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Abstract 

Klebsiella pneumoniae is a leading cause of nosocomial infections in the U.S., owing to 

its broad antibiotic resistance and many potential infection sites. K. pneumoniae 

colonizes the human gastrointestinal (GI) tract asymptomatically, from where it can 

translocate within a host or transmit to another. While poorly understood, knowledge of 

this first step toward infection and spread is critical for combatting K. pneumoniae’s 

pathogenesis and transmission. To colonize the gut, K. pneumoniae must overcome 

colonization resistance provided by the host microbiota in the form of nutrient 

competition. Enteric pathogens are known to metabolize fucose, present in intestinal 

mucus, to avoid competition and successfully colonize. Using our murine model for K. 

pneumoniae GI colonization, we show that fucose metabolism is critical for K. 

pneumoniae to acquire a metabolic niche, bypass colonization resistance, and establish 

itself in the gut. Because alternative nutrient sources can allow pathogens to coordinate 

virulence, we investigated the role of fucose utilization on several established virulence 

phenotypes and observed positive modulation of hypermucoviscosity, autoaggregation, 

and biofilm formation. These insights lend a stronger understanding of the role of 

alternative carbon sources on K. pneumoniae GI colonization, as well as the complex 

relationship between metabolism and virulence in this important pathogen. 
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Introduction 

The human gastrointestinal (GI) tract is a competitive environment in which 

native microbiota contend with each other and host cells for limited nutrients [1, 2]. This 

intense pressure for energy acquisition is one mechanism through which the host and 

the microbiome deter an incoming pathogen from establishing itself in the GI tract - a 

phenomenon known as colonization resistance (CR). In turn, the ability to bypass 

nutrient competition and overcome CR has been demonstrated in multiple pathogens [2-

4]. 

Klebsiella pneumoniae (K. pneumoniae), a medically relevant Gram-negative 

bacterium, has gained notoriety for the emergence of multi-drug resistant strains and is 

considered a priority pathogen by WHO for which urgent new therapeutics are required 

[5]. Multiple studies have shown that the K. pneumoniae isolate that colonizes the GI 

tract causes disease manifestation within the same host [6]. Disease states associated 

with K. pneumoniae include pneumonia, bacteremia, pyogenic liver abscesses, and 

urinary tract infections (UTIs) [7, 8]. Epidemiological data suggest that K. pneumoniae 

spreads from the gut by translocating to sterile sites within the host and transmits 

through the fecal-oral route (fomite transmission) from one host to another [9, 10]. 

Moreover, despite CR, K. pneumoniae was observed to colonize the healthy human GI 

tract [7, 9]. Related enteric pathogens such as enterohemorrhagic Escherichia coli 

(EHEC) and Salmonella enterica serovar Typhimurium (S. typhimurium) modify the gut 

and induce heavy inflammation through secretion of toxins as well as through direct 

attachment and invasion of intestinal epithelial cells [11-13]. In contrast, K. pneumoniae 

colonizes asymptomatically and uses the gut as a silent reservoir from which it can 

translocate within the host to new infection sites and transmit by the fecal-oral route [6-8, 

10]. Despite contributing to the mounting global threat of multidrug resistance, K. 
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pneumoniae’s first site of infection, the gut, is poorly understood, and few studies have 

focused on pathways K. pneumoniae employs to overcome CR [8, 14]. 

Metabolic flexibility is critical for bypassing nutritional limitation in the GI tract. 

Pathogenic and commensal E. coli can co-metabolize a broad range of carbon sources 

in the gut [15]. For E. coli, carbon sources exist on a hierarchy of “preference” depending 

on energetic efficiency, with more preferred carbon sources, such as glucose, having a 

greater impact on colonization than others [16]. The ability to metabolize a wide range of 

carbohydrates provides EHEC with the metabolic flexibility to overcome CR [15]. 

Additionally, nutritional competition in the gut causes EHEC to pivot from glycolytic 

substrates to less preferred gluconeogenic compounds such as acetate and pyruvate, 

without which it fails to establish itself in the GI tract [17]. This demonstrates that the 

capability to utilize less preferred nutrients can tip the scale and allow pathogens to 

establish a niche and colonize, a concept that has been termed the “Nutrient Niche 

Hypothesis” [18]. K. pneumoniae, a member of Enterobacteriaceae, also possesses a 

diverse range of genes for carbohydrate catabolism [19]. Consequently, K. pneumoniae 

may similarly co-metabolize multiple carbon sources to colonize the gut and initiate its 

unique infectious cycle. 

Much of the available sugars in the GI tract are derived from the glycoprotein 

mucin, a primary constituent of the gut mucus layer [20, 21]. The colon possesses two 

layers of mucosa: an inner layer which remains sterile in the healthy gut, and a loose 

outer layer inhabited by commensals [20, 22]. Glycosylation of MUC2, the most 

abundant mucin protein in the colon, begins with O-linkage of N-acetylgalactosamine 

across the surface of the protein [23], followed by the attachment of galactose and N-

acetylglucosamine (GlcNAc), generating long, branching polysaccharide chains to which 

sialic acid and fucose residues are incorporated at the terminal branches [20, 23]. These 
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outer sugar moieties are in intimate contact with intestinal microbiota and play a major 

role in microbial attachment and metabolism [20, 23]. Bacteroides species in the outer 

mucosal layer produce fucosidases that cleave fucose from the mucin, which they 

metabolize and incorporate into their capsular polysaccharides [20, 24-26]. Many 

commensals and pathogens alike are unable to cleave mucin glycans but can 

metabolize Bacteroides-liberated fucose [16, 24, 25]. While fucose is a carbon source of 

low preference for E. coli [16], fucose utilization gives EHEC and several commensal 

strains a competitive advantage in the GI tract [15, 16, 27], and S. typhimurium has been 

shown to rely on fucose and sialic acid liberated by Bacteroides thetaiotaomicron to 

colonize the gut [24]. Moreover, Salmonella induces fucosylation in the small intestine 

and uses fucosylated mucin as a binding site for Std fimbriae, a process critical for S. 

typhimurium’s pathogenesis and prolonged colonization in the mouse cecum [28, 29]. In 

addition, Campylobacter jejuni and Clostridium dificile use and carry out chemotaxis 

towards fucose [30-32]. While fucose is metabolized by a wide range of enteric 

pathogens, fucose utilization and its implications have yet to be explored in K. 

pneumoniae. 

 

 

Fig 1. Schematic of the fuc regulon in K. pneumoniae KPPR1S. Promoters are 

represented by curved arrows. Genes used for quantitative Reverse-Transcription PCR 

(qRT-PCR) are highlighted. 
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Like other members of Enterobacteriaceae, the K. pneumoniae genome contains 

a highly conserved fucose metabolism regulon (fuc) (Fig. 1). While uncharacterized in K. 

pneumoniae, this locus allows E. coli to uptake and metabolize fucose and rhamnose 

[33] (Fig. 2), and putatively does the same in S. typhimurium [24, 34]. The fucose 

permease encoded by fucP allows L-fucose to enter the cell, where it is sequentially 

acted on by the products of fucU (fucose mutarotase), fucI (fucose isomerase), and fucK 

(fucose kinase) to produce L-fuculose-1-phosphate. The fucA-encoded fucose aldolase 

converts this to two products: (S)-lactaldehyde and dihydroxyacetone phosphate 

(DHAP), the latter of which enters glycolysis [33]. (S)-lactaldehyde is either converted to 

lactate, and subsequently pyruvate, for central metabolism in aerobic conditions or is 

anaerobically reduced into 1,2-propanediol by the lactaldehyde reductase encoded on 

fucO [33], and the 1,2-propanediol is then excreted as waste [35]. fucR serves to 

autoregulate the three operons in trans, and is induced by L-fuculose-1-phosphate [33]. 

Regulation of the fuc locus beyond that supplied by fucR is yet undescribed.  

An in vivo transposon directed insertion sequencing (TraDIS) screen using 

Galleria mellonella identified several genes of the fuc regulon as mild contributors to K. 

pneumoniae infection [36]. Taken together with the role of fucose in the colonization of 

other enteric pathogens, metabolism of fucose by K. pneumoniae could enhances its 

ability to overcome CR and colonize the GI tract, aiding in the first stage in K. 

pneumoniae’s infection process. 
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Fig 2. Schematic of fucose utilization pathway. Gray box represents cellular interior. 

Functions of genes in the fuc regulon shown in italics. 

 

Metabolic conditions not only allow a pathogen to establish itself in the host but 

can also modulate virulence phenotypes [37-39], as pathogens often use the 

carbohydrate landscape to contextualize their position within a host and control virulence 

accordingly [37, 40]. EHEC senses extracellular fucose in the GI tract via the two-

component system FusKR to regulate the expression of virulence factors [37]. These 

include the type 3 secretion system, which is responsible for forming attaching and 

effacing lesions on epithelial cells and is considered to play a central role in EHEC 

pathogenesis and colonization [37, 41]. A multitude of virulence factors have been 

described in K. pneumoniae, many of which are influenced by metabolic circumstances 

[8, 39, 42], though as with all aspects of K. pneumoniae GI colonization, virulence 

regulation in the gut is still poorly characterized. 
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Fig 3. Graphical abstract of our hypothesis. When K. pneumoniae enters the GI tract, 

it uses fucose derived from mucin to evade CR provided by native flora and colonize. 

Fucose is also used to modulate virulence phenotypes in this pathogen. Created with 

BioRender.com. 

 

Historically, mouse models for gut colonization of enteric pathogens have relied 

on antibiotic pre-treatment that depletes the microbiota and abolishes CR [9, 43]. 

Streptomycin pretreatment removes competing facultative anaerobes from the GI tract 

and allows for E. coli, S. typhimurium, or K. pneumoniae to colonize [17, 44]. While 

reduction of microbiome complexity allows K. pneumoniae to easily overcome CR, it 

hinders our ability to provide a molecular understanding of pathogen-commensal 

interactions. Our newly developed murine model for K. pneumoniae GI colonization 

alleviates these concerns, preserving the intact microbiome and associated CR to 
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recapitulate natural colonization of the healthy human gut [9]. In this thesis, we use our 

murine model to reveal the importance of fucose utilization in overcoming CR in the gut 

and provide a molecular understanding of the contribution of fucose on known virulence 

phenotypes of K. pneumoniae (Fig. 3). Together, these studies advance our 

understanding of the metabolic dynamics that underlie this critical stage of K. 

pneumoniae pathogenesis. 
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Results 

K. pneumoniae uses fucose as an alternative carbon source in the GI tract 

Competition for nutrients in the GI tract allows resident gut microbiota to provide 

CR against an incoming microorganism. The ability to metabolize alternative carbon 

sources is one molecular pathway that allows enteric pathogens to overcome CR [45]. 

The sugar fucose is present the GI tract and used by pathogens to evade CR [15, 20], 

and thus we hypothesized that K. pneumoniae uses fucose as an alternative carbon 

source to colonize the gut. 

