMID: 35880884

27. Thiennimitr P, Winter SE, Winter MG, Xavier MN, Tolstikov V, Huseby DL, Sterzenbach T, Tsolis RM,

Roth JR, Baumler AJ. 2011. Intestinal inflammation allows Salmonella to use ethanolamine to compete

with the microbiota. Proceedings of the National Academy of Sciences of the United States of America

108:17480–17485. https://doi.org/10.1073/pnas.1107857108 PMID: 21969563

28. Anderson CJ, Clark DE, Adli M, Kendall MM. 2015. Ethanolamine Signaling Promotes Salmonella

Niche Recognition and Adaptation during Infection. Plos Pathogens 11.

29. Luzader DH, Clark DE, Gonyar LA, Kendall MM. 2013. EutR is a direct regulator of genes that contribute

to metabolism and virulence in enterohemorrhagic Escherichia coli O157:H7. J Bacteriol 195:4947–53.

https://doi.org/10.1128/JB.00937-13 PMID: 23995630

30. Rowley CA, Sauder AB, Kendall MM. 2020. The Ethanolamine-Sensing Transcription Factor EutR Pro-

motes Virulence and Transmission during Citrobacter rodentium Intestinal Infection. Infect Immun 88.

https://doi.org/10.1128/IAI.00137-20 PMID: 32631916

PLOS PATHOGENS Ethanolamine metabolism provides Klebsiella pneumoniae an advantage in the gut

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012189 May 7, 2024 25 / 28

https://doi.org/10.7326/0003-4819-74-5-657
https://doi.org/10.7326/0003-4819-74-5-657
http://www.ncbi.nlm.nih.gov/pubmed/5559431
https://doi.org/10.1016/j.tim.2012.04.005
http://www.ncbi.nlm.nih.gov/pubmed/22564248
https://doi.org/10.1111/j.1462-2920.2004.00590.x
http://www.ncbi.nlm.nih.gov/pubmed/15142246
https://doi.org/10.1128/MMBR.00078-15
http://www.ncbi.nlm.nih.gov/pubmed/27307579
https://doi.org/10.1007/0-306-46831-X%5F21
http://www.ncbi.nlm.nih.gov/pubmed/10897425
https://doi.org/10.1128/JB.01218-10
https://doi.org/10.1128/JB.01218-10
http://www.ncbi.nlm.nih.gov/pubmed/21296962
https://doi.org/10.1128/iai.00206-22
http://www.ncbi.nlm.nih.gov/pubmed/36129299
http://www.ncbi.nlm.nih.gov/pubmed/4371841
http://www.ncbi.nlm.nih.gov/pubmed/6304089
https://doi.org/10.1128/JB.00838-09
http://www.ncbi.nlm.nih.gov/pubmed/19783625
https://doi.org/10.1038/nrmicro2334
http://www.ncbi.nlm.nih.gov/pubmed/20234377
https://doi.org/10.1128/mBio.01429-18
http://www.ncbi.nlm.nih.gov/pubmed/30279284
https://doi.org/10.1128/mBio.00066-18
https://doi.org/10.1128/mBio.00066-18
http://www.ncbi.nlm.nih.gov/pubmed/29463652
https://doi.org/10.1073/pnas.0812194106
http://www.ncbi.nlm.nih.gov/pubmed/19246383
https://doi.org/10.1128/JB.00357-16
http://www.ncbi.nlm.nih.gov/pubmed/27325678
https://doi.org/10.1128/mbio.01793-22
http://www.ncbi.nlm.nih.gov/pubmed/35880884
https://doi.org/10.1073/pnas.1107857108
http://www.ncbi.nlm.nih.gov/pubmed/21969563
https://doi.org/10.1128/JB.00937-13
http://www.ncbi.nlm.nih.gov/pubmed/23995630
https://doi.org/10.1128/IAI.00137-20
http://www.ncbi.nlm.nih.gov/pubmed/32631916
https://doi.org/10.1371/journal.ppat.1012189


31. Nawrocki KL, Wetzel D, Jones JB, Woods EC, McBride SM. 2018. Ethanolamine is a valuable nutrient

source that impacts Clostridium difficile pathogenesis. Environmental Microbiology 20:1419–1435.

https://doi.org/10.1111/1462-2920.14048 PMID: 29349925

32. Lam MMC, Wick RR, Watts SC, Cerdeira LT, Wyres KL, Holt KE. 2021. A genomic surveillance frame-

work and genotyping tool for Klebsiella pneumoniae and its related species complex. N at Commun

12:4188. https://doi.org/10.1038/s41467-021-24448-3 PMID: 34234121

33. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, Tunyasuvunakool K, Bates R,

Zidek A, Potapenko A, Bridgland A, Meyer C, Kohl SAA, Ballard AJ, Cowie A, Romera-Paredes B, Niko-

lov S, Jain R, Adler J, Back T, Petersen S, Reiman D, Clancy E, Zielinski M, Steinegger M, Pacholska

M, Berghammer T, Bodenstein S, Silver D, Vinyals O, Senior AW, Kavukcuoglu K, Kohli P, Hassabis D.

