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A B S T R A C T

The presence of sucrose at concentrations of 0.5–5% can either increase bacterial biofilms (Streptococcus mutans 
and Escherichia coli) or have no significant effect on biofilms (Pseudomonas aeruginosa and Staphylococcus aureus). 
However, our study revealed that 1 % sucrose reduced the biofilm formation by Klebsiella pneumoniae STU1. To 
explore the role of the phosphoenolpyruvate-dependent-carbohydrate: phosphotransferase system (PTS) in 
regulating this process, the scrA gene, which encodes the sucrose-specific EIIBC of the PTS, was deleted in 
K. pneumoniae to create a scrA mutant (ΔscrA). Thereafter, we observed that the biofilm formation and type 3 
fimbriae production were not affected by sucrose in the ΔscrA while sucrose reduced these processes in the wild 
type. Furthermore, we discovered that Crr, the glucose-specific EIIA of PTS, was the primary but not the sole EIIA 
of ScrA in K. pneumoniae by sucrose fermentation test. In addition, deficiency of Crr reduced the biofilm for
mation in K. pneumoniae. Our proposed model suggests that, through the action of Crr in the absence of sucrose, 
the transcription of the mrk operon, which produces type 3 fimbriae, was increased, thereby influencing biofilm 
formation by K. pneumoniae and bacterial number in the gut of nematode. This observation differs from the 
regulation of polysaccharide and biofilm by sucrose in other bacteria. Our findings extend the understanding of 
the effects of sucrose on biofilm formation.

1. Introduction

Sucrose, the main compound in table sugar, is widely used and pri
marily produced from sugar beet and sugar cane [1]. Numerous studies 
have focused on the relationship between sucrose and bacteria, partic
ularly Streptococcus mutans, which is known to cause tooth decay, and 
Streptococcus gordonii, a common colonizer of the oral cavity. Rezaei 
et al. found that S. mutans biofilm formation increased nearly fourfold in 
the presence of 1 % sucrose concentration [2–4]. Sucrose consumption 
also led to increased abundance of streptococci, specifically S. gordonii, 
Streptococcus parasanguinis, and Streptococcus sanguinis, on the enamel 
surface [5]. In Enterococcus faecalis reference strain and four clinical 

strains, biofilm formation increased with 0.5 % and 1 % sucrose [6]. 
However, sucrose had no significant effect on the bacterial biofilm for
mation in 61 clinical isolates of Staphylococcus aureus [7]. In addition to 
gram-positive bacteria, Escherichia coli O157:H7 biofilm increased with 
20 mM (0.68 %) sucrose due to elevated bacterial lipopolysaccharide 
(LPS) production [8]. Pseudomonas aeruginosa biofilm formation 
increased at a very high concentration of sucrose (11.7 %), but showed 
no effect at concentrations from 1 % to 5 % (Bouffartigues et al., 2014). 
Yersinia pestis biofilm formation was not influenced by 2 % sucrose, but 
slightly increased with 6 % sucrose [9]. However, the impact of sucrose 
on the biofilm of Klebsiella pneumoniae remains unclear.

Klebsiella pneumoniae, a member of the Enterobacteriaceae family, is 
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commonly found in natural surface waters and soils [10]. This bacte
rium is known to cause opportunistic infections such as pneumonia, 
urinary tract infections, bacteremia, and pyogenic liver abscesses [11,
12]. In addition, K. pneumoniae is a part of the gut microbiota in humans 
and animals, including birds and earthworms [13,14]. Furthermore, 
K. pneumoniae has the ability to form biofilms on both abiotic surfaces 
and human tissue [15]. Biofilm formation on medical devices increases 
the risk of infection, and K. pneumoniae is commonly associated with 
infections related to indwelling medical devices, such as 
catheter-associated urinary tract infections, catheter-related blood
stream infections, and ventilator-associated pneumonia [16,17]. 
K. pneumoniae produces fimbriae, which are hair-like protein append
ages that extend from the bacterial surface and facilitate bacterial 
adhesion to both abiotic and biotic surfaces. This adhesion is the initial 
step in biofilm formation [15]. Numerous putative fimbrial-gene clus
ters are present on the K. pneumoniae genome, but only a select few of 
these are expressed under laboratory growth conditions [18]. Type 1 
and type 3 fimbriae are the predominant and commonly found adhesive 
structures in K. pneumoniae. Type 3 fimbriae are produced by many 
members of the Enterobacteriaceae [19]. Type 1 fimbriae are crucial for 
K. pneumoniae in causing urinary tract infections, while type 3 fimbriae 
aid in the attachment of K. pneumoniae to the extracellular matrix, 
binding to human endothelial and bladder cells. Type 3 fimbriae also 
promote biofilm formation on both biotic and abiotic surfaces [20]. The 
components of type 3 fimbriae are encoded by the genes in the 
mrkABCDF operon. The mrkA gene encodes the major subunits of the 
type 3 fimbrial shaft [15], and the transcriptional activity of the 
mrkABCDF operon can be regulated by cyclic 3′5′-adenosine mono
phosphate (cAMP) and ci-di-GMP, which are second messengers in 
bacterial cells [21–23]. MrkH is a transcriptional activator of the mrk 
operon through direct binding to the upstream region of the mrkA pro
moter [15].