K. pneumoniae’s fuc regulon for fucose metabolism has not been previously 

characterized. To determine whether K. pneumoniae can metabolize fucose, we grew 

our model clinical strain KPPR1S in M63 minimal media (MM) supplemented with fucose 

as the sole carbon source. As observed, K. pneumoniae was able to grow in the 

presence of fucose (Fig. 4).  

 

 

Fig 4. K. pneumoniae uses fucose as an alternative carbon source. (A) Growth 

curves and (B) mid-log phase generation time of K. pneumoniae in Lysogeny Broth + 5 
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g/L NaCl (LB) and in M63 minimal media (MM) with either 0.5% glucose, glycerol, or 

fucose as the sole carbon source. Mean ± SEM for ≥3 independent experiments is 

shown.  

 

Carbon sources are preferentially utilized in a hierarchical manner depending on 

energetic efficiency, with glucose being the most preferred carbon source in many 

species [15, 16, 46]. In comparison to rich media such as LB and MM supplemented with 

glucose, K. pneumoniae grew poorly on fucose (Fig. 4A). Glycerol is a less preferred 

carbon source than glucose, but its metabolism also promoted faster growth than 

fucose. Moreover, generation time, the time for a bacterial population to double during 

exponential phase, was longest when fucose was present as the carbon source, 

indicating slower growth (Fig. 4B). Thus, while K. pneumoniae can metabolize fucose as 

its sole carbon source, it is a less energetically efficient alternative to glucose and 

glycerol.  

To provide further evidence that the K. pneumoniae fuc regulon is functional, we 

performed quantitative Reverse-Transcription PCR (qRT-PCR) on RNA isolated from 

bacterial samples grown in either fucose or glucose supplemented MM. We determined 

the expression kinetics of the fuc locius by directing primers at three fuc genes: fucose 

permease (fucP), which imports fucose into the cell; fucose isomerase (fucI), an early-

acting enzyme in fucose metabolism; and fucose aldolase (fucA), an enzyme that acts 

late in fucose metabolism. All three transcripts were highly upregulated when K. 

pneumoniae was grown in the presence of fucose (Fig. 5A). This differential transcript 

abundance between fucose- and glucose-grown K. pneumoniae strongly suggests that 

K. pneumoniae metabolizes fucose via the fuc regulon and tightly regulates transcripts 
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based on the presence of fucose, potentially by sensing fucose and increasing 

transcription accordingly. 

To provide insight into whether K. pneumoniae metabolizes fucose in the murine 

gut, we employed our novel murine model for K. pneumoniae GI tract colonization [9], 

and harvested cecal RNA from mice colonized with K. pneumoniae and determined the 

fuc regulon expression (Fig. 5B). The observed increase in fuc transcripts in vivo 

strongly suggests K. pneumoniae utilizes fucose in the GI tract. 

 

 

Fig 5. K. pneumoniae upregulates fuc regulon transcript abundance during GI 

colonization. (A) Quantitative Reverse-Transcription PCR (qRT-PCR) comparing fuc 

transcript abundance of fucose- and glucose-grown K. pneumoniae. Shown is log10 fold 

change in transcripts of fucA, fucI, and fucP between K. pneumoniae grown in MM + .5% 

fucose and K. pneumoniae grown in MM + .5% glucose. gyrA was used as the 

housekeeping gene for 2-ΔΔC
T analysis. For each biological replicate (n ≥ 3 per condition), 

qRT-PCR was conducted in triplicate. (B) qRT-PCR showing fuc transcript abundance in 

the murine GI tract. Shown is fold-change in fucA, fucI, and fucP transcripts comparing 

RNA isolated from cecal contents from K. pneumoniae-colonized mice and K. 

pneumoniae grown in MM + .5% glucose. Mice were inoculated by oral feeding of 106 
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CFU, and cecal contents were harvested 15 days post-infection. KPPR1S 16s-specific 

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

further normalized to gyrA expression to reduce variability. For each biological replicate 

(n ≥ 3 for in vitro and in vivo samples), qRT-PCR was conducted in triplicate. Shown is 

mean ± SEM. 

 

 

Fig 6. The KPPR1S ΔfucI mutant is defective in fucose metabolism. Growth curve of 

our K. pneumoniae ΔfucI in MM supplemented with fucose as the sole carbon source. 

WT growth curve from (Fig. 4) shown in gray for comparison. Mean ± SEM for ≥3 

independent experiments is shown. 
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Fig 7. Fucose utilization is required for K. pneumoniae to robustly colonize the 

gut. (A) Fecal shedding of colonized mice. Mice were orally inoculated with 106 CFU of 

WT K. pneumoniae, the isogenic mutant (ΔfucI), or the chromosomally complemented 

isolate (fucI+) (n ≥ 10 for each group). On indicated days, K. pneumoniae was 

enumerated from the collected feces. Each symbol represents a single mouse on a 

given day. A Kruskal-Wallis followed by Dunn’s test of multiple comparisons was 

performed at each time point. (B-C) Colonization density of the GI tract day 15 post-

infection. Colonization density of ileum, cecum, colon, and oropharynx was enumerated 

and a Mann-Whitney U test was performed to compare colonization between strains. For 

all graphs, bars indicate median bacterial shedding, and the dashed line indicates limit of 

detection (L.O.D).  * P < 0.05, ** P < 0.01, **** P < 0.0001, ns – not significant 
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Fucose utilization is important for K. pneumoniae GI tract colonization 

To directly assess the role of fucose utilization on K. pneumoniae’s ability to 

colonize the gut, we created an isogenic ΔfucI mutant incapable of fucose metabolism 

(Fig. 6), as well as a fucI+ strain chromosomally complemented at the native site, and 

orally inoculated mice with an intact resident gut microbiota. Fecal shedding was used 

as a non-invasive metric for daily colonization, and colonization of organs was directly 

enumerated at the conclusion of the experiment. Post-infection, the ΔfucI strain 

generally shed at low density, while the wild-type (WT) and fucI+ strains shed more 

robustly (Fig. 7A), which correlated with reduced colonization density in the GI tract 

(cecum, colon) of the ΔfucI strain compared to the WT isolate (Fig. 7B). A similar trend 

was observed in the oropharynx (Fig. 7C). A coinfection with the WT and the ΔfucI 

strains showed outcompetition of the mutant by the WT as observed through daily 

shedding and colonization of the GI tract 10 days post-infection (Fig. 8A-B). Taken 

together, these data show that the ability to metabolize fucose is important for robust GI 

colonization, as K. pneumoniae that is unable to metabolize this carbon source suffers a 

significant fitness defect in gut colonization. 

 

Fucose utilization provides a competitive advantage against commensals 

Our model for GI colonization preserves the intact microbiome [9]. To test 

whether fucose utilization confers an advantage to K. pneumoniae when competition is 

abrogated, we inoculated mice with the WT or the mutant and five days post-infection 

gavaged mice with streptomycin, to which our model strain is resistant, to eliminate 

competing facultative anaerobes. As expected, this induced a temporary “supershedder” 
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Fig 8. K. pneumoniae WT outcompetes the ΔfucI strain in the murine GI tract 

during coinfection. (A) Fecal shedding from in vivo competition experiment. Mice were 

orally inoculated with a 1:1 mixture of the WT and the mutant and fecal shedding was 

enumerated on indicated days (n ≥ 10). The Competitive Index (CI) was determined as 

described in Materials and Methods. Each symbol represents a single mouse on a given 

day. Values above the dashed line indicate the mutant (ΔfucI) outcompeting WT, 

whereas values below the dashed line indicate WT outcompeting ΔfucI. (B) Colonization 

of the GI tract at the end of the in vivo competition study. Colonization density of ileum, 

cecum, colon, and oropharynx was enumerated and CI was calculated. (A, B) 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, **** 

P < 0.0001 

 

phenotype in both strains (Fig. 9), a phenomenon in which resistant enteric pathogens 

bloom to high levels in the gut after antibiotic treatment, associated with enhanced 

transmission in the hospital setting [9, 47]. The WT and the mutant K. pneumoniae 

expanded to equal density after antibiotic treatment (Fig. 9), suggesting that the 

colonization advantage conferred by fucose utilization is dependent on nutritional 
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competition, and fucose is dispensable when K. pneumoniae has access to more 

preferred carbon sources. It is likely that K. pneumoniae relies on these preferred 

compounds when nutritional competition is reduced, suggesting that fucose utilization 

assists in avoiding CR by providing an alternative carbon niche underutilized by other 

members of the microbiota. 

 

 

Fig 9. The WT and the mutant K. pneumoniae expand to equal density in the 

antibiotic-treated gut. Antibiotic treatment leads to development of supershedder state 

(SS) in mice inoculated with the WT or the ΔfucI strain. Shown is mean fecal shedding of 

mice orally inoculated with the WT or the mutant, with a single dose of streptomycin 

sulfate (5 mg / 200 μl) administered by oral gavage 5 days post-infection (n = 5 for each 

strain). Bars represent SEM, and top and bottom dashed lines indicate the supershedder 

threshold and the limit of detection (L.O.D), respectively.  
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Fig 10. The WT and the mutant K. pneumoniae grow and likely use fucose in CF. 

Growth curves of the WT and the mutant grown individually in CF. Mean ± SEM for ≥3 

independent experiments is shown. A Mann-Whitney U test was performed to compare 

between strains at 24 hours. * P < 0.05 

 

To provide further evidence that fucose metabolism supplies K. pneumoniae with 

a competitive advantage in the GI tract, we employed homogenized cecal filtrate (CF) as 

a growth media that mimics conditions of the GI microenvironment in vitro. Filtration 

removes cells and tissues from this media but maintains the presence of small 

metabolites such as fucose, preserving the nutritional milieu of the gut. Under aerobic 

conditions, WT and ΔfucI K. pneumoniae were both culturable in CF, showing that it 

contains sufficient nutrients for growth (Fig. 10). Though both strains grew, the mutant 

did not reach the same density as the WT at 24 hours post-inoculation (Fig. 10), 

suggesting that fucose is present in this media. Moreover, in co-cultured competition 

studies between the WT and the ΔfucI mutant, the WT consistently outcompeted the 

mutant in CF (Fig. 11). In contrast, this outcompetition did not occur in glucose 
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supplemented MM where no fucose was present (Fig. 11). This suggests that fucose 

utilization confers a competitive advantage in CF as in the mouse, demonstrating the 

fidelity of the CF model in recapitulating the metabolic conditions of the GI tract.  

