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Abstract
Biofilms are special microbial communities produced by many microorganisms, such as bacteria, viruses, and fungi. Biofilms 
enable the microorganisms to possess the capacity against a diversity of stressful environments. Yet, biofilm formation often 
causes tough challenges in clinical infections, food quality, and environmental issues, however, the formation mechanism of 
biofilms are still incompletely understood which seriously impedes the development of new strategies to eradicate biofilms 
in different niches. In this study, we sought to explore the regulatory role of manganese  (Mn2+) on small-molecule metabo-
lism of biofilm formation in Escherichia coli (E. coli). Using structural imaging assay combined with precision-targeted 
metabolomics method, to investigate how biofilm formation responded to various concentrations of  Mn2+, we found that 
 Mn2+ could inhibit biofilm formation through the regulation of phenotypic morphology and metabolic reprogramming. 
Collectively, our work discovered 16 differential functional metabolites and associated three metabolic pathways involving 
glycolysis, TCA cycle, and tryptophan metabolism that were changed mostly by  Mn2+ during biofilm formation, which can 
differentiate biofilms from the relevant planktonic cells. Altogether, this study demonstrated that  Mn2+ can inhibit biofilm 
formation to regulate metabolic reprogramming and micro-structure, such effort provides novel insight into the regulation 
of metabolic features of biofilm formation, which enables the development of new strategies to eradicate biofilm formation 
for addressing the challenging problems in different areas by targeting the regulation of  Mn2+ to the biosynthesis and expres-
sions of functional metabolites produced by different microorganisms.

Keywords Biofilms · Manganese · Precision-targeted metabolomics · Imaging assay · Small-molecule metabolism · 
Escherichia coli

1 Introduction

Biofilms are special microbial communities that are pro-
duced by a diversity of microorganisms, such as bacteria, 
fungi, and viruses [1]. Microorganism related biofilms often 
exert high-resistance to the stressful environments due to 
the self-produced unique matrix containing components 

of nucleotides, proteins, and extracellular polysaccharides 
[2–4]. Basically, the biochemical process of biofilm forma-
tion involves reversible attachment, microcolony forma-
tion, and biofilm maturation. When the adhesion becomes 
irreversible, microbial cells shall trigger biofilm formation. 
However, biofilm formation often causes harmful impacts 
in different fields, while biofilms can decrease food quality, 
cause environmental pollution, and even can lead to high-
frequency antibiotic resistance and infectious recurrence in 
clinic [4–6]. Unfortunately, biochemical characteristics of 
biofilm formation remain incompletely understood, even 
though the scientific community has made great efforts on 
the exploration of biofilm formation over past decades. Prior 
to this investigation, we have found that biofilm formation 
can cause greatly metabolic reprogramming as biofilms 
have a unique metabolic pattern compared to their plank-
tonic community [7, 8]. Therefore, capturing differential 
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metabolism is supposed to be a new strategy to further 
explore the formation mechanism of biofilms.

In addition, many metals are vital for the survival of 
microorganisms, because they are necessary for different 

biological processes, including DNA replication, tran-
scription, and respiration, etc.[9]. Metals also play an 
important role in biofilm formation with different micro-
organisms [10–12], while some studies have demonstrated 
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that  Mn2+ can regulate biofilm formation produced by 
several organisms such as Bacillus subtilis, Streptococcus 
mutans and Candida parapsilosis [9, 13, 14].

In the present study, we utilized Escherichia coli (E. 
coli) (UPEC) UTI89 as an organism-model, to investi-
gate the metabolic impact of  Mn2+ on biofilm formation, 
which could form stable biofilms during the infections, to 
induce high recurrence and antibiotic resistance [15–18]. 
When we increased the concentrations of  Mn2+ in the cul-
ture medium, biofilm formation was influenced remark-
ably, the biochemical structure of biofilms was also sig-
nificantly modified by  Mn2+ that gradually tends to the 
phenotype of freely planktonic cells. In addition, we were 
the first to characterize small-molecule metabolism of 
biofilms which was markedly regulated by  Mn2+, while 
glycolysis, tricarboxylic acid (TCA) cycle, and trypto-
phan metabolism were significantly altered. Collectively, 
our findings shall provide novel insight into the meta-
bolic pattern of biofilm formation under the regulation 
of  Mn2+, thus, we can design and develop new strategies 
to eradicate biofilms by the regulation of  Mn2+ to bio-
synthesis and expressions of key functional metabolite 
produced by microorganisms. The study-workflow is 
shown in Fig. 1.

2  Materials and Methods

2.1  Chemicals and Reagents

HPLC-grade acetonitrile, methanol and formic acid were 
purchased from Fisher Scientific Co., Ltd (Shanghai, 
China). LB broth (Luria − Bertani) and LB agar were pur-
chased from Becton Dickinson (Franklin Lakes, USA). 
Distilled water was purchased from Watsons Co., Ltd 
(Guangzhou, China). Casamino acid, yeast extract, mag-
nesium sulfate, and manganese chloride were purchased 
from Sigma-Aldrich Co., Ltd (USA) and they are all of 
the analytical grade.