2021. Highly accurate protein structure prediction with AlphaFold. Nature 596:583–589. https://doi.org/

10.1038/s41586-021-03819-2 PMID: 34265844

34. Pettersen EF, Goddard TD, Huang CC, Meng EC, Couch GS, Croll TI, Morris JH, Ferrin TE. 2021.

UCSF ChimeraX: Structure visualization for researchers, educators, and developers. Protein Sci

30:70–82. https://doi.org/10.1002/pro.3943 PMID: 32881101

35. Broberg CA, Wu W, Cavalcoli JD, Miller VL, Bachman MA. 2014. Complete Genome Sequence of Kleb-

siella pneumoniae Strain ATCC 43816 KPPR1, a Rifampin-Resistant Mutant Commonly Used in A

nimal, Genetic, and Molecular Biology Studies. Genome Announc 2.

36. Zheng L, Kelly CJ, Colgan SP. 2015. Physiologic hypoxia and oxygen homeostasis in the healthy intes-

tine. A Review in the Theme: Cellular Responses to Hypoxia. Am J Physiol Cell Physiol 309:C350–60.

https://doi.org/10.1152/ajpcell.00191.2015 PMID: 26179603

37. Bertin Y, Girardeau JP, Chaucheyras-Durand F, Lyan B, Pujos-Guillot E, Harel J, Martin C. 2011. Enter-

ohaemorrhagic Escherichia coli gains a competitive advantage by using ethanolamine as a nitrogen

source in the bovine intestinal content. Environmental Microbiology 13:365–377. https://doi.org/10.

1111/j.1462-2920.2010.02334.x PMID: 20849446

38. Mishra SP, Wang B, Jain S, Ding J, Rejeski J, Furdui CM, Kitzman DW, Taraphder S, Brechot C,

Kumar A, Yadav H. 2023. A mechanism by which gut microbiota elevates permeability and inflammation

in obese/diabetic mice and human gut. Gut 72:1848–1865. https://doi.org/10.1136/gutjnl-2022-327365

PMID: 36948576

39. Young TM, Bray AS, Nagpal RK, Caudell DL, Yadav H, Zafar MA. 2020. Animal Model To Study Klebsi-

ella pneumoniae Gastrointestinal Colonization and Host-to-Host Transmission. Infect Immun 88.

https://doi.org/10.1128/IAI.00071-20 PMID: 32839189

40. Kempf F, La Ragione R, Chirullo B, Schouler C, Velge P. 2022. Super Shedding in Enteric Pathogens:

A Review. Microorganisms 10. https://doi.org/10.3390/microorganisms10112101 PMID: 36363692

41. Roof DM, Roth JR. 1992. Autogenous regulation of ethanolamine utilization by a transcriptional activa-

tor of the eut operon in Salmonella typhimurium. J Bacteriol 174:6634–43. https://doi.org/10.1128/jb.

174.20.6634-6643.1992 PMID: 1328159

42. Zimmer DP, Soupene E, Lee HL, Wendisch VF, Khodursky AB, Peter BJ, Bender RA, Kustu S. 2000.

Nitrogen regulatory protein C-controlled genes of Escherichia coli: scavenging as a defense against

nitrogen limitation. Proc Natl Acad Sci U S A 97:14674–9. https://doi.org/10.1073/pnas.97.26.14674

PMID: 11121068

43. Shao X, Zhang X, Zhang Y, Zhu M, Yang P, Yuan J, Xie Y, Zhou T, Wang W, Chen S, Liang H, Deng X.

2018. RpoN-Dependent Direct Regulation of Quorum Sensing and the Type VI Secretion System in

Pseudomonas aeruginosa PAO1. J Bacteriol 200. https://doi.org/10.1128/JB.00205-18 PMID:

29760208

44. Kiupakis AK, Reitzer L. 2002. ArgR-independent induction and ArgR-dependent superinduction of the

astCADBE operon in Escherichia coli. J Bacteriol 184:2940–50. https://doi.org/10.1128/JB.184.11.