 

 

Fig 11. Fucose utilization confers a competitive advantage to K. pneumoniae in 

CF. In vitro competition experiments between the WT and the ΔfucI mutant. Both strains 

were inoculated 1:1 into MM with 0.5% glucose or into CF, CFUs were enumerated at 8 

and 24 hours post-inoculation, and CI values were calculated. Shown is mean ± SEM 

from ≥3 individual experiments. Statistical significances of CIs were calculated using 

Wilcoxon signed-rank test with a theoretical median of 0. * P < 0.05, ns - not significant 

 

We subsequently used the probiotic E. coli strain Nissle 1917 (EcN) as a 

representative commensal to compete with K. pneumoniae in our CF model [2]. In CF, 

EcN outcompeted both the WT and ΔfucI strains at 24 hours post-inoculation, mimicking 
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natural commensal opposition in the gut (Fig. 12A). Additionally, at 8 hours post-

inoculation in CF the ΔfucI strain was outcompeted to a greater extent than the WT (Fig. 

12A). These effects were only seen in CF, as in glucose supplemented MM WT and 

ΔfucI K. pneumoniae equally outcompeted EcN (Fig. 12B). Altogether, the ΔfucI mutant 

showed impaired fitness when competed in CF with WT K. pneumoniae and a gut 

commensal, consistent with our in vivo results. This provides further evidence that K. 

pneumoniae’s fucose metabolism confers a competitive advantage in the GI tract.  

 

 

Fig 12. Fucose utilization enhances K. pneumoniae’s ability to compete with a gut 

commensal in CF. In vitro competition experiments between K. pneumoniae and EcN. 
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Either the WT or the ΔfucI K. pneumoniae were inoculated into (A) CF or (B) glucose 

supplemented MM with EcN at a 1:1 ratio, then CFUs were enumerated at 8 and 24 

hours post-inoculation and CI values were calculated. (A) A Mann-Whitney U test was 

performed between the WT and the ΔfucI CIs at both time points. # P < 0.05, ns – not 

significant. (A, B) Shown is mean ± SEM from ≥3 individual experiments. Statistical 

significances of CIs were calculated using Wilcoxon signed-rank test with a theoretical 

median of 0. * P < 0.05, ns - not significant 

 

Fucose utilization enhances K. pneumoniae’s HMV phenotype, but not CPS 

expression 

Metabolic conditions can modulate the expression of virulence phenotypes [37, 

38, 40]. Hypermucoviscosity (HMV), defined as a highly mucoid physical consistency at 

the macroscopic scale, is correlated with virulence in K. pneumoniae [48], and recent 

studies show that the HMV phenotype is distinct from capsule production [49, 50]. 

Herein, using a low-speed centrifugation assay, we quantified the role of fucose 

utilization on the K. pneumoniae’s HMV phenotype (Fig. 13). Compared to MM we 

observed a strong HMV phenotype when K. pneumoniae was grown in LB. 

Supplementing our MM with casamino acids allowed for more robust growth and high 

level of HMV, allowing us to determine the contribution of carbon source on K. 

pneumoniae’s HMV phenotype (Fig. 13). Notably, fucose supplemented MM with 

casamino acids led to a significant increase in mucoviscosity compared to glucose and 

glycerol conditions, suggesting that fucose positively modulates HMV. 
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Fig 13. Fucose utilization enhances K. pneumoniae’s hypermucoviscosity. 

Comparison of hypermucoviscosity of K. pneumoniae grown in LB and in MM with either 

glucose, glycerol, or fucose as the carbon source with or without the addition of 

casamino acids. A Kruskal-Wallis followed by Dunn’s test of multiple comparisons was 

performed comparing mucoviscosity between K. pneumoniae grown in different carbon 

sources with casamino acids. Shown is mean ± SEM. * P < 0.05, **** P < 0.0001 

 

The rmp locus, specifically rmpA/D but not rmpC, is responsible for the HMV 

phenotype [50]. To determine whether the increase in mucoviscosity in fucose 

supplemented MM was directly a result of increased rmp expression, we performed 

qRT-PCR on RNA isolated from K. pneumoniae grown in MM supplemented with 

glucose and fucose (with casamino acids). As shown in (Fig. 14A), rmp locus transcripts 

were all upregulated, suggesting that fucose enhances HMV in an rmp dependent 

manner. 
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Fig 14. Fucose utilization enhances K. pneumoniae’s hypermucoviscosity through 

upregulation of the rmp locus. (A) qRT-PCR comparing rmp transcript abundance 

from K. pneumoniae grown in MM with either glucose or fucose with addition of 

casamino acids. Shown is fold change difference. gyrA was used as the housekeeping 

gene for 2-ΔΔC
T analysis. For each biological replicate (n ≥ 3 per condition), qRT-PCR 

was conducted three times. A Mann-Whitney U test was performed for each gene to 

determine significance. (B) Comparison of mucoviscosity of rmp mutants grown in MM 

with either glucose or fucose with casamino acid. Mucoviscosity of the WT from (Fig. 13) 

is shown for comparison. For each strain a Mann-Whitney U test was performed to 

compare between glucose- and fucose-grown K. pneumoniae. For all graphs, shown is 

mean ± SEM. **** P < 0.0001, ns - not significant 
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To further explore whether fucose modulates HMV through rmp, we next 

determined the effects of carbon conditions on mucoviscosity in mutants deficient for 

each of the rmp genes. When grown in glucose- and fucose-supplemented MM with 

casamino acids, mucoviscosity was reduced in the ΔrmpA and ΔrmpD mutants as 

expected (Fig. 14B). Notably, the phenotype was reduced to equal levels between the 

carbon sources. This further supports the hypothesis that fucose modulates HMV 

through the rmp locus. As expected, rmpC deficiency did not reduce HMV (Fig. 14B). 

We next asked whether fucose utilization modulates capsular polysaccharide 

(CPS) production in K. pneumoniae. CPS is considered as one of the main virulence 

factors of K. pneumoniae and provides protection against host-mediated clearance [8, 

51], and nutrient conditions have been shown to contribute towards K. pneumoniae CPS 

[42, 52]. To examine the role of fucose on CPS we performed assays to quantify uronic 

acid, a major CPS component (Fig. 15A). As with hypermucoviscosity, growth in LB led 

to high levels of CPS, MM without casamino acid led to reduced levels of CPS, and MM 

with casamino acids recovered CPS production. However, no differences were observed 

in CPS levels when comparing K. pneumoniae grown in glucose, glycerol, or fucose as 

the carbon source (Fig. 15A). In addition, expression of capsule genes galF and manC 

remained unchanged between glucose and fucose conditions, though wzi saw a slight 

increase in expression in fucose conditions (Fig. 15B). These genes are associated with 

CPS production, and each possess a different promoter. Collectively, our data show that 

unlike mucoviscosity, fucose does not modulate CPS production.   
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Fig 15. Fucose utilization does not enhance capsule production. (A) Comparison of 

capsular polysaccharide (CPS) production of K. pneumoniae grown in LB and in MM 

with either glucose, glycerol or fucose as the carbon source with or without the addition 

of casamino acids. A Kruskal-Wallis followed by Dunn’s test of multiple comparisons was 

performed comparing CPS levels of K. pneumoniae grown in different carbon sources 

with and without casamino acids. (B) qRT-PCR comparing CPS locus gene expression 

from K. pneumoniae grown in MM with either glucose or fucose as the carbon source. 

Shown is fold change difference mean ± SEM. gyrA was used as the housekeeping 

gene for 2-ΔΔC
T analysis. A Mann-Whitney U test was performed for each gene to 

determine significance. * P < 0.05, *** P < 0.001, ns - not significant 
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Fucose utilization enhances K. pneumoniae’s ability to autoaggregate and form 

biofilms 

Planktonic attachment of bacterial cells to one another, known as 

autoaggregation, is implicated in virulence and antibiotic resistance in multiple 

Enterobacteriaceae species [53]. We hypothesized that as with HMV, the propensity to 

autoaggregate may be modulated by fucose in K. pneumoniae.  

To assess K. pneumoniae’s ability to autoaggregate when grown in MM 

supplemented with either glucose, glycerol or fucose as the carbon source, we used a 

low-speed centrifugation assay distinct from that used to quantify HMV. This assay 

operates by settling planktonic aggregates and assigning an Autoaggregation Index 

based on the contribution of aggregated bacteria to optical density. We observed that 

compared to glucose or glycerol, fucose metabolism enhanced K. pneumoniae’s ability 

to autoaggregate (Fig. 16A).  

Previous studies have suggested that fimbriae contribute towards 

autoaggregation in E. coli [53, 54]. A type 1 fimbriae mutant (ΔfimH) did not significantly 

impact autoaggregation of K. pneumoniae when grown in either glucose or fucose (Fig. 

16B), showing that type 1 fimbriae does not contribute greatly towards this phenotype. 

Next, we tested a type 3 fimbriae mutant (ΔmrkABC) for its ability to autoaggregate, and 

a double mutant for type 1 and type 3 fimbriae (ΔfimH ΔmrkABC). Reduced levels of 

autoaggregation were observed in both glucose- and fucose-supplemented MM, but K. 

pneumoniae grown in fucose still autoaggregated more than in glucose conditions (Fig. 

16B). Furthermore, we did not observe a substantial increase in transcript abundance in 

either the type 1 or the type 3 fimbriae in fucose conditions beyond a slight upregulation 

of mrkB (Fig. 17A-C). Taken together, our data suggest that K. pneumoniae’s type 3 
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fimbriae are critical for planktonic cell-to-cell aggregation, though fucose does not 

modulate aggregation through regulation of either the type 1 or the type 3 fimbriae. 

 

 

Fig 16. Fucose utilization enhances K. pneumoniae’s ability to autoaggregate. (A) 

Comparison of K. pneumoniae’s autoaggregation in MM supplemented with either 

glucose, glycerol or fucose. (B) Contribution of type 1 and type 3 fimbriae towards K. 

pneumoniae’s ability to autoaggregate. WT, the isogenic type 1 fimbriae mutant (ΔfimH), 

the type 3 fimbriae mutant (ΔmrkABC), and the double fimbriae mutant (ΔfimH 

ΔmrkABC) strains of K. pneumoniae were tested in MM supplemented with either 

glucose or fucose. For each strain a Mann-Whitney U test was performed to compare 
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glucose- and fucose-grown K. pneumoniae. For all graphs, shown is the mean ± SEM 

from ≥3 individual experiments. * P < 0.05, **** P < 0.0001, ns - not significant  

 

 

Fig 17. Fimbriae loci are not substantially upregulated in fucose conditions. 