2.2  Bacterial Strains and Cell Culture

After 12 h LB-agar plate cultivation, one colony of the 
UTI89 strain was further incubated in LB broth for 4 h, then 
the solution was diluted at a ratio of 1:1000 into colony-
forming antigen (CFA) medium (1% casamino acids, 0.15% 
yeast extract, 0.005% magnesium sulfate, and 0.0005% man-
ganese chloride) and incubated for another 72 h at 30 °C to 
trigger mature biofilm formation. For the preparation of cul-
ture medium treated with different concentrations of  MnCl2, 
the analytical compound of  MnCl2 was added to the CFA 
medium at the defined different concentrations, and the left 
procedures were kept the same as the protocol listed above.

2.3  Sample Preparation for Targeted Metabolomics 
Analysis

After 72 h of culture, the planktonic cells were isolated from 
the solutions, and the biofilms were washed with 2 mL of 
PBS solvent for three times. Then, both planktonic cells 
and biofilm solutions were centrifuged at 2000 rpm under 
4 °C for 15 min to collect the pellets. All the pellets were 
dissolved into 2 mL of 80% ice-cold methanol, and the 
mixed solution was homogenized on ice for 2 min (repeated 
for three times). Next, the samples were centrifuged at 
12,000 rpm at 4 °C for 15 min to collect the supernatants. 
The supernatants were further mixed with 800 μL of ice-
cold acetonitrile for 20 min before proceeding to the cen-
trifugation at 12,000 rpm under 4 °C for 15 min. At last, the 
supernatants were gone through a 0.22 μm filter membrane 
(nylon) before lyophilization. The lyophilized samples were 
stored at − 80 °C until metabolomics analysis.

2.4  Targeted Metabolomics Method

Precision-targeted metabolomics analysis can refer to our 
newly developed precision-targeted metabolomics method 
[19–21]. The lyophilized samples were resuspended in 200 
μL of distilled water, and then all the samples were placed 
on a UHPLC sample-tray at 10 °C with a 5 μL-volume 
injection for targeted-metabolomics analysis, which was 
performed on an UHPLC-QQQ/MS system (Agilent 6495 
QQQ, Agilent Technologies, USA; Agilent 1290 Infinity, 
Agilent Technologies, USA) equipped with an ESI source 
with Agilent Jet Steam Technology in both negative and 
positive ion-modes, with a capillary voltage of 4000 V in 
positive mode and 3500 V in negative mode; sheath and 
dry gas temperature were set at 380 °C and 250 °C, respec-
tively; sheath and dry gas flow rate were set at 12 and 16 
L/min, respectively; nozzle voltage and nebulizer pressure 
were set at 1500 V and 20 psi, respectively. UHPLC sepa-
ration of analytical samples was carried out on a Waters 
ACQUITY UPLC HSS T3 column (2.1 × 100 mm, 1.8 μm) 

Fig. 1  The study-workflow illustration to decipher the metabolic 
impact of  Mn2+ on biofilm formation in E. coli. We combined preci-
sion-targeted metabolomics, SEM-TEM imaging, and violet staining 
assay to phenotype the regulatory role of  Mn2+ during biofilm forma-
tion. Changing the concentration of  Mn2+ in culture medium, firstly, 
we observed the structural changes that responded to  Mn2+ treatment, 
by which we can visualize the direct impact of  Mn2+ on biofilm for-
mation; Secondly, violet assay also directly phenotype such role of 
 Mn2+. Thirdly, we collected metabolomics data to identify unique 
metabolites and associated metabolic pathways whose modifications 
and modulations can demonstrate metabolic impact of  Mn2+, which 
pertain the capacity to design and develop new strategy for biofilm 
clearance in different niches from metabolic perspective

◂
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with an optimized gradient-elution program as follows: 
0–2 min, 98% A; 2–10 min, 98–65% A; 10–12 min, 65–20% 
A; 12–14 min, 20–2% A; 14–30 min, 2% A; mobile phase A 
and B were 0.1% formic acid in water and acetonitrile (V/V), 
respectively. The flow rate was set at 0.3 mL/min, and the 
column temperature was kept at 40 °C, while the acquisition 
time was set at 14 min. The dynamic MRM parameters for 
targeted metabolomics analysis involving 240 metabolites 
have been recorded in our preprint publication [19], our 
investigation covered 143 metabolites of interest with qual-
ity metabolite peak-shape and sensitivity (Table S1).

2.5  CFU Measurement

Biofilms were dispersed in cold PBS with manual-homog-
enizer for 10 times with the same physical pressure to col-
lect the free bacterial cells. The biofilm suspensions and 
planktonic cells were used to measure the CFU value. The 
following steps were recorded in a previous publication [20].