The level of cAMP can be modulated by Crr, which is the glucose- 
specific EIIA (EIIAGlc) of the phosphoenolpyruvate:carbohydrate phos
photransferase system (PTS). Bacteria possess multiple PTSs to transport 
and phosphorylate various sugars as needed. Generally, the PTS com
prises enzyme I (EI), histidine-containing phosphocarrier protein (HPr), 
and enzyme II (EII) complexes. While EI and HPr are common to all 
PTSs, the EII complexes consist of EIIA, EIIB, and EIIC (sometimes EIID) 
proteins/domains, which are specific to different sugars and vary in each 
PTS. In most PTSs, EIIAs transfer the phosphoryl group from HPr to their 
corresponding EIIB in the cytoplasm. Subsequently, the phosphorylated 
EIIB transfers the phosphoryl group to the sugar (carbohydrate) bound 
to the corresponding EIIC in the cytoplasmic membrane. The gene crr 
encodes the glucose-specific EIIA, which transfers the phosphoryl group 
to the EIIB domain of PtsG in E. coli to facilitate glucose uptake [24,25]. 
In addition, K. pneumoniae utilizes sucrose-specific EIIBC (formerly 
known as EnzymeIIScr), encoded by the scrA gene, for sucrose uptake. 
Sprenger et al. demonstrated that both ScrA and Crr are necessary for 
sucrose uptake by using the E. coli crr mutant and the scrA gene from 
K. pneumoniae in a plasmid [26]. However, the role of the crr gene from 
K. pneumoniae in sucrose uptake has not been investigated.

In this study, we examined the impact of sucrose on K. pneumoniae 
biofilm formation. Our findings revealed a unique response of 
K. pneumoniae to sucrose, distinguishing it from other bacteria. 
Furthermore, we investigated the roles of scrA and crr in biofilm 
development when K. pneumoniae was cultivated in a sucrose-rich 
environment. In addition, our study highlighted the significance of the 
crr gene, which, unlike in E. coli, was found to be important but not 
essential when combined with ScrA in K. pneumoniae.

2. Materials and methods

2.1. Bacterial strains and incubation conditions

The bacterial strains and plasmids utilized in this study are detailed 

in Table 1. K. pneumoniae STU1 is a laboratory-maintained strain that 
was acquired from National Taiwan University (Taipei, Taiwan) and its 
capsular type is K5. K. pneumoniae clinical strains (10495, 42200, 
38507, and 93687) were isolated from clinical specimens at Tzu Chi 
Hospital (Hualien, Taiwan) and subsequently transferred to Tzu Chi 
University (Hualien, Taiwan) through an official transfer. Patient in
formation was separated from the bacterial strain. STU1 and its mutant 
derivatives were routinely grown in Luria-Bertani (LB) medium (1 % 
NaCl, 0.5 % yeast extract, and 1 % tryptone) at 37 ◦C. For specific 
purposes, the bacteria were cultured in M9 minimal medium (1 × M9 
salt, 2 mM magnesium sulfate, and 0.1 mM calcium chloride) with 1 % 
sucrose (M9-sucrose) at 37 ◦C. One liter of 1 × M9 salt solution con
tained 12.8 g disodium phosphate heptahydrate, 3 g potassium dihy
drogen phosphate, 0.5 g sodium chloride, and 1 g ammonium chloride. 
Bacteria carrying pBSK-Km:ZsGreen were incubated in LB supplemented 
with 50 μg/mL kanamycin in routine culture.

2.2. Biofilm quantification

The biofilm quantification procedure was conducted following the 
method in the previous study [27]. In brief, the overnight bacterial 
culture was diluted in fresh LB (or LB with 1 % sucrose) to an optical 
density at 600 nm (OD600) of 0.1 in a Falcon polystyrene tube (A tube) 
and a Falcon 50 mL conical centrifuge tube (B tube), and then incubated 
at 37 ◦C for 24 h. After measuring the OD600 value of the bacterial 
suspension in the B tube, the suspension in the A tube was discarded. 
Next, the A tube was rinsed twice with water and then treated with 0.1 % 
crystal violet. After standing for 20 min at room temperature, the so
lution in the A tube was discarded, and the tube was rinsed with water 
twice. Following air-drying, 95 % ethanol was added into the A tube. 
The absorbance of the ethanol solution containing the crystal violet was 
measured at 590 nm (OD590). The specific biofilm was defined as the 
OD590 in the A tube divided by the OD600 in the B tube.