Schematic of (A) fim locus responsible for type 1 fimbriae and (B) mrk locus responsible 

for type 3 fimbriae. Genes used for qRT-PCR are highlighted. (C) qRT-PCR comparing 

fimbriae gene transcript abundance from K. pneumoniae grown in MM with either 

glucose or fucose as the carbon source. Shown is fold change mean ± SEM. gyrA was 

used as the housekeeping gene for 2-ΔΔC
T analysis. A Mann-Whitney U test was 

performed for each gene to determine significance. *** P < 0.001, **** P < 0.0001, ns - 

not significant 
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Fig 18. Fucose utilization positively modulates biofilm formation across multiple 

K. pneumoniae clinical isolates and in E. coli. (A) Comparison of K. pneumoniae 

biofilm production when grown statically in MM supplemented with either glucose, 

glycerol, or fucose as the carbon source. A Kruskal-Wallis followed by Dunn’s test of 

multiple comparisons was performed to compare biofilm production of glucose-, glycerol-

, and fucose-grown K. pneumoniae. (B) Differences in biofilm production by multiple 

clinical K. pneumoniae isolates. Biofilm grown in MM with either glucose or fucose as the 

carbon source was quantified for a clinical lung isolate (KPPR1), a wound isolate 

(KP168), and a stool isolate (ST 37; wzi 108; K80). (C) Differences in biofilm production 

by two clinical E. coli isolates. Biofilm grown in MM with either glucose or fucose as the 

carbon source was quantified for a neonatal meningitis isolate (RS218) and a 

uropathogenic E. coli (UPEC) isolate (CFT073). (D) Contribution of type 1 and type 3 
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fimbriae to biofilm production. Biofilm was quantified from fimbriae mutants of KPPR1S, 

ΔfimH (type 1 fimbriae) and ΔmrkABC (type 3 fimbriae), grown in MM with either glucose 

or fucose as the carbon source. (B-D) For each strain a Mann-Whitney U test was 

performed to compare between glucose- and fucose-grown K. pneumoniae. For all 

graphs, shown is mean ± SEM for ≥3 individual experiments. * P < 0.05, ** P < 0.01, *** 

P < 0.001, **** P < 0.0001, ns – not significant 

 

K. pneumoniae is known to readily form biofilms on solid surfaces including 

urethral catheters, which drives transmission and UTI incidence in the hospital setting 

[55]. Additionally, enteric pathogens can form biofilms in the GI tract [56]. Given the 

relevance of biofilms to colonization and nosocomial spread, we used a microtiter dish 

colorimetric assay to investigate whether fucose utilization promotes early biofilm 

formation. Compared to glucose or glycerol, fucose metabolism yielded higher levels of 

biofilm (Fig. 18A). To determine whether our results were strain specific, we further 

tested two unrelated clinical isolates and found that both behaved similarly to our WT 

strain (KPPR1S; lung isolate), producing more robust biofilms when grown with fucose 

as the sole carbon source compared to glucose (Fig. 18B). Moreover, we observed 

similar results in two E. coli isolates, revealing that the effect of fucose utilization on 

biofilm is conserved across multiple K. pneumoniae strains and related species (Fig. 

18C). 

Previous studies suggest that type 3 fimbriae are necessary for K. pneumoniae 

to form biofilms, while the type 1 fimbriae are dispensable for this process [57]. In 

agreement, we observed no change in biofilm production between the WT and the type 

1 fimbriae mutant (ΔfimH). In contract, irrespective of the carbon source, biofilm 
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formation was completely abrogated in the type 3 fimbriae mutant (ΔmrkABC), 

corroborating the importance of type 3 fimbriae in biofilm formation (Fig. 18D). 

 

The CRP-cAMP system modulates biofilm formation in K. pneumoniae 

To explore molecular mechanisms regulating the increase in biofilm formation in 

fucose conditions compared to glucose conditions, we next probed the effects of the rmp 

locus on biofilm formation, as we previously showed this locus to be upregulated in 

fucose conditions. We found that all three rmp mutants produced biofilm comparable to 

WT in glucose and fucose supplemented MM (Fig. 19), suggesting that the fucose 

enhances biofilm independently of the rmp locus. 

 

 

Fig 19. Fucose utilization enhances biofilm production in an rmp-independent 

manner. Biofilm production of WT and rmp mutants. WT and isogenic ΔrmpA, ΔrmpD, 

and ΔrmpC mutants of K. pneumoniae were grown in MM with either glucose or fucose 

as the carbon source. Shown is mean ± SEM from ≥3 individual experiments * P < 0.05, 

** P < 0.01, **** P < 0.0001 
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CRP (cAMP-Receptor Protein) is a global regulator that allows members of 

Enterobacteriaceae to respond to nutrient conditions by altering the expression of a 

broad range of genes [46, 58]. CRP is activated when bound to cAMP, which is only 

maintained at high concentrations in the absence of glucose [46, 58]. In E. coli, biofilm 

formation is enhanced when cAMP binds and activates CRP, and is thus repressed by 

glucose utilization [59]. We similarly found that supplementing LB with glucose 

decreased the biofilm formation of K. pneumoniae (Fig. 20A), supporting CRP-cAMP’s 

potential involvement in this phenotype. To further probe the role of CRP-cAMP on 

biofilm, we grew K. pneumoniae in glucose or fucose supplemented MM with exogenous 

cAMP at varying concentrations and found that the addition of 1mM cAMP increased 

biofilm formation in both conditions (Fig. 20B). Of note, high concentrations of cAMP 

reduced biofilm levels, suggesting that excessive cAMP may have an inhibitory effect on 

this phenotype. Altogether, these data suggest that the CRP-cAMP system increases 

biofilm formation in K. pneumoniae and may contribute to the observed difference across 

glucose and fucose conditions.  

One mechanism by which CRP-cAMP enhances E. coli biofilm formation is 

through the repression of RpoS, a broad regulator of stress response [59, 60]. We found 

that a ΔrpoS isogenic mutant produced more biofilm than the WT when grown in glucose 

and fucose supplemented MM (Fig. 20C), in line with the gene’s canonical role as a 

biofilm repressor [59]. Thus, K. pneumoniae may possibly behave as E. coli, using CRP-

cAMP to repress RpoS and drive biofilm formation.  
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Fig 20. CRP-cAMP may positively modulate biofilm production in K. pneumoniae 

through RpoS repression. (A) The effect of glucose on biofilm production. Comparison 

of K. pneumoniae biofilms in LB with and without the addition of .2% glucose. A Mann-

Whitney U test was performed to compare biofilm production between conditions. (B) 

The effect of exogenous cAMP on biofilm. Biofilm production of K. pneumoniae grown in 

MM supplemented with glucose or fucose as the carbon source with different 

concentrations of cAMP added to the media (0mM, 1mM, 2.5mM, 5mM). A Kruskal-

Wallis followed by Dunn’s test of multiple comparisons was performed for each carbon 

source comparing the effects of different concentrations of cAMP. (C) The effect of rpoS 

on biofilm production. A ΔrpoS isogenic mutant was grown in MM with glucose or fucose 

as the carbon source. Biofilm production of the WT from (Fig. 18A) is shown for 
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comparison. A Mann-Whitney U test was performed to compare between glucose- and 

fucose-grown biofilms. For all graphs, shown is mean ± SEM from ≥3 individual 

experiments. * P < 0.05, ** P < 0.01, **** P < 0.0001, ns – not significant 

 

While we did not observe a statistically significant difference between quantity of 

glucose- and fucose-grown biofilms formed by the ΔrpoS strain, our assay loses 

resolution in strains which produce high quantities of biofilm. Whether fucose enhances 

biofilms in K. pneumoniae lacking RpoS is therefore uncertain, and thus, whether fucose 

increases biofilm production by suppression of RpoS cannot be concluded. 

 

Fucose enhancement of K. pneumoniae biofilms is dependent on protein content 

A biofilm consists of cells suspended in extracellular polymeric substances 

(EPS), constituted by proteins, exopolysaccharides, and extracellular DNA (eDNA) [61, 

62]. While the ratio of different EPS macromolecules in fucose-grown biofilms may be 

the same as that of glucose-grown biofilms, we hypothesized that fucose utilization could 

enhance biofilms through increased secretion of specific components. We sought to 

identify the differences in biological content between glucose and fucose grown biofilms 

and identify key contributors to this differential production. 

We treated K. pneumoniae biofilms with enzymes that target specific EPS 

components to provide insight into their composition [62]. To degrade 

exopolysaccharides present in K. pneumoniae biofilms, we treated glucose or fucose 

grown biofilms with cellulase, targeting cellulose [63], as well as sodium metaperiodate 

(NaIO4) and β-N-acetylglucosaminidase (GlcNAcase), targeting β-1,6-N-

acetylglucosamine (β-1,6-GlcNAc) [64, 65] (Fig. 21A-C). To degrade other EPS 



43 
 

components, we treated biofilms with DNAse I, targeting eDNA, and proteinase K, 

targeting proteins (Fig. 22 A-B). Reduction in biofilm amount was observed only when 

treated with proteinase K (Fig. 22B), suggesting that the increase in fucose grown 

biofilm is dependent on protein content in the EPS. Our data imply that fucose positively 

modulates biofilm formation in a protein-dependent manner, possibly increasing one or 

more proteinaceous matrix components.  

 

 

Fig 21. Enhancement of fucose-grown biofilms is not dependent on 

exopolysaccharide content. (A-C) Enzymatic effect on biofilms to determine the 

contribution of exopolysaccharide. Biofilms were grown in MM with either glucose or 

fucose as the carbon source, cells were removed, and biofilms were treated with (A) 
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Cellulase, (B) β-N-acetylglucosaminidase (GlcNAcase), and (C) Sodium metaperiodate 

(NaIO4) or with corresponding buffers (control), and biofilms were then quantified. See 

Materials and Methods for details. A Mann-Whitney U test was performed comparing 

glucose- and fucose-grown biofilms. For all graphs, shown is mean ± SEM from ≥3 

individual experiments. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001, ns – not 

significant 

 

 

Fig 22. Fucose-grown biofilms have higher protein content. Biofilms were grown in 

MM with either glucose or fucose as the carbon source, cells removed, and biofilms 

were treated with (A) DNAse I, (B) Proteinase K, or with their corresponding buffers 

(control), and biofilms were then quantified. See Materials and Methods for details. A 

Mann-Whitney U test was performed comparing glucose- and fucose-grown biofilms. For 

all graphs, shown is mean ± SEM from ≥3 individual experiments. * P < 0.05, ** P < 

0.01, *** P < 0.001, ns – not significant 
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Discussion 

Fucose promotes K. pneumoniae GI colonization 

The focus of this study was on the ability of Klebsiella pneumoniae to metabolize 

alternative carbon sources present in the gut to evade CR. We demonstrate that fucose 

serves as an alternative carbon source to provide K. pneumoniae with a growth 

advantage in the GI tract, allowing it to bypass CR and establish itself in the gut. We also 

show that beyond its critical nutritional role, fucose positively modulates K. 

pneumoniae’s hypermucoviscosity and its ability to autoaggregate and form biofilms.  

We focused on K. pneumoniae’s utilization of fucose because it is abundant in 

the gut and has been shown to play a role in GI colonization of E. coli  [16, 27, 37]. We 

found that like E. coli, K. pneumoniae’s fuc regulon is essential for fucose metabolism 

[16, 33]. We found that the GI environment enhances transcript abundance of the fuc 

regulon in K. pneumoniae (Fig. 5B), implying K. pneumoniae metabolizes fucose in the 

gut.  