2940-2950.2002 PMID: 12003934

45. Baumgart LA, Lee JE, Salamov A, Dilworth DJ, Na H, Mingay M, Blow MJ, Zhang Y, Yoshinaga Y,

Daum CG, O’Malley RC. 2021. Persistence and plasticity in bacterial gene regulation. Nat Methods

18:1499–1505. https://doi.org/10.1038/s41592-021-01312-2 PMID: 34824476

46. Lam MMC, Wyres KL, Duchene S, Wick RR, Judd LM, Gan YH, Hoh CH, Archuleta S, Molton JS, Kali-

muddin S, Koh TH, Passet V, Brisse S, Holt KE. 2018. Population genomics of hypervirulent Klebsiella

pneumoniae clonal-group 23 reveals early emergence and rapid global dissemination. Nat Commun

9:2703. https://doi.org/10.1038/s41467-018-05114-7 PMID: 30006589

47. de Gouveia MIM, Daniel J, Garrivier A, Bernalier-Donadille A, Jubelin G. 2023. Diversity of ethanol-

amine utilization by human commensal Escherichia coli. Research in Microbiology 174.

48. Ramoneda J, Jensen TBN, Price MN, Casamayor EO, Fierer N. 2023. Taxonomic and environmental

distribution of bacterial amino acid auxotrophies. Nat Commun 14:7608. https://doi.org/10.1038/

s41467-023-43435-4 PMID: 37993466

PLOS PATHOGENS Ethanolamine metabolism provides Klebsiella pneumoniae an advantage in the gut

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012189 May 7, 2024 26 / 28

https://doi.org/10.1111/1462-2920.14048
http://www.ncbi.nlm.nih.gov/pubmed/29349925
https://doi.org/10.1038/s41467-021-24448-3
http://www.ncbi.nlm.nih.gov/pubmed/34234121
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
http://www.ncbi.nlm.nih.gov/pubmed/34265844
https://doi.org/10.1002/pro.3943
http://www.ncbi.nlm.nih.gov/pubmed/32881101
https://doi.org/10.1152/ajpcell.00191.2015
http://www.ncbi.nlm.nih.gov/pubmed/26179603
https://doi.org/10.1111/j.1462-2920.2010.02334.x
https://doi.org/10.1111/j.1462-2920.2010.02334.x
http://www.ncbi.nlm.nih.gov/pubmed/20849446
https://doi.org/10.1136/gutjnl-2022-327365
http://www.ncbi.nlm.nih.gov/pubmed/36948576
https://doi.org/10.1128/IAI.00071-20
http://www.ncbi.nlm.nih.gov/pubmed/32839189
https://doi.org/10.3390/microorganisms10112101
http://www.ncbi.nlm.nih.gov/pubmed/36363692
https://doi.org/10.1128/jb.174.20.6634-6643.1992
https://doi.org/10.1128/jb.174.20.6634-6643.1992
http://www.ncbi.nlm.nih.gov/pubmed/1328159
https://doi.org/10.1073/pnas.97.26.14674
http://www.ncbi.nlm.nih.gov/pubmed/11121068
https://doi.org/10.1128/JB.00205-18
http://www.ncbi.nlm.nih.gov/pubmed/29760208
https://doi.org/10.1128/JB.184.11.2940-2950.2002
https://doi.org/10.1128/JB.184.11.2940-2950.2002
http://www.ncbi.nlm.nih.gov/pubmed/12003934
https://doi.org/10.1038/s41592-021-01312-2
http://www.ncbi.nlm.nih.gov/pubmed/34824476
https://doi.org/10.1038/s41467-018-05114-7
http://www.ncbi.nlm.nih.gov/pubmed/30006589
https://doi.org/10.1038/s41467-023-43435-4
https://doi.org/10.1038/s41467-023-43435-4
http://www.ncbi.nlm.nih.gov/pubmed/37993466
https://doi.org/10.1371/journal.ppat.1012189


49. Moore TC, Escalante-Semerena JC. 2016. The EutQ and EutP proteins are novel acetate kinases

involved in ethanolamine catabolism: physiological implications for the function of the ethanolamine

metabolosome in Salmonella enterica. Mol Microbiol 99:497–511. https://doi.org/10.1111/mmi.13243

PMID: 26448059

50. Barrett EL, Clark MA. 1987. Tetrathionate reduction and production of hydrogen sulfide from thiosulfate.

Microbiol Rev 51:192–205. https://doi.org/10.1128/mr.51.2.192-205.1987 PMID: 3299028