2.3. Construction of scrA mutant

The scrA gene was deleted from K. pneumoniae STU1 or Δcrr mutant 
to create ΔscrA or ΔcrrΔscrA respectively using unmarked mutagenesis, 
as described in the previous study [28]. In brief, approximately 900-bp 
flanking DNA regions of the scrA gene were amplified via PCR and then 
ligated into the suicide vector, pK18R6K. The resulting plasmid, 
pK18R6K::scrAup:scrAdown, was transferred from E. coli S17-1 into 
K. pneumoniae STU1 through conjugation. The transconjugants were 

Table 1 
Bacterial strains and the plasmids used in this study.

Strain Relevant genotype and phenotype Reference or 
source

K. pneumoniae
STU1 Laboratory-maintained strain, K5, Ampr [23]
ΔscrA deletion of scrA gene in STU1, Ampr This study
Δcrr deletion of crr gene in STU1, Ampr [23]
ΔcrrΔscrA deletion of scrA gene in Δcrr, Ampr This study
Clinical 
stains

isolated from clinical specimens at Tzu Chi 
Hospital (Hualien, Taiwan)

This study

10495
42200
38507
93687

Plasmid
pBSK-Km: 
ZsGreen

pBSK carries the ZsGreen gene to produce 
green fluorescence and kanamycin resistance 
gene, Kmr

[29]

pBSK::Gm pBSK derivative: the gentamicin resistance 
gene was inserted at the ScaI site of pBSK, Gmr

[27]

pBSK:scrAB pBSK::Gm carries scrAB This study
pBAD33 PBAD promoter, pACYC184 ori, Cmr [28]
pBAD33:crr pBAD33 carried crr [28]

Y.-T. Horng et al.                                                                                                                                                                                                                               Bioϧlm 9 (2025) 100269 

2 



positively selected for kanamycin and ampicillin resistance and subse
quently negatively selected using the sacB effect. The scrA mutant was 
confirmed through PCR using several sets of primers, followed by 
sequencing. The method is also described in detail in the supplementary 
material.

2.4. Bacterial growth curve

The OD600 of overnight bacterial culture was adjusted to be one 
(OD600 = 1). Subsequently, after centrifuging 1 mL of bacterial culture at 
6000×g for 10 min, the supernatant was discarded. The bacterial pellet 
was then suspended in 100 mL of fresh medium and incubated at 37 ◦C 
and 220 rpm. The optical density of bacterial suspension was recorded 
every hour.

2.5. Sucrose fermentation

The OD600 of overnight culture was adjusted to be one (OD600 = 1) 
with LB. Then, 100 μL of the bacterial culture was centrifuged at 
17000×g for 3 min, and the supernatant was discarded. Subsequently, 
After the bacterial pellet was suspended with 150 μL of fresh LB, phenol 
red and sucrose (or without sucrose) were added. Finally, water was 
added to the bacterial suspension to make the total volume 300 μL, and 
then it was incubated at 37 ◦C. The final concentrations of phenol red 
and sucrose were 0.05 % and 1 %, respectively. Phenol red was used as a 
pH indicator, turning yellow as the bacterial suspension became acidic.

2.6. Observation of bacteria in the gut of Caenorhabditis elegans N2

The C. elegans N2 (wild type) was propagated on nematode growth 
medium (NGM) plates seeded with E. coli OP50. Afterward, the worms 
were fed K. pneumoniae carrying pBSK-Km:ZsGreen, which can produce 
fluorescence, on NGM plates with or without 1 % sucrose for one day. 
After being washed three times with 0.9 % NaCl, the worms were 
paralyzed with 200 mM sodium azide for 5–10 min. The nematodes 
were observed using an upright fluorescence microscope Nikon Ni-E 
(Nikon, Japan). To quantify the fluorescence levels in worms, 20 
worms in a well of microplate (PerkinElmer, USA) were measured at 
505 nm after excitation at 492 nm using a Varioskan Flash microplate 
reader (Thermo Fisher Scientific, USA). The method used to observe the 
bacteria in the nematode intestine by a fluorescence microscope fol
lowed the procedure in the previous study [29]. The method is also 
described in detail in the supplementary material.

2.7. Colony forming unit assay

K. pneumoniae WT or △scrA were incubated in LB overnight before 
being seeded on NGM plates with or without sucrose. After the C. elegans 
N2 were fed E. coli OP50 for two days, the worms were transferred to 
NGM plates with or without sucrose and fed K. pneumoniae WT or △scrA 
for three days. Fifty worms were transferred to a tube containing 100 μL 
phosphate-buffered saline (PBS) on ice. After the worms were washed 
three times using 1 mL PBS, they were homogenized. The homogenate 
was mixed with 900 μL LB and then serially diluted in LB. One hundred 
microliters of each dilution were plated on LB agar plate with 50 μg/mL 
ampicillin and then incubated overnight. Finally, the colonies were 
counted.