Our murine model of K. pneumoniae gut colonization allowed us to advance our 

understanding of how a silent gut colonizer in the context of intact microbiota uses an 

alternative carbon source to bypass CR. Both in single and co-infection GI colonization 

studies, the strain defective in fucose metabolism (ΔfucI) generally shed poorly 

compared to the WT strain (Fig. 7-8). When the fucI gene was chromosomally 

complemented, WT colonization was restored, suggesting the defect in gut colonization 

was specific to fucose metabolism (Fig. 7).  

Results from direct enumeration of K. pneumoniae in the GI tract agree with 

shedding data, confirming that fecal shedding serves as a reliable indicator of 

colonization density. In our single infection model, the cecum and colon - the sites of 
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highest microbial density in the gut [66] – had a significantly higher colonization density 

of the WT strain than the ΔfucI mutant (Fig. 7B). In mice coinfected with the WT and 

ΔfucI mutant, we observed outcompetition of the mutant by the WT in the ileum, cecum, 

colon, and oropharynx (Fig. 8B).  

 

 

Fig 23. The ΔfucI mutant colonizes poorly or as WT. Select fecal shedding of 

mice colonized with WT or ΔfucI K. pneumoniae from (Fig. 7A) with lines connecting 

individual mice. Each symbol represents a single mouse on a given day and the dashed 

line indicates limit of detection (L.O.D). 

 

Of note, some mice colonized with the ΔfucI strain shed at WT levels, whereas 

colonization was substantially diminished in others. When mice fed ΔfucI K. pneumoniae 

shed like WT in the first few days post-inoculation, colonization trended high for the 

duration of the experiment, while certain mice which were colonized at a low density 

early in the experiment continued to shed poorly (Fig. 23). The appearance of these 
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distinct high- and low-shedding populations cannot be explained by housing variability, 

as the trend was consistent between cohoused mice. Instead, subtle differences in 

microbiota of individual mice leading to mouse-to-mouse variability in CR may account 

for the emergence of these populations. Certain members of the microbiota may deplete 

nutrients required by the ΔfucI mutant, and the presence or absence of such 

commensals in each mouse may inform low or high colonization, respectively. In 

contrast, WT K. pneumoniae can consistently colonize at robust levels regardless of 

microbiome variations by metabolizing fucose. 

MUC2 fucosylation by the host requires the fucosyltransferase FUT2 [67, 68]. 

Further studies employing fucosylation-deficient fut2-/- mice could provide more evidence 

for the role of fucose in K. pneumoniae colonization, where a colonization phenotype 

identical between the WT and ΔfucI strain would be expected in the fucose-free GI 

environment.  

Approximately 20% of humans lack FUT2 expression, a phenotype associated 

with intestinal inflammation and susceptibility to bacterial pathogens such as 

enterotoxigenic E. coli (ETEC) and UPEC [67, 68]. It is likely that the altered microbiome 

observed in FUT2 deficient individuals [67] plays a major role in these effects, as fucose 

is important for maintaining mucus-associated commensals which not only supply CR 

against pathogens, but due to localization near epithelia are positioned to communicate 

with the host immune system [20, 68]. Conversely, lack of FUT2 activity may protect the 

host against norovirus, which attaches to fucosylated moieties in the gut to initiate 

infection [68]. While colonization density of K. pneumoniae in the fut2-/- mouse could be 

diminished given the positive role of fucose in K. pneumoniae colonization, it instead 

may be enhanced due to microbiome alterations that result in decreased CR. 

Comparison of colonization between fut2-/- and WT mice could thus reveal a correlation 
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between human susceptibility to K. pneumoniae colonization and the common fut2-/- 

polymorphism, providing a novel genetic risk factor for K. pneumoniae infection and 

spread.  

In the hospital setting many patients colonized with K. pneumoniae are 

administered antibiotics. Antibiotic treatment causes volatile changes in concentration of 

mucin-derived polysaccharides in the murine gut, as availability is dependent on not only 

consumption by the native flora, but also liberation [24]. It has previously been shown 

that utilization of mucin-derived sugars enhances S. typhimurium gut colonization 

immediately following antibiotic treatment, when these nutrients are at high levels due to 

lack of consumers [24]. When we examined whether K. pneumoniae’s fucose utilization 

was dispensable in the GI tract when under antibiotic pressure, we found that unlike S. 

typhimurium, K. pneumoniae does not rely on fucose for post-antibiotic expansion, as 

both the WT and ΔfucI strains expand to equal density in the antibiotic-treated gut (Fig. 

9). This suggests that while some nutrients can aid enteric pathogens in the GI tract 

following antibiotic treatment, in other cases the advantage granted by metabolic 

flexibility vanishes when competition is removed.  

 

Fucose metabolism allows K. pneumoniae’s to compete with E. coli Nissle 

Our colonization studies on antibiotic-treated mice revealed that fucose utilization 

enhances colonization primarily by providing a metabolic niche in the presence of 

healthy flora. To provide further evidence that the fuc operon confers K. pneumoniae 

with a competitive advantage, we performed growth curves and in vitro competition 

studies in CF. WT K. pneumoniae outgrew and outcompeted the ΔfucI strain in CF, 

strongly suggestive of fucose utilization providing a competitive growth advantage (Fig. 
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10-11). This result was supported when both strains were competed against the 

probiotic E. coli isolate EcN, which outcompeted the ΔfucI strain but not the WT at 8 

hours post-inoculation in CF (Fig. 12), recapitulating the role of fucose utilization on 

evading CR in the GI tract. Collectively, these CF competition studies validate our in vivo 

results, showing that fucose utilization provides K. pneumoniae with the ability to carve 

out its niche in the gut.  

In addition, our results suggest a potential role for probiotics in preventing K. 

pneumoniae colonization. EcN has previously been shown to protect the murine GI tract 

from EHEC colonization [3, 69], and at 24 hours post-inoculation outcompeted both the 

WT and ΔfucI K. pneumoniae in our CF model (Fig. 12A). This effect was observed in 

CF but not glucose supplemented MM, where instead K. pneumoniae prevailed against 

EcN at 24 hours (Fig. 12B). Thus, the ability for commensals to provide CR depends 

greatly on the nutritional context, but in the GI tract EcN can potentially serve as a force 

of CR against K. pneumoniae. 

It should be recognized that while competition for sugars is one indirect 

mechanism of CR, there are other means by which commensals such as EcN can repel 

incoming pathogens [70]. Beyond carbon sources, iron is another essential but often 

limited nutrient in the gut. Both K. pneumoniae and EcN secrete small iron-sequestering 

molecules called siderophores to acquire iron from the environment, a strategy which 

can indirectly limit the growth of competing species [8, 71]. In addition, EcN produces 

multiple bacteriocins capable of directly killing competing gram negatives [72]. In 

interpreting our competition experiments in CF, we must consider a potential role for 

these mechanisms of CR in addition to carbon utilization. 

To confirm and explore the role of nutrient limitation in the outcompetition of K. 

pneumoniae by EcN, metabolic profiling of both species could prove fruitful. Overlap in 
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metabolites between an enteric pathogen and a protective commensal is critical for CR 

through nutritional competition [2, 73], and characterization of this overlap via a 

metabolic microarray could identify shared niches between EcN and K. pneumoniae that 

contribute to EcN’s ability to outcompete. A study in which mice are pre-colonized with 

EcN prior to introduction of K. pneumoniae could further support the hypothesis that EcN 

can serve as a protective probiotic against K. pneumoniae colonization. Furthermore, 

other commensal E. coli strains such as E. coli HS have been shown to provide 

resistance to pathogen colonization, particularly when introduced in conjunction with 

EcN [2]. Thus, combined metabolite coverage supplied by multiple commensals should 

be considered in further investigation of probiotic therapies against K. pneumoniae. 

Herein we have focused on the role of fucose in K. pneumoniae GI colonization 

and virulence, but other carbon sources present in the gut may similarly contribute to 

these processes. RNA-Sequencing (RNA-seq) conducted on transcripts from the 

colonized mouse gut would reveal expression profiles for genes involved in diverse 

metabolic activities, potentially unveiling other nutrients contributing toward K. 

pneumoniae’s colonization. Expression patterns of K. pneumoniae in the antibiotic-

treated mouse GI tract or when competed against EcN could further elucidate complex 

regulatory dynamics in response to varying degrees of competition and metabolic stress. 

In time, such strategies may provide a comprehensive understanding of the battle for 

intestinal nutrients between K. pneumoniae and its opposing commensals, an area of 

research this thesis has only begun to explore. 

 

Fucose enhances K. pneumoniae’s HMV phenotype through the rmp locus 
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We found that fucose positively modulates K. pneumoniae’s HMV phenotype 

(Fig. 13). The HMV phenotype is a hallmark of so-called hypervirulent K. pneumoniae 

strains, which have a high incidence of extraintestinal translocation and the ability to 

cause disease in immunocompetent individuals in the community setting [6, 7]. While 

strongly correlated, HMV is increasingly considered genetically distinct from CPS 

production [50], and our results further highlight this distinction, as fucose utilization did 

not impact capsule amount (Fig. 15). 

Corresponding to increased HMV levels under fucose, the associated rmp locus 

(rmpA, D and C) was upregulated (Fig. 14A). rmpA serves to autoregulate the operon; 

rmpC is implicated in capsule production, but not HMV, whereas rmpD drives HMV, but 

not capsule production [49, 50]. Mutants for rmpD function (ΔrmpA and ΔrmpD) 

displayed no increase in HMV by fucose utilization (Fig. 14B), further pointing to rmpD 

as the mediator of enhanced HMV in fucose conditions. Regulation of rmp is complex, 

and the mechanism of function for rmpD is unknown [50]. Our study is the first to show 

that carbohydrate utilization can affect HMV without impacting CPS, providing further 

insight into rmp regulation.  

Curiously, we observed an increase in rmpC transcript levels in fucose conditions 

(Fig. 14A), where CPS production was not enhanced despite rmpC’s role as a mediator 

of capsule synthesis. To explain this, it should be noted that deletions in rmpC only 

modestly impact CPS production compared to other CPS regulators [49, 50], and 

therefore it is possible that increased transcript level of rmpC does not correlate directly 

with CPS amount, potentially due to post-transcriptional regulation. Alternatively, our 

CPS quantification assay may not be sensitive enough to detect subtle differences in 

capsule production caused by rmpC upregulation. In addition, the ΔrmpC strain 

displayed greater HMV phenotype in glucose conditions than the WT for reasons 
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unknown (Fig. 14B). These two inexplicable outcomes surrounding rmpC encourage 

further inquiry into its complex function as a capsule regulator. 