51. Gulec S, Anderson GJ, Collins JF. 2014. Mechanistic and regulatory aspects of intestinal iron absorp-

tion. Am J Physiol Gastrointest Liver Physiol 307:G397–409. https://doi.org/10.1152/ajpgi.00348.2013

PMID: 24994858

52. Appenzeller BM, Yanez C, Jorand F, Block JC. 2005. Advantage provided by iron for Escherichia coli

growth and cultivability in drinking water. Appl Environ Microbiol 71:5621–3. https://doi.org/10.1128/

AEM.71.9.5621-5623.2005 PMID: 16151163

53. Bobik TA, Lehman BP, Yeates TO. 2015. Bacterial microcompartments: widespread prokaryotic organ-

elles for isolation and optimization of metabolic pathways. Mol Microbiol 98:193–207. https://doi.org/10.

1111/mmi.13117 PMID: 26148529

54. Kerfeld CA, Heinhorst S, Cannon GC. 2010. Bacterial microcompartments. Annu Rev Microbiol

64:391–408. https://doi.org/10.1146/annurev.micro.112408.134211 PMID: 20825353

55. Bobik TA, Havemann GD, Busch RJ, Williams DS, Aldrich HC. 1999. The propanediol utilization (pdu)

operon of Salmonella enterica serovar Typhimurium LT2 includes genes necessary for formation of

polyhedral organelles involved in coenzyme B(12)-dependent 1, 2-propanediol degradation. J Bacteriol

181:5967–75. https://doi.org/10.1128/JB.181.19.5967-5975.1999 PMID: 10498708

56. US Department of Health and Human Services. 2015. Public Health Service policy on humane care and

use of laboratory animals. US Department of Health and Human Services, Washington, DC.

57. Bray AS, Smith RD, Hudson AW, Hernandez GE, Young TM, George HE, Ernst RK, Zafar MA. 2022.

MgrB-Dependent Colistin Resistance in Klebsiella pneumoniae Is Associated with an Increase in Host-

to-Host Transmission. mBio 13:e0359521.

58. Bachman MA, Breen P, Deornellas V, Mu Q, Zhao L, Wu W, Cavalcoli JD, Mobley HL. 2015. Genome-

Wide Identification of Klebsiella pneumoniae Fitness Genes during Lung Infection. MBio 6:e00775.

https://doi.org/10.1128/mBio.00775-15 PMID: 26060277

59. Ramage B, Erolin R, Held K, Gasper J, Weiss E, Brittnacher M, Gallagher L, Manoil C. 2017. Compre-

hensive Arrayed Transposon Mutant Library of Klebsiella pneumoniae Outbreak Strain KPNIH1. J Bac-

teriol 199. https://doi.org/10.1128/JB.00352-17 PMID: 28760848

60. Palacios M, Miner TA, Frederick DR, Sepulveda VE, Quinn JD, Walker KA, Miller VL. 2018. Identifica-

tion of Two Regulators of Virulence That Are Conserved in Klebsiella pneumoniae Classical and Hyper-

virulent Strains. mBio 9:e01443-18. https://doi.org/10.1128/mBio.01443-18 PMID: 30087173

61. Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data using real-time quantitative

PCR and the 2(T)(-Delta Delta C) method. Methods 25:402–408.

62. Nagpal R, Wang S, Ahmadi S, Hayes J, Gagliano J, Subashchandrabose S, Kitzman DW, Becton T,

Read R, Yadav H. 2018. Human-origin probiotic cocktail increases short-chain fatty acid production via

modulation of mice and human gut microbiome. Sci Rep 8:12649. https://doi.org/10.1038/s41598-018-

30114-4 PMID: 30139941

63. Krueger F. 2015. Trim Galore: A wrapper tool around Cutadapt and FastQC to consistently apply quality

and adapter trimming to FastQ files, with some extra functionality for MspI-digested RRBS-type

(Reduced Representation Bisufite-Seq) libraries.

64. Wick RR, Judd LM, Gorrie CL, Holt KE. 2017. Unicycler: Resolving bacterial genome assemblies from

short and long sequencing reads. PLoS Comput Biol 13:e1005595. https://doi.org/10.1371/journal.

pcbi.1005595 PMID: 28594827

65. Schwengers O, Jelonek L, Dieckmann MA, Beyvers S, Blom J, Goesmann A. 2021. Bakta: rapid and

standardized annotation of bacterial genomes via alignment-free sequence identification. Microb

Genom 7. https://doi.org/10.1099/mgen.0.000685 PMID: 34739369

66. Lees JA, Harris SR, Tonkin-Hill G, Gladstone RA, Lo SW, Weiser JN, Corander J, Bentley SD, Crou-

cher NJ. 2019. Fast and flexible bacterial genomic epidemiology with PopPUNK. Genome Res