2.8. Western blotting

After the bacterial lysate was analyzed by 12 % SDS polyacrylamide 
gel (SDS-PAGE), the total bacterial proteins were transferred to a 
nitrocellulose membrane. The observation of bacterial proteins, MrkA 
and ManA, by Western blotting followed the method in the previous 
study [29]. The method is also described in detail in the supplementary 
material. ManA (mannose 6-phosphate isomerase) was identified as the 

loading control in the Western blotting. The Western blotting signals 
were detected using the Gel Catcher 2850 chemiluminescence camera 
system (CLUBIO in Taipei, Taiwan), and were quantified using ImageJ 
(National Institutes of Health). Quantification of MrkA was performed 
by comparing the intensity of the MrkA band to that of ManA in Western 
blotting.

Fig. 1. The effect of sucrose on biofilm of K. pneumoniae. K. pneumoniae was 
incubated in LB (black bar) or LB with 1 % sucrose (white bar) before quan
tification of biofilm. (A) The specific biofilm, which is defined in the Methods 
section, is expressed as the mean ± SD from thrice experiments. Asterisk (*) 
represents p < 0.05. ns indicates no significance. (i) The comparison between 
WT and Δcrr incubated in LB showed a significant difference. (ii) The com
parison between WT and Δcrr, both incubated in LB with sucrose, showed no 
significant difference. (iii) The comparison between ΔscrA and ΔcrrΔscrA 
incubated in LB showed a significant difference. (iv) The comparison between 
ΔscrA and ΔcrrΔscrA, both incubated in LB with sucrose, showed a significant 
difference. (B and C) The representative images of biofilms stained with crystal 
violet. WT: K. pneumoniae STU1 wild type, ΔscrA: scrA mutant, Δcrr: crr mutant, 
ΔcrrΔscrA: crr and scrA double-deleted mutant. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the Web version 
of this article.)
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2.9. Reverse transcription quantitative real-time PCR (RT-qPCR)

The transcriptional levels of mrkA, mrkH, crp, galF and recA were 
quantified by RT-qPCR. RNA was reverse transcribed using a Quanti
Nova reverse transcription kit (Qiagen, Hilden, Germany), following the 
manufacturer’s instructions. To quantify the cDNAs from the transcripts 

in triplicate, either probe-based qPCR [fluorescein-labeled and dual- 
quenched probes (Integrated DNA Technologies, Coralville, IA, USA)] 
or the dye-based qPCR [the QuantiNova SYBR Green PCR kit (Qiagen, 
Hilden, Germany)] was performed. The data was normalized to that of 
16S rRNA following the 2− ΔΔCT method, as previously described [28,
29]. The detailed method is also described in the supplementary 

Fig. 2. The effect of sucrose on growth curve of K. pneumoniae STU1. K. pneumoniae STU1 was incubated in (A) LB, (B) LB with 1 % sucrose, (C) NGM, or (D) 
NGM with 1 % sucrose. The bacterial growth was monitored by measuring OD600 of the broth culture. The values were expressed as the mean ± SD from thrice 
experiments.

Fig. 3. The effect of pH on biofilm of K. pneumoniae. The pH of the medium was adjusted to 7, 6 or 5 before incubation. K. pneumoniae was incubated in pH- 
adjusted (a) LB or (b) LB with 1 % sucrose. The biofilm in the tube stained by crystal violet solution was shown and quantified. The values were expressed as 
the mean ± SD from thrice experiments. ns indicates no significance. (1) indicates the comparison between pH 7 and pH 5. WT: K. pneumoniae STU1 wild type, ΔscrA: 
scrA mutant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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material. The housekeeping gene, recA, encoding recombinase A was 
used as a reference to compare the gene expression of mrkA, mrkH, crp or 
galF. All primers and probes are listed in the Supplementary Table S1.

2.10. Statistical analysis

The results of biofilm quantification, bacterial growth, and quanti
fication of the band intensity from Western blotting were expressed as 
the mean±standard deviation (SD) from three independent tests. The 
data were analyzed using a student’s t-test, and the significant difference 
of the data was considered at p < 0.05.

Fig. 4. ScrA is specific to sucrose uptake in K. pneumoniae. K. pneumoniae 
was incubated in the M9 minimal medium containing 1 % (a) sucrose, (b) 
glucose, or (c) fructose as sole carbon source. The bacterial growth was 
monitored by measuring OD600 of the broth culture. The values were expressed 
as the mean ± SD from thrice experiments. WT: K. pneumoniae STU1 wild type 
(square), ΔscrA: scrA mutant (triangle), Δcrr: crr mutant (circle).