 

Fucose utilization and fimbriae independently enhance K. pneumoniae 

autoaggregation and biofilm formation 

In addition to HMV, we observed that fucose metabolism enhances K. 

pneumoniae’s ability to autoaggregate and form biofilms. Autoaggregation relates to the 

ability of cells to aggregate in the planktonic state, and does not necessarily require an 

extracellular matrix [53]. In contrast, biofilms are communities of sedentary bacteria 

living within complex adherent structures composed of EPS [61]. These are generally 

considered two distinct phenotypes which can develop through similar or differing 

mechanisms [53], and both enhance antibiotic resistance and promote virulence across 

diverse species [53, 74-76]. 

We observed that the use of fucose increased biofilm formation not only in our 

test isolate KPPR1S, but also in other clinical isolates of K. pneumoniae (Fig. 18B). 

Similar results were observed with two genetically distinct clinical E. coli isolates (Fig. 

18C). These results suggest that the mechanism for increased biofilm in fucose 

conditions is conserved across multiple K. pneumoniae strains and other members of 

Enterobacteriaceae.  

To provide insight into how fucose modulates biofilm formation and 

autoaggregation, we investigated multiple candidate mediators for these phenotypes, 

including fimbriae. K. pneumoniae’s adherence to living and non-living surfaces is largely 

owed to fimbriae, of which this species possesses several types [57, 77]. Well-studied K. 

pneumoniae fimbriae structures include type 1 fimbriae, associated with bladder 
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epithelial cell adherence and the development of UTIs, as well as type 3 fimbriae, 

associated with less-specific attachment and biofilm formation [57]. Using fimbriae 

mutants, we identified the type 3 fimbriae (ΔmrkABC), but not the type 1 fimbriae 

(ΔfimH), as critical for autoaggregation and biofilm formation in K. pneumoniae (Fig. 

16B, 18D). While the ΔmrkABC strain’s ability to autoaggregate and form biofilm was 

diminished, fucose still positively modulated autoaggregation in this mutant (Fig. 16B), 

suggesting that fucose controls these phenotypes independently of type 3 fimbriae. To 

support these results, type 1 and type 3 fimbriae transcript levels were generally 

unchanged between glucose and fucose conditions (Fig. 17).  

While these data suggest fucose utilization and fimbriae enhance these 

phenotypes in parallel, our study does not entirely preclude fimbriae as a mediator of 

fucose-enhanced biofilm formation and autoaggregation. Biofilm was completely 

abrogated in the ΔmrkABC strain (Fig. 18D), and thus the possibility of a role of fucose 

on ΔmrkABC biofilm production cannot be discounted from these results. While our qRT-

PCR results suggest no upregulation of the mrk locus, other factors could positively 

modulate type 3 fimbriae in fucose conditions despite low transcript abundance, such as 

increased translation or changes in protein stability. To definitively assess whether type 

3 fimbriae are expressed differentially between glucose and fucose conditions, an 

immunoblot targeting the repeating MrkA fimbrial shaft subunit could be conducted on 

cultures grown in these carbon sources.  

 

Fucose utilization could regulate CRP-cAMP to enhance biofilm production in K. 

pneumoniae 
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Unlike EHEC, K. pneumoniae does not possess the FusKR system for detection 

of fucose. Hence, the observed coordination of autoaggregation and biofilm formation by 

fucose metabolism must occur through other pathways. One mechanism by which 

nutrient conditions might inform virulence in K. pneumoniae is through the transcriptional 

regulator CRP. CRP is activated by cAMP, which is synthesized in the absence of 

glucose [46, 58]. Activated CRP-cAMP globally regulates hundreds of genes through 

enhancing or repressing transcription, and among these modulated genes are virulence 

factors [42, 46, 59].  

In K. pneumoniae, addition of glucose to LB media has been previously shown to 

increase CPS production by inhibiting CRP-cAMP activity [42]. In contrast, we did not 

observe any difference in capsule amount in MM with glucose, glycerol, or fucose, and 

expression to capsule genes was generally unchanged between glucose and fucose 

conditions (Fig. 15). To explain this discrepancy, the effect of glucose on CPS may differ 

between LB and MM, with nutritionally poorer conditions downregulating CPS production 

in such a way that the role of CRP-cAMP is negligible. 

While CRP-cAMP can inhibit CPS [42], it enhances biofilm formation in multiple 

species, including E. coli [59, 78]. K. pneumoniae may therefore also use CRP-cAMP to 

regulate transition to a sedentary lifestyle and promote biofilm formation. In support of 

this, it has been previously shown that glucose decreases biofilm production in K. 

pneumoniae [39], which we have confirmed in this study (Fig. 20A). We also found that 

the addition of exogenous cAMP increased biofilm production (Fig. 20B). In E. coli, 

CRP-cAMP mediates biofilm by three pathways: increased flagella expression, 

incorporation of curli fibers into the biofilm matrix, and repression of the sigma factor 

RpoS, the global regulator of stress response [59]. K. pneumoniae is unflagellated and 

lacks curli fibers [79], but does express RpoS. We found that in K. pneumoniae, a ΔrpoS 
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mutant exhibited enhanced biofilm production in both glucose and fucose conditions 

(Fig. 20C), suggesting that RpoS activity may negatively modulate biofilm in K. 

pneumoniae as in E. coli. Altogether, these findings suggest that CRP-cAMP could 

positively modulate biofilm formation in K. pneumoniae by RpoS repression. 

Of note, we found that the effect of cAMP was dose-dependent, with high cAMP 

concentrations diminishing biofilm (Fig. 20B). This could be a product of high CRP-

cAMP activity, or a cytotoxic effect of cAMP. Our assay does not quantify biofilms on a 

per cell basis, and thus our study is limited in determining whether biofilm depletion from 

excess cAMP is due to cell death or changes in EPS secretion. 

When cAMP was added to fucose-supplemented MM, it enhanced biofilm 

formation (Fig. 20B). This result was unexpected, as K. pneumoniae grown in this media 

should generate cAMP endogenously, suggesting that even in the absence of glucose, 

CRP is not fully saturated with cAMP. Curiously, no cAMP concentration was seen to 

raise biofilm production in glucose to that of fucose supplemented MM + 1mM cAMP. 

This peak being unmatched in the glucose condition suggests that fucose utilization 

could contribute to biofilm formation in parallel to the CRP-cAMP effect. Alternatively, 

potential differences in cAMP cytotoxicity between glucose and fucose conditions may 

account for this. The relationship between the fucose- and CRP-dependent effects on 

biofilm therefore remains inconclusive. 

The adenylate cyclase encoded by cya is responsible for cAMP production in K. 

pneumoniae [42]. In a future study, a Δcya mutant could be grown in varying 

concentrations of exogenous cAMP in MM with either glucose or fucose as the carbon 

source, with biofilm production quantified on a per cell basis to account for differential 

growth between media and potential cytotoxicity of cAMP. With cAMP concentration thus 
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fully defined, the role of fucose on biofilm formation can be separated from the CRP-

cAMP system to better understand the relationship between these factors.  

The role of RpoS in CRP-cAMP-mediated biofilm formation is similarly 

unresolved. RpoS regulates 23% of genes in E. coli [80], and given the breadth of 

systems controlled by this protein, the biofilm phenotype observed in the Δrpos mutant 

cannot be conclusively attributed to interactions with the CRP-cAMP system. If CRP-

cAMP negatively regulates RpoS to contribute to biofilm formation in K. pneumoniae as 

in E. coli, limitations in our assay for biofilm quantification prevent us from elucidating the 

role of fucose utilization in this process. An immunoblot targeting RpoS conducted on 

samples grown in different carbon sources could determine if fucose conditions 

negatively modulate RpoS. 

 

Fucose enhancement of biofilms requires one or more protein components 

We next compared the biological content of biofilms grown in glucose and fucose 

conditions through enzymatic treatment, a technique previously used to elucidate biofilm 

composition in this and other species [62, 81]. We found evidence that fucose enhances 

biofilms through the addition of one or more protein components in the EPS, but not 

eDNA or exopolysaccharides (Fig. 21-22). The identity of these component(s) which 

contribute to the effect of fucose on biofilm production is unknown. Uropathogenic E. coli 

(UPEC) secretes DNABII proteins to maintain biofilm structure by binding eDNA [82], 

making this class of matrix proteins a potential candidate, though as of yet no DNA-

binding protein has been shown to possess an extracellular function in K. pneumoniae. 

Fimbriae proteins also support biofilm structure [83], and while we have found evidence 

against a role for type 1 and type 3 fimbriae in fucose-dependent biofilm modulation, the 
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K. pneumoniae genome contains multiple largely uncharacterized fimbriae loci, including 

the E. coli Common Pilus [77, 84-86]. Future studies should aim to determine the 

contribution of these fimbriae structures to biofilm formation in K. pneumoniae and 

investigate other classes of structural matrix proteins.  

As a future experiment, biofilms could be grown in glucose- and fucose-

supplemented MM and then recovered and homogenized. SDS Polyacrylamide Gel 

Electrophoresis (SDS-PAGE) could then be performed on the homogenate, and unique 

or more prominent bands in the fucose-grown samples could be identified. Excising 

these bands and analyzing their composition via mass spectrometry may definitively 

elucidate the identity of the protein(s) contributing to the fucose-grown biofilms. 

Our low-speed centrifugation assay for quantifying autoaggregation gently pellets 

aggregated cells, which can then be isolated from unaggregated cells in the supernatant. 

RNA-seq comparing expression patterns of aggregated and unaggregated K. 

pneumoniae could inform us of specific genes upregulated when in an aggregative state. 

Compounds which bacteria use to autoaggregate often overlap with biofilm matrix 

components and may include proteins [53]. Thus, the discovery of structural proteins 

upregulated by K. pneumoniae when autoaggregating could also provide the identity of 

the protein component(s) contributing to the enhanced biofilm production incited by 

fucose metabolism. 

 

Conclusion 

Because gut colonization is the first step toward K. pneumoniae pathogenesis 

and transmission, characterizing K. pneumoniae’s strategy for colonization is crucial to 

combating this pathogen. The present study provides a molecular understanding of the 
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role of the alternative carbon source fucose on K. pneumoniae GI colonization and 

virulence phenotypes. We show that fucose liberated by gut commensals serves as an 

important energy source for K. pneumoniae, allowing it to bypass nutritional competition 

in the gut. Furthermore, our results advocate for EcN as a potential therapeutic to 

enhance CR against K. pneumoniae. Lastly, we provide insights into the complex 

relationship between carbon metabolism and the modulation of virulence, which could 

provide a framework for strategies to combat the colonization and spread of this 

pathogen. 
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Materials and Methods 

Ethics statement 

This study was conducted according to the guidelines outlined by National 

Science Foundation animal welfare requirements and the Public Health Service Policy 

on Humane Care and Use of Laboratory Animals [87]. The Wake Forest Baptist Medical 

Center IACUC oversees the welfare, well-being, and proper care and use of all 

vertebrate animals. The approved protocol number for this project is A20-084. 