29:304–316. https://doi.org/10.1101/gr.241455.118 PMID: 30679308

67. Schmidt BM, Davidson NM, Hawkins ADK, Bartolo R, Majewski IJ, Ekert PG, Oshlack A. 2018. Clinker:

visualizing fusion genes detected in RNA-seq data. Gigascience 7. https://doi.org/10.1093/

gigascience/giy079 PMID: 29982439

68. Palacios M, Broberg CA, Walker KA, Miller VL. 2017. A Serendipitous Mutation Reveals the Severe Vir-

ulence Defect of a Klebsiella pneumoniae fepB Mutant. mSphere 2. https://doi.org/10.1128/mSphere.

00341-17 PMID: 28861522

PLOS PATHOGENS Ethanolamine metabolism provides Klebsiella pneumoniae an advantage in the gut

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012189 May 7, 2024 27 / 28

https://doi.org/10.1111/mmi.13243
http://www.ncbi.nlm.nih.gov/pubmed/26448059
https://doi.org/10.1128/mr.51.2.192-205.1987
http://www.ncbi.nlm.nih.gov/pubmed/3299028
https://doi.org/10.1152/ajpgi.00348.2013
http://www.ncbi.nlm.nih.gov/pubmed/24994858
https://doi.org/10.1128/AEM.71.9.5621-5623.2005
https://doi.org/10.1128/AEM.71.9.5621-5623.2005
http://www.ncbi.nlm.nih.gov/pubmed/16151163
https://doi.org/10.1111/mmi.13117
https://doi.org/10.1111/mmi.13117
http://www.ncbi.nlm.nih.gov/pubmed/26148529
https://doi.org/10.1146/annurev.micro.112408.134211
http://www.ncbi.nlm.nih.gov/pubmed/20825353
https://doi.org/10.1128/JB.181.19.5967-5975.1999
http://www.ncbi.nlm.nih.gov/pubmed/10498708
https://doi.org/10.1128/mBio.00775-15
http://www.ncbi.nlm.nih.gov/pubmed/26060277
https://doi.org/10.1128/JB.00352-17
http://www.ncbi.nlm.nih.gov/pubmed/28760848
https://doi.org/10.1128/mBio.01443-18
http://www.ncbi.nlm.nih.gov/pubmed/30087173
https://doi.org/10.1038/s41598-018-30114-4
https://doi.org/10.1038/s41598-018-30114-4
http://www.ncbi.nlm.nih.gov/pubmed/30139941
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1371/journal.pcbi.1005595
http://www.ncbi.nlm.nih.gov/pubmed/28594827
https://doi.org/10.1099/mgen.0.000685
http://www.ncbi.nlm.nih.gov/pubmed/34739369
https://doi.org/10.1101/gr.241455.118
http://www.ncbi.nlm.nih.gov/pubmed/30679308
https://doi.org/10.1093/gigascience/giy079
https://doi.org/10.1093/gigascience/giy079
http://www.ncbi.nlm.nih.gov/pubmed/29982439
https://doi.org/10.1128/mSphere.00341-17
https://doi.org/10.1128/mSphere.00341-17
http://www.ncbi.nlm.nih.gov/pubmed/28861522
https://doi.org/10.1371/journal.ppat.1012189


69. Agard MJ, Ozer EA, Morris AR, Piseaux R, Hauser AR. 2019. A Genomic Approach To Identify Klebsi-

ella pneumoniae and Acinetobacter baumannii Strains with Enhanced Competitive Fitness in the Lungs

during Multistrain Pneumonia. Infect Immun 87. https://doi.org/10.1128/IAI.00871-18 PMID: 30936161

70. Russo TA, Olson R, Macdonald U, Metzger D, Maltese LM, Drake EJ, Gulick AM. 2014. Aerobactin

mediates virulence and accounts for increased siderophore production under iron-limiting conditions by

hypervirulent (hypermucoviscous) Klebsiella pneumoniae. Infect Immun 82:2356–67. https://doi.org/

10.1128/IAI.01667-13 PMID: 24664504

71. Simon R, Priefer U, Pühler A. 1983. A Broad Host Range Mobilization System for In Vivo Genetic Engi-

neering: Transposon Mutagenesis in Gram Negative Bacteria. Bio/Technology 1:784–791.

72. Nissle A. 1918. Die antagonistische behandlung chronischer darmstörungen mit colibakterien. Med Klin
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