Fig. 5. Crr is the major EIIA of ScrA in the sucrose fermentation by 
K. pneumoniae. Bacteria were incubated in LB with 1 % sucrose and phenol 
red. The red medium turned yellow when the pH of the medium decreased due 
to sucrose fermentation. WT: K. pneumoniae STU1 wild type, Δcrr: crr mutant, 
ΔscrA: scrA mutant. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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3. Results

3.1. Sucrose decreases biofilm formation by K. pneumoniae

To study the effects of sucrose on biofilm formation by K. pneumoniae 
STU1 (wild type, abbreviated as WT), we measured the biofilm formed 
in Luria-Bertani (LB) medium with and without sucrose (1 %). The re
sults demonstrated that sucrose reduced the biofilm of WT (Fig. 1). 
Besides STU1, we examined the biofilm formation of four clinical 
K. pneumoniae strains. Like STU1, their biofilms in LB with sucrose were 
reduced compared to those in LB alone (Fig. S1). However, sucrose did 
not decrease, and in fact slightly enhanced, bacterial growth of WT 
(Fig. 2A and B). Therefore, the decrease in biofilm formation of WT due 
to sucrose is not caused by reduced growth. Since sucrose fermentation 
leads to a decrease in the pH of medium, we investigated the effects of 
pH on the biofilm. The WT was cultured in LB medium with pH levels of 
7, 6, or 5. After incubation, the WT biofilms in pH 6 and 5 media did not 
show significant differences compared to those in the pH 7 medium 
(Fig. 3A). Even when the WT was cultured in LB medium with an 
additional 1 % sucrose and adjusted to pH levels of 6 or 5, the amount of 
WT biofilm also did not show significant differences, compared to that in 
LB-sucrose medium with pH of 7 (Fig. 3B). Furthermore, we observed 
that sucrose also reduced WT biofilm formation even at pH levels of 7, 6, 
and 5 (Fig. 3). Therefore, we hypothesized that the reduction in LB 
biofilm due to sucrose is related to sucrose uptake and not to the acidic 
products from sucrose fermentation.

3.2. The biofilm of the scrA mutant is not decreased by sucrose

Since the gene scrA encodes the protein for sucrose transport in other 
bacteria, the scrA gene in K. pneumoniae STU1 was deleted to create the 
scrA mutant (ΔscrA). To test whether scrA is specific for sucrose utili
zation in K. pneumoniae STU1, we incubated both WT and ΔscrA in M9 
minimal medium with 1 % sucrose as the sole carbon source (M9-su
crose). We observed that ΔscrA showed a growth defect in M9-sucrose 
compared to WT (Fig. 4A). However, the growth curves of WT and 
ΔscrA in M9 minimal medium containing 1 % glucose or fructose as the 
sole carbon source (M9-glucose or M9-fructose) were similar (Fig. 4B 
and C). In addition, to detect acid products after sucrose fermentation, 
we added 0.05 % phenol red in LB with 1 % sucrose (LB-sucrose-phenol 
red). After 4 h of incubation, WT turned yellow while ΔscrA remained 
red for more than 24 h (Fig. 5), showing the scrA is essential for sucrose 
fermentation.

Since these results indicate that scrA is specific for sucrose uptake in 
K. pneumoniae STU1, we investigated whether scrA is involved in the 
reduction of biofilm by sucrose. The biofilm produced by ΔscrA in LB 
with and without sucrose was quantified. The results showed that, un
like WT, the biofilms of ΔscrA in LB and LB with sucrose are not 
significantly different (Fig. 1). However, the complementation of scrA 
restored the phenotype of ΔscrA when incubated in LB with sucrose, 
making it similar to the WT (Fig. S2A), suggesting that sucrose decreased 
biofilm formation via ScrA in K. pneumoniae. Furthermore, like WT, the 
biofilm of ΔscrA was not affected by pH in the medium (LB and LB with 
sucrose) (Fig. 3).

Fig. 6. Sucrose reduced the numbers of K. pneumoniae in C. elegans via ScrA. K. pneumoniae carrying the fluorescence gene (in the pBSK-Km:ZsGreen plasmid) 
was used to feed C. elegans on (A) NGM or (B) NGM with 1 % sucrose. Representative images of bacteria with pBSK-Km:ZsGreen in the gut of nematodes were from 
thrice experiments. WT: K. pneumoniae STU1 wild type, ΔscrA: scrA mutant. (C) The fluorescence levels of 20 worms that had been fed bacteria with pBSK-Km: 
ZsGreen were quantified and then expressed as the average arbitrary units±SD from three independent experiments. Asterisk (*) represents p < 0.05. ns in
dicates no significance. (D) The numbers of WT and ΔscrA in the nematodes from the NGM (No sucrose) and NGM with sucrose (With sucrose) were counted by 
colony-forming unit assay. WT and ΔscrA indicate that bacteria from nematode on NGM. WT + S and ΔscrA + S indicate that bacteria from nematode on NGM with 
sucrose. The symbol # indicates that the comparison between WT and WT + S showed a significant difference. The representative images of colonies in colony- 
forming unit assay were shown in (E).