 

Bacterial strain construction 

Strains, plasmids and primers used in this study are listed in Tables 1-3, 

respectively. To construct an in-frame gene deletion of fucI (fucI-), genomic DNA was 

isolated from the fucI::cam mutant in the MKP103 background, and PCR was performed 

using Q5 polymerase (NEB; M0491L) [88] with primers that had 500 bp homology on 

either end of the transposon cassette. The purified PCR product was then electroporated 

into the target strain (AZ63, Table 1) containing the temperature sensitive plasmid 

pKD46 (Table 2), which contained λ red recombination genes downstream of an 

arabinose inducible promoter. Recombination was carried out as described [89] to 

generate fucI::cam KPPR1S (AZ120, Table 1). Mutants were isolated on agar plates 

containing chloramphenicol (50 µg/ml), and single colonies were purified and verified 

through PCR. Removal of the chloramphenicol cassette was done as previously 

described using the plasmid pCre2 [88] to generate a clean deletion (AZ170, Table 1) 

referred to as ΔfucI. 
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To construct the fimH::cam, ΔmrkABC double mutant (AZ203, Table 1), genomic 

DNA from a fimH::cam mutant (AZ108, Table 1) was used as Q5 PCR template and λ 

red recombination was performed as described above. The resultant mutants were 

purified and subsequently verified through PCR.  

The chromosomal complement of ΔfucI (fucI+, AZ171, Table 1) was constructed 

as previously described [90] with slight modification. Briefly, the fucI gene and ~500 bp 

upstream and downstream was amplified using WT (AZ55, Table 1) genomic DNA as a 

template with primers than contain homology sequences to the plasmid pKAS46 (Table 

2). The plasmid was then digested with NotI and NheI, and the fucI PCR product was 

recombined into the plasmid using the NEBuilder HiFi DNA Assembly Kit (NEB; 

E5520S), followed by transformation into the E. coli strain S17-1 λpir. Conjugation with 

the ΔfucI strain and subsequent selection of the complemented strain were carried out 

as previously described [90]. 

 

Growth curves, generation time, and competition experiments 

For growth kinetic studies, KPPR1S was grown overnight at 37°C with constant 

agitation in Lysogeny Broth + 5 g/L NaCl, or in M63 minimal media (MM) supplemented 

with either 0.5% glucose, glycerol, or fucose as sole carbon source. Cultures were 

diluted 1:100 into their respective fresh growth media and grown 37°C with constant 

agitation. For growth curves in cecal filtrate (CF), overnight cultures in LB were washed 

and diluted 1:100 into CF and grown likewise. At designated time-points, a sample was 

removed, diluted, and plated for enumeration.  

To calculate generation time in LB and minimal media, strains were grown as 

above until the samples reached an OD600 of 0.2, following which a sample was 
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removed, diluted, and plated for enumeration every 15 minutes for up to an hour. The 

generation time was calculated using the formula G=t/n, where G is the generation time, 

t is the time interval, and n is the number of generations as calculated by the formula: 

n = 3.3log
𝐶𝑓

𝐶𝑖
 

Where Cf is the quantity of bacteria at the end of a time interval and Ci is the 

quantity at the beginning of the time interval. 

For competition experiments in MM, overnight cultures of competing strains were 

diluted 1:100 each into a single culture of MM supplemented with glucose and grown at 

37°C with constant agitation. At inoculation and at designated time-points, a sample was 

removed, diluted, and plated on selective antibiotics for enumeration of each strain. The 

Competitive Index (CI) for two strains (Strain 1 / Strain 2) was calculated at each 

timepoint using the following formula: 

CI =
Strain 1 output  Strain 2 output⁄

Strain 1 input  Strain 2 input⁄
 

For competition experiments in CF, strains were grown overnight individually in 

CF, then diluted 1:100 together into fresh CF culture. In competition experiments 

between K. pneumoniae and EcN, colonies were distinguished by morphology in lieu of 

antibiotic selection. CI was calculated as described. 

 

Preparation of cecal filtrate 

To prepare CF, cecal contents from euthanized mice were placed in screw-cap 

tubes (Fisherbrand; 02-682-558) with 2-3 glass beads (BioSpec Products; 11079127), 

diluted 1:5 (weight to volume) in PBS, homogenized using a beadmill, and centrifuged 
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(20,000 x g for 10 min). The supernatant was then transferred to a separate tube and 

centrifuged again. The resulting supernatant was passaged through a 0.2 µm nylon 

syringe filter (Fisherbrand; 09-719C). The resulting cecal filtrate was further diluted with 

PBS to a final concentration of 1:10 weight to volume prior to inoculation. 

 

Mouse inoculations for colonization, shedding, and qRT-PCR 

C57BL/6J Specific Pathogen Free mice (SPF) were obtained from Jackson 

Laboratory (Bar Harbor, ME), bred and maintained in the animal facility at Biotech Place, 

Wake Forest Baptist Medical Center. Mice were inoculated as described [9]. Briefly, 5-7 

week old mice had food and water removed for 4 hours, and were then fed K. 

pneumoniae in 2% sucrose-PBS via pipette tip in two 50-µl doses at ~106 CFU/100 µl. 

The inoculum was serially diluted and plated on selective antibiotic plates to determine 

the exact dose. The mice were monitored through the time course of the experiment.  

Fecal collection was carried out as described [9]. To enumerate the bacterial 

shedding, fecal pellets were weighed and placed in screw-cap tubes (Fisherbrand; 02-

682-558) with 2-3 glass beads (BioSpec Products; 11079127), diluted 1:10 (weight to 

volume) in PBS, homogenized using a beadmill, serially diluted, and plated on selective 

antibiotic plates. The limit of detection for fecal shedding was 100 CFU/ml. 

To determine colonization density in the GI tract, the cecum, ileum, and colon 

were removed from mice following CO2 (2 L/min for 5min) euthanasia with subsequent 

cardiac puncture. Sections of the proximal colon and terminal ileum as well as the whole 

cecum were removed from each mouse. As described above, GI samples were weighed, 

placed in screw-cap tubes with beads, diluted 1:10 (weight to volume) in PBS, 
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homogenized, serially diluted, and plated. The limit of detection for organ homogenate 

was 100 CFU/ml. 

Oropharyngeal lavage was carried out with 200 μl of sterile PBS. The esophagus 

was exposed and cut transversely. A gavage needle, attached to a prefilled insulin 

syringe (BD) with 1× PBS, was then inserted into the cut esophagus, and PBS was 

collected from the mouth. The collected lavage was serially diluted and plated on 

appropriate antibiotic plates. The limit of detection for oral lavage was 10 CFU/ml.  

Inoculation and fecal shedding collection for competition studies (Competition 

Index [CI]) were conducted as described with the inoculation dose containing a 1:1 ratio 

of ΔfucI K. pneumoniae (AZ170) and an apramycin resistant derivative of KPPR1 

(AZ94). The CI was calculated as above using the following formula: 

CI =
Mutant output  WT output⁄

Mutant input  WT input⁄
 

To induce super shedder phenotype mice were inoculated as described [9], and 

5 days post-inoculation a single dose of streptomycin (in sterile PBS) was administered 

via oral gavage (5 mg/200 µl). K. pneumoniae was enumerated from fecal shedding for 

an additional 10 days.  

 

RNA extraction, cDNA synthesis, and quantitative reverse transcription PCR 

RNA was isolated from K. pneumoniae grown in vitro using the trizol method as 

described [91] with slight modifications. Overnight cultures grown in MM + 0.5% glucose 

or fucose were diluted into their respective media and grown to OD600 ~0.5; for rmp 

expression analysis, 0.2% casamino acid was added to the overnight and subsequent 

cultures.  
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For bacterial RNA isolation from the gastrointestinal tract of mice, a modified 

protocol [92] was used. Cecal contents were removed from colonized mice and placed 

into a 2 ml screwcap tube (Fisherbrand; 02-682-558) containing two glass beads 

(BioSpec Products; 11079127). RNAlater (Invitrogen; AM7020) was then added at a 

volume of 1 ml / 1 g of cecal contents. After homogenization, samples were incubated 

overnight at 4°C. A volume of chilled PBS was added equal to the volume of RNALater, 

samples were centrifuged (700 x g for 1 min at 4°C), and the supernatant was 

transferred to a new tube and centrifuged again (900 x g for 5 min at 4°C). The 

supernatant was then discarded, and the pellet was resuspended in 500 µl 2x Buffer A 

(200 mM NaCl, 200 mM Tris, 20 mM EDTA), 210 µl 20% SDS, and 500 µl acid 

phenol:chloroform:isoamyl alcohol (25:24:1) solution (Invitrogen; 15593-031). This was 

added to screwcap tubes containing 250 µl 0.1-mm-diameter silica beads (BioSpec 

Products) and the sample homogenized via beadmill. Afterwards, samples were 

centrifuged (6,000 x g for 3 min at 4°C), and the aqueous layer was transferred to a 2 ml 

phase lock gel tube (QuantaBio) containing an equal volume of 

phenol:chloroform:isoamyl alcohol (25:24:1) solution (Invitrogen; 15593-031). Samples 

were centrifuged (18,000 x g for 5 min at 4°C), the aqueous phase was transferred to a 

new tube containing 600 µl isopropanol, 60 µl of 3M sodium acetate, and 5 µg glycogen, 

and incubated overnight at -20°C. Afterwards samples were centrifuged (18,000 x g for 

20 min at 4°C), and the resultant pellet washed three times with 500 µl 100% ethanol, 

dried, and subsequently resuspended in water.  

Total RNA from broth cultures and cecal samples were treated with DNAse 

(Invitrogen; AM1907) per the manufacturer’s instructions and cDNA was synthesized as 

described [91]. 
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Quantitative reverse transcription PCR (qRT-PCR) was conducted as previously 

described [93, 94] with slight modifications. iTaq Universal SYBR Green Supermix (Bio-

Rad; 1725121) was used with 20 ng cDNA and 0.5 mM primers per reaction. Samples 

were run in duplicate on a CFX384 Touch real-time PCR detection system (Bio-Rad). 

For in vitro experiments, primers directed toward gyrA were used as the internal control. 

Comparison of in vivo (cecal) to in vitro (M63 + 0.5% glucose) fold-change gene 

expression was performed with K. pneumoniae-specific primers targeting the 16S 

subunit for internal control. RNA expression was quantified using the ΔΔCT threshold 

cycle (CT) method [93]. Fold-change was calculated as 2ΔΔC
T. For in vivo gene 

expression, fold-change values were further normalized to gyrA expression to reduce 

variability. 

 

Hypermucoviscosity assay 

Hypermucoviscosity was determined using the low-speed centrifugation assay 

previously described [49]. Briefly, cultures were grown in the indicated media as 

described, and the OD600 adjusted to 1. Samples were then centrifuged (1000 x g for 5 

min), and the OD600 of the supernatant was measured.  