Fig. 7. Western blotting analysis of MrkA and ManA in K. pneumoniae. (a) 
Bacteria were incubated in LB (lane 1 and 2) or LB with 1 % sucrose (lane 3 and 
4). The total bacterial cell proteins were analyzed by (i) SDS-PAGE followed by 
Coomassie blue staining and by Western blotting using (ii) anti-MrkA antibody 
and (iii) anti-ManA antibody. The molecular weights of MrkA and ManA are 
approximately 21 kDa and 36 kDa respectively. ManA was detected as loading 
control. M indicates protein marker. Representative images are from thrice 
experiments. (b) The intensity of the MrkA bands in Western blotting was 
quantified by Image J and compared to that of ManA. The quantification results 
were expressed as the mean ± SD from thrice experiments. Black bar: LB. White 
bar: LB with 1 % sucrose. WT: K. pneumoniae STU1 wild type (lane 1 and 3). 
ΔscrA: scrA mutant (lane 2 and 4). Asterisk (*) represents p < 0.05. ns indicates 
no significance. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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3.3. Reduction of K. pneumoniae number in the nematode gut by sucrose 
is dependent on ScrA

Since we observed that sucrose reduces the biofilm of K. pneumoniae 
on abiotic surfaces, we explored whether sucrose reduces the number of 
K. pneumoniae in the nematodes. To do this, the plasmid pBSK-Km: 
ZsGreen, which contains green fluorescent gene [29], was introduced 
into both WT and ΔscrA strains. These bacteria were then fed to Cae
norhabditis elegans on both nematode growth medium (NGM) and NGM 
with 1 % sucrose (NGM-sucrose), and the fluorescence emitted from the 
worms was observed after incubation for one day. The results showed 
that the fluorescence intensity emitted from the worms fed with WT with 
pBSK-Km:ZsGreen on NGM-sucrose was lower, compared to that on 
NGM (Fig. 6A, B, C), indicating that sucrose reduced the amount of 
K. pneumoniae in the nematode intestine. To further investigate the ef
fect of sucrose on bacterial growth on NGM, the WT strain was incubated 
in NGM broth with and without sucrose (NGM-sucrose and NGM, 
respectively). The results showed that the growth of WT in NGM was not 
affected by the presence of sucrose (Fig. 2C and D). This implies that 
sucrose did not reduce bacterial number on NGM before entry the 
nematode. However, the fluorescence intensity emitted from the worms 
fed with the ΔscrA with pBSK-Km:ZsGreen strain on NGM-sucrose was 
not reduced, compared to that on NGM. (Fig. 6A, B,C). We further 
examined the effect of sucrose on the number of K. pneumoniae in the 
worms using colony-forming unit assay. After the worms were fed either 
WT or ΔscrA, the bacterial numbers in the nematodes were counted. The 
results showed that the number of WT bacteria in the nematodes was 
reduced when the worms were fed WT on NGM with sucrose, compared 
to when they were fed WT on NGM alone (Fig. 6D and E). However, the 
number of ΔscrA bacteria in the nematodes was not affected by sucrose 
(Fig. 6D and E). These results suggest that ScrA is involved in the 
reduction of K. pneumoniae numbers in the worms in the presence of 
sucrose.

3.4. Sucrose reduces the expression of fimbriae through ScrA

Type 3 fimbriae facilitate bacterial attachment to surfaces. To 
investigate the effect of sucrose on the type 3 fimbrial shaft protein, 
MrkA, Western blotting and RT-qPCR was performed. The results 
showed that the amount of MrkA protein and mrkA transcript in WT 
incubated in LB with sucrose was lower, compared to those in LB alone, 
indicating that sucrose reduced the expression of MrkA in K. pneumoniae 
(Fig. 7 and Fig. S3A). In addition, the amount of MrkA protein and mrkA 
transcript in the ΔscrA strain was not significantly different when 
incubated in LB or LB with sucrose (Fig. 7 and Fig. S3A). This suggests 
that ScrA is involved in the regulation of MrkA production in 
K. pneumoniae by sucrose. Besides, MrkH is a transcriptional activator of 
mrkABCDF and auto-activates mrkH expression [15]. To examine 
whether sucrose regulates the transcription of mrkH, the amount of 
mrkH mRNA in bacteria incubated in LB or LB with 1 % sucrose was 
quantified by RT-qPCR. The results showed no significant difference 
between WT in LB and WT in LB with sucrose (Fig. S3B), indicating that 
sucrose did not affect the transcription of mrkH.