 

Uronic acid assay 

Uronic acid content as an indicator of capsular polysaccharide amount was 

quantified as described previously [49]. Cultures were grown in indicated media, and 

uronic acid extracted by adding 100 μl 1% zwittergent + ~25% citric acid to 500 μl culture 

and the mixture incubated at 50°C for 20 min. Samples were centrifuged (20,000 x g for 

5 min) and 300 μl supernatant was incubated overnight with 1.2 ml 100% ethanol. 
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Precipitated uronic acid was then pelleted by centrifugation (20,000 x g for 5 min), 

resuspended in 200 μl H2O, to which 1.2 ml sulfuric acid + 12.5 mM sodium tetraborate 

solution was added. The sample was then boiled and chilled on ice. Afterwards, 20 μl 2-

phenylphenol was added to the samples as a colorimetric indicator for uronic acid 

presence. The OD520 was measured and analyzed with a standard curve generated by 

glucuronic acid.  

 

Autoaggregation assay 

Autoaggregation was quantified by a low-speed centrifugation assay [95] with 

modifications. K. pneumoniae was grown in MM supplemented with either 0.5% glucose, 

glycerol, or fucose as the carbon source at 37°C with constant agitation for 30 hours. 

Cultures were gently vortexed for even distribution of bacterial aggregates, and 1 ml 

immediately transferred into a 1.5 ml Eppendorf tube. The tube was gently centrifuged 

for five seconds on a benchtop microfuge to pellet the aggregates. 100 μl supernatant 

was removed and its OD600 measured (Supernatant OD600). The 30-hour culture 

containing aggregates was then vortexed to disrupt and homogenize them, and OD600 

was measured (Vortexed OD600). An autoaggregation index was calculated using the 

following formula: 

Autoaggregation Index =
Vortexed OD600 − Supernatant OD600

Vortexed OD600
 x 100 

 

Biofilm assay 

Quantification of mature biofilm was done as described [96] with adjustments. 

Briefly, cultures were grown in fresh Lysogeny Broth + 5 g/L NaCl overnight and diluted 
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1:100 in indicated media. 100 μl of the bacterial suspension was placed in the wells of a 

96-well round-bottom culture plate (Costar; 3799), sealed with thermal adhesive sealing 

film (Fisherbrand; 08-408-240), and incubated for 24 hours at 37°C. Afterwards, the 

plate was inverted and gently shaken to remove planktonic bacteria, washed twice by 

submerging the plate in a tub of diH2O, and blotted on absorbent pads to remove excess 

liquid. Staining and quantification were carried out as described [96]. 

Enzymatic treatment of mature biofilms was performed after removal of 

planktonic bacteria. Wells were treated with either 100 μl of buffer with the specified 

enzyme or buffer alone, and the plate was incubated at 37°C. Plates were incubated for 

1 hour with 100 μg/ml proteinase K (Thermo Scientific) in sodium acetate buffer (pH 5.0), 

1% cellulase (MP Biomedicals; 150583) in sodium acetate buffer (pH 5.0), or 40 mM 

sodium metaperiodate (NaIO4) (Fisher Chemical; S398-50) in sodium acetate buffer (pH 

4.5). For treatment with β-N-acetylglucosaminidase (GlcNAcase) (NEB; P0744S), plates 

were incubated for 2 hours with 100 μg/ml GlcNAcase in sodium acetate buffer (pH 5.0). 

For DNAse treatment, plates were incubated for 24 hours with 100 μg/ml DNAse I (Alfa 

Aesar; J62229-MB) in PBS. After enzymatic treatment, the plates were washed, stained 

and quantified as described above.   

 

Statistical analysis 

All statistical analyses were performed using GraphPad Prism (version 9.0) 

software (GraphPad Software, Inc., San Diego, CA). Unless otherwise specified, 

differences were determined using the Mann-Whitney U test (comparing two groups) or 

the Kruskal-Wallis test with Dunn’s test of multiple comparisons. 
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Appendix 

Table 1: Strains used in this study 

Strain Description Antibiotic 

resistance 

phenotype 

Reference 

or source 

AZ6 K. pneumoniae, clinical stool isolate, 
ST 37; wzi 108; K80 

 Mike 

Bachman 

AZ16 S17-1 λ-pir E. coli used as donor for 

pKAS46-fucI plasmid construct 

Tpr, Smr [97] 

AZ25 K. pneumoniae, clinical wound isolate, 

KP168 

 Jeffrey 

Weiser 

AZ31 E. coli strain RS218 Strr [98] 

AZ55 KPPR1S, Strr derivative of KPPR1 Rifr, Strr [99] 

AZ63 AZ55 with pKD46 plasmid for λ red 

recombination 

Rifr, Strr, Specr This study 

AZ79 SM10 λ-pir E. coli with pCre2 plasmid 

for fucI clean deletion 

 [88] 

AZ94 Derivative of KPPR1 with apramycin 

resistance cassette at att::Tn7 site 

Rifr, Aprr [100] 

AZ108 KPPR1S with transposon element 

fimH::Camr 

Rifr, Strr, Camr This study 

AZ118 Arrayed library MKP103 with 

transposon element fucI::Camr, 

(strain: tnkp1_lr150117p01q137) 

Camr [88] 

AZ120 fucI::Camr from AZ118 into AZ63; 

plasmid cured 

Rifr, Strr, Camr This study 

AZ133 E. coli strain Nissle 1917 (EcN)  [101] 

AZ142 KPPR1S ΔrpoS  [51] 

AZ145 KPPR1S ΔmrkABC Rifr, Strr Virginia Miller  

AZ146 KPPR1S ΔrmpA Rifr, Strr [49] 

AZ147 KPPR1S ΔrmpC Rifr, Strr [49] 
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AZ148 KPPR1S ΔrmpD Rifr, Strr [50]  

AZ170 ΔfucI, clean deletion created from 

AZ120 conjugation using pCre2; 

plasmid cured 

Rifr, Strr This study 

AZ171 fucI+, chromosomal complement 

derived from AZ170 via pKAS46 

Rifr, Strr This study 

AZ199 Uropathogenic E. coli strain CFT073  [102] 

AZ203 AZ145 with transposon element 

fimH::Camr via pKD46 λ red 

recombination 

Rifr, Strr, Camr This study 
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Table 2: Plasmids used in this study 

Plasmid Description Antibiotic 

resistance 

phenotype 

Reference 

or source 

pKD46 λ red recombinase genes 
downstream of araBAD promoter; 
temperature sensitive (32°C) 

Specr [89] 

pKAS46 Vector for allelic exchange, contains 

rpsL for streptomycin counter-

selection 

Kanr, Strs [90] 

pCre2 Contains flippase’s for removing 

cam cassettes 

 [88] 
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Table 3: Primers used in this study 

Primer 

Name  

Description  Orientation  Sequence (5’->3’) 

fucI-F Upstream of 
fucI 

Forward GATCGTTACCCCGGTGATGG 

fucI-R Downstream of 

fucI 

Reverse GATCGACGTGTCATCGGCAT 

fucI-

NheI-F 

Upstream of 

fucI, with 

pKAS46 

homology 

Forward gcgctttaaatttgcgcatgctagcTACGCTATCGAAGAG

ATCCCGGGCATG 

fucI-NotI-

R 

Downstream of 

fucI, with 

pKAS46 

homology 

Reverse cgatggcgccagctgcaggcggccgcCGCGCCGACGC

CGGCTAT 

q-fucA-F Upstream of 

fucA for qRT-

PCR 

Forward ATCGATACCTGCCTGGAAATG 

q-fucA-R Downstream of 

fucA for qRT-

PCR 

Reverse TCATATGGGATACCGGTAGGG 

q-fucI-F Upstream of 

fucI for qRT-

PCR 

Forward ATGAAACCGAGCTGGAGATG 

q-fucI-R Downstream of 

fucI for qRT-

PCR 

Reverse TGCGTTTCATTGCGCTTATAC 

q-fucP-F Upstream of 

fucP for qRT-

PCR 

Forward AGAGCGGGCAGAGTAAGA 

q-fucP-R Downstream of 

fucP for qRT-

PCR 

Reverse CCTGGAAGTTAGTCAGGGTAAAG 



83 
 

q-gyrA-F Upstream of 

gyrA for qRT-

PCR 

Forward ACACCGTCGCGTACTTTAC 

q-gyrA-R Downstream of 

gyrA for qRT-

PCR 

Reverse GCGGGTGGTATTTACCGATTA 

q-rmpA-F Upstream of 

rmpA for qRT-

PCR 

Forward AGTTAACTGGACTACCTCTGTTTC 

q-rmpA-

R 

Downstream of 

rmpA for qRT-

PCR 

Reverse TCCTGCAGTCAACCAATACTC 

q-rmpC-F Upstream of 

rmpC for qRT-

PCR 

Forward CATGCACTCCTGATTCAAACG 

q-rmpC-

R 

Downstream of 

rmpC for qRT-

PCR 

Reverse TCCGATGAGGGTGGAATTAAC 

q-rmpD-F Upstream of 

rmpD for qRT-

PCR 

Forward GCACTCTTTCATTTATTTATTTTTTTATTTCTG 

q-rmpD-

R 

Downstream of 

rmpD for qRT-

PCR 

Reverse CGTCTATTTATCAATGTTCTGTGC 

q-galF-F Upstream of 

galF for qRT-

PCR 

Forward TGCTGCCGATCGTTGATAAG 

q-galF-R Downstream of 

galF for qRT-

PCR 

Reverse GTAGGATGTGTCGAAGTGGTTT 

q-manC-

F 

Upstream of 

manC for qRT-

PCR 

Forward CAGCGGCATGTTTATGTTCC 
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q-manC-

R 

Downstream of 

manC for qRT-

PCR 

Reverse ATGAAGTCGCTGCCGTTAT 

q-wzi-F Upstream of 

wzi for qRT-

PCR 

Forward ACAGATAACGAACCGGGTAAC 

q-wzi-R Downstream of 

wzi for qRT-

PCR 

Reverse CCAACCATCTGCCCATAGAA 

q-fimA-F Upstream of 

fimA for qRT-

PCR 

Forward ATTGTTGTGTCAGCCCTGT 

q-fimA-R Downstream of 

fimA for qRT-

PCR 

Reverse CCGCATTAACGACTTCTCCT 

q-fimI-F Upstream of 

fimI for qRT-

PCR 

Forward CTGATAATGGCGAGCTCCTG 

q-fimI-R Downstream of 

fimI for qRT-

PCR 

Reverse TTCGCCGACAGCATGAAA 

q-mrkA-F Upstream of 

mrkA for qRT-

PCR 

Forward TAAGCAAACTGGGCGTGAA 

q-mrkA-R Downstream of 

mrkA for qRT-

PCR 

Reverse TAGCCCTGTTGTTTGCTGGT 

q-mrkB-F Upstream of 

mrkB for qRT-

PCR 

Forward TGTTAACGGTACCCGCTTTATTT 

q-mrkB-R Downstream of 

mrkB for qRT-

PCR 

Reverse GGACGGTCGGCGTTATTT 
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