3.5. The cognate EIIAs of ScrA include, but are not limited to, the Crr

It has been reported that ScrA relies on the Crr protein, also known as 
Enzyme IIIA, for the transportation and phosphorylation of sucrose. 
However, this was demonstrated using an E. coli crr mutant and the scrA 
gene of K. pneumoniae [26]. To investigate the role of Crr in sucrose 
uptake by K. pneumoniae, the bacterial growth curve in M9-sucrose and 
the sucrose fermentation of the K. pneumoniae crr mutant (Δcrr) were 
observed. Initially, the Δcrr mutant showed a delay in growth in 
M9-sucrose, but after 9 h, it began to grow rapidly, like being in the 
exponential phase (Fig. 4A). In the sucrose fermentation test, the Δcrr 
mutant did not produce acid from sucrose after incubation for 8 h in 

LB-sucrose-phenol red, but it did so after 13 h. In contrast, the wild-type 
strain fermented sucrose after 4 h (Fig. 5). These results indicate that Crr 
plays an important role in sucrose uptake by K. pneumoniae, particularly 
during the exponential phase. Therefore, Crr is likely the major cognate 
EIIA of ScrA for K. pneumoniae during this phase. However, it is possible 
that there are minor EIIAs that compensate for the role of Crr in sucrose 
uptake by ScrA.

To investigate the impact of Crr on biofilm formation by 
K. pneumoniae, the biofilm of Δcrr incubated in LB was quantified. The 
results revealed a reduction in biofilm in Δcrr, compared to WT in LB 
(Fig. 1). The complementation of crr restored the phenotype of Δcrr 
when incubated in LB with sucrose, making it similar to the WT 
(Fig. S2B). Furthermore, the decreased biofilm was also observed in the 
crr and scrA double-deleted mutant (ΔcrrΔscrA) incubated in LB, 
compared to ΔscrA mutant in LB (Fig. 1). These results indicate that Crr 
promotes biofilm formation by K. pneumoniae in LB. However, in LB with 
1 % sucrose, the biofilms of WT and Δcrr did not show significant dif
ferences (Fig. 1), indicating that Crr did not regulate biofilm formation 
when K. pneumoniae was treated with sucrose. The results also suggest 
that Crr in a sucrose-rich environment does not affect the production of 
type 3 fimbriae, an important factor in biofilm formation by 
K. pneumoniae.

3.6. Sucrose regulates the transcriptional levels of crp via ScrA

Crr positively modulates the activity of adenylyl cyclase (AC), which 
elevates the intracellular cAMP level in K. pneumoniae [23] and E. coli 
[24]. Furthermore, the Crp-cAMP complex positively autoregulates the 
transcription of the crp gene [24,30]. To examine whether crp tran
scription is regulated by sucrose, the amount of crp mRNA in bacteria 
incubated in LB or LB with 1 % sucrose was quantified by RT-qPCR. The 
results showed that the crp transcript in WT was reduced by sucrose. 
However, the effect of sucrose on crp transcription was abolished in 
ΔscrA (Fig. S3C), suggesting that sucrose reduced crp expression via 
ScrA.

3.7. The capsular gene, galF, is controlled by sucrose

The effects of capsular polysaccharide (CPS) on the biofilm of 
K. pneumoniae are varied and controversial. The results of previous 
studies often depended on the studied genes [15]. The gene galF in 
K. pneumoniae is responsible for the translocation and surface assembly 
of CPS and is negatively regulated by CRP [31,32]. Additionally, Crr has 
been reported to negatively regulate galF [28]. Therefore, we examined 
the effect of sucrose on the transcription of galF. After measuring the galF 
transcript in bacteria incubated in LB or LB with 1 % sucrose by 
RT-qPCR, the results showed that the transcriptional level of galF in WT 
was elevated by sucrose, but not in ΔscrA (Fig. S3D). We speculate that 
sucrose increases the K. pneumoniae capsule via ScrA.

4. Discussion

Previous studies have shown that a 1 % concentration of sucrose had 
no effect on some bacteria (staphylococci, P. aeruginosa, Y. pestis) or 
increased biofilm formation in others (streptococci, enterococci, E. coli) 
[2,5–9,33]. However, in this study, sucrose decreased Klebsiella biofilm 
formation (Fig. 1) without reducing bacterial abundance (Fig. 2B). 
These findings demonstrate the diverse responses of bacteria to sucrose. 
In addition, we discovered that ScrA plays a key role in 
sucrose-regulating biofilm formation by K. pneumoniae (Fig. 1). The 
K. pneumoniae scrA mutant did not uptake sucrose (Figs. 4A and 5) and 
did not reduce biofilm formation (Fig. 1). We also found that the shaft 
protein of type 3 fimbriae, MrkA, is negatively regulated by ScrA in the 
presence of sucrose (Fig. 7), indicating that ScrA in the presence of su
crose plays a negative role in type 3 fimbriae and bacterial attachment to 
the surface, thereby reducing biofilm formation by K. pneumoniae. 
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Furthermore, sucrose via ScrA also led to reduced bacterial number in 
the gut of nematodes (Fig. 6).

The spatial interaction between ScrA and the upstream DNA region 
of mrk in the chromosome is believed to be challenging due to the 
membrane protein nature of ScrA [34]. Nevertheless, the presence of 
sucrose in the environment was found to inhibit the production of the 
MrkA protein (Fig. 7), leading us to propose a model to elucidate how 
sucrose diminishes the biofilm of K. pneumoniae. In this model, Crr is 
suggested to act as an intermediary between ScrA and mrkA (Fig. 8). As 
per previous research, Crr positively modulates the activity of adenylyl 
cyclase (AC), which elevates the intracellular cAMP level in 
K. pneumoniae [23]. The increased cAMP level activates the transcrip
tional factor, cAMP receptor protein (CRP), through direct interaction 
[35]. Subsequently, the CRP-cAMP complex triggers the transcription of 
mrkA, leading to heightened type 3 fimbriae production and facilitating 
biofilm formation [23]. Given that Crr is the primary EIIA of ScrA 
(Figs. 4 and 5), we speculate that the level of cAMP is influenced by 
sucrose through Crr. In an environment containing 1 % sucrose, the 
sucrose is transported across the membrane by the EIIC domain of ScrA 
and then phosphorylated intracellularly by the EIIB domain of ScrA, 
which itself has been phosphorylated by Crr [25] (Fig. 8A). In an LB 
medium without sucrose, the phosphoryl groups of ScrA and Crr are 
unable to be transferred to sucrose. Consequently, the phosphorylated 
Crr activates AC to generate cAMP [24], thereby triggering the tran
scription of mrk operon through the CRP-cAMP complex [23] (Fig. 8B). 
As a result, sucrose deficiency or scrA deletion leads to the sustained 
phosphorylation of Crr in LB, leading to increased mrkA RNA transcripts 
(Fig. S3A) and subsequent biofilm formation (Fig. 1). In conclusion, 
sucrose does not directly decrease biofilm formation by K. pneumoniae; 
rather, the production of type 3 fimbriae is activated in an environment 
without sucrose, thereby increasing biofilm formation by K. pneumoniae.

In addition to ScrA (sucrose-specific EIIBC), Crr also serves as the 
cognate EIIA of PtsG, which is the glucose-specific EIIBC in Enterobac
teriaceae [24]. As a result, the composition of LB and NGM does not 
contain glucose, allowing us to observe the effect of sucrose on the 
biofilm of K. pneumoniae STU1 in this study. Furthermore, in a previous 
study, it was observed that 1 % glucose inhibited the production of type 
3 fimbriae and biofilm formation in K. pneumoniae STU1 and 49 
K. pneumoniae clinical isolates [29]. Therefore, it is speculated that the 

roles of Crr in a sucrose-poor environment (Fig. 8A) and in a 
glucose-poor environment are similar, both promoting the synthesis of 
type 3 fimbriae.

K. pneumoniae has been reported to be present in 9–21 % of food 
samples, including raw food, ready-to-eat food, street foods, and drinks 
[36,37]. Sucrose is common in food and can be degraded by sucrase to 
produce glucose and fructose in the intestine [38]. It can be speculated 
that K. pneumoniae decreases the production of type 3 fimbriae and 
biofilm formation in sucrose-rich or glucose-rich environments in the 
intestine. Although the benefits to K. pneumoniae are not clear when the 
biofilm is decreased in the presence of sucrose (or glucose) [29], we 
speculate that this behavior can promote the subpopulation of bacteria 
to move from the old niche to a new one in a rich environment. For 
K. pneumoniae, reducing biofilm in a rich environment also helps avoid 
competition for limited space with other bacteria.
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Fig. 8. The schematic diagram to explain the role of ScrA in sucrose-reducing biofilm by K. pneumoniae STU1. This regulatory model is proposed based on 
combination of the previous and present studies (detail in the text). (a) In the sucrose-rich environment, K. pneumoniae transports the sucrose (white square) into the 
bacterial cell by EIIC domain of ScrA which is located on the membrane. The intracellular sucrose is phosphorylated by EIIB domain of ScrA. The phosphoryl group (p 
in yellow circle) from ScrA to sucrose is received from Crr (The Crr phosphorylates the ScrA). (b) In the sucrose-poor environment or scrA mutant, the phosphoryl 
group stays on the Crr, leading to activating the AC to produce cAMP (blue sector). The binding of CRP with cAMP results in activating transcription of mrk operon 
(mrkABCDF) which encodes the type 3 fimbrial proteins in K. pneumoniae. Therefore, sucrose does not directly reduce the biofilm formation by K. pneumoniae. On the 
contrary, type 3 fimbrial synthesis is increased in the sucrose-poor environment. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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