2.6  Crystal Violet Staining Assay

Biofilm formation was quantified by crystal violet stain-
ing assay. Briefly, the mature biofilm was washed three 
times with PBS, and then to fix the biofilm by methanol 
for 15 min. After the methanol was vaporized, 100 μL of 
0.01% crystal violet was put into the biofilm and incubated 
at room temperature for 20 min. The dye wells with crystal 
violet were washed for five times with PBS. Bound crystal 
violet was solubilized with 100 μL of 30% acetic acid for 
30 min and then shaken slowly. The OD was measured with 
a microplate reader at the wavelength of 570 nm.

2.7  Scanning Electron Microscopy

Mature biofilms and planktonic cells were fixed in 2.5% 
glutaraldehyde at 4 °C for 6 h. The cells were washed with 
PBS for four times. Then the specimens were dyed with 1% 
osmic acid solvent and subsequently washed with PBS for 
four times. Next, the samples were dehydrated by a gradi-
ent concentrations of ethanol (50%, 70%, 90% and 100%) 
for 10 min at each step. Finally, the dehydrated specimens 
were completely dried and analyzed using scanning electron 
microscopy (SEM) (TESCAN-MAIA3).

2.8  Transmission Electron Microscopy

Mature biofilms and planktonic cells were the first to be 
fixed with 2.5% glutaraldehyde at 4 °C for 6 h. The bacterial 
cells were washed with PBS for four times; the specimens 
were dyed with 1% osmic acid solvent and washed with 
PBS for four times. Then, the samples were dehydrated by 
a gradient concentrations of ethanol (50%, 70% and 90%), 

90% ethanol: 90% propanone = 1:1(V/V), and 90% and 100% 
propanone for 10 min, respectively. After that, the cells were 
fixed with resin with propanone and epoxy at the ratios of 
1:1 and 1:2, respectively, and fixed in a drying oven at 60 °C 
for 48 h. Finally, all the specimens were dissected with an 
ultramicrotome (LEICA EM UC7) and then analyzed on a 
transmission electron microscopy (TEM) (Talos L120C G2).

2.9  Data Analysis and Visualization

The MS raw data harvested from the analytical samples 
were firstly processed with an in-house software Agilent 
Qualitative Analysis, which integrated the peak signals of 
targeted metabolites and generated a three-dimensional data 
matrix with the peak area of the metabolite, metabolite ID 
and sample ID. After the peak area for each metabolite was 
normalized to the CFU value of each sample, the processed 
data were uploaded onto MetaboAnalyst version 4.0 (https ://
www.metab oanal yst.ca/Metab oAnal yst/) [22–24], to imple-
ment partial least-square discriminant analysis (PLS-DA) 
and heatmap overview. Bar plots and all other statistics were 
generated using Microsoft Office (Excel 2013) and Metabo-
Analyst version 4.0.

3  Results

3.1  Mn2+ Regulated Biofilm Formation 
in a Concentration‑Dependent Manner

To decipher the phenotypic features of the biofilm forma-
tion regulated by  Mn2+ in E. coli, structural imaging, vio-
let staining and CFU assay were combined to investigate 
the structure and physiological features of biofilm with the 
exposure to different concentrations of  Mn2+. Expectedly, 
our data indeed showed that  Mn2+ can regulate biofilm 
formation, and the phenotypic changes were observed to 
render an obvious concentration-dependency of  Mn2+, and 
biofilm totally vanished when the addition of  Mn2+ was up 
to 1000-fold of the original medium (Fig. 2). Since notable 
structural changes of biofilm and planktonic cells under 
different conditions were demonstrated in our preprint 
publication [8], thus, structural imaging method was also 
employed to confirm of how  Mn2+ regulates the micro-
structure of biofilm and planktonic population. As we 
expected, the TEM and SEM images completely revealed 
that the fiber-layer, the EPS component, of biofilms treated 
with the defined concentration of  Mn2+ (1000-fold), was 
remarkably eliminated compared to the original culture 
medium, which likely tends to the structure of planktonic 
cells (Fig. 3). This result was similar to that of our previ-
ous studies under different hypotheses and revealed that 
 Mn2+ indeed regulates biofilm formation characterized by 

https://www.metaboanalyst.ca/MetaboAnalyst/
https://www.metaboanalyst.ca/MetaboAnalyst/
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the distinct modifications in the biofilm structure [7, 8]. In 
addition, the violet staining and CFU assay were utilized 
to quantitatively analyze the biofilm formation under vari-
ous concentrations of  Mn2+ and further verified that the 
formation ability of biofilms is significantly impacted by 
 Mn2+ with a concentration-dependent manner (Fig. S1). 
These phenotypic features of biofilms regulated by  Mn2+ 
might suggest that biofilm formation triggered metabolic 
reprogramming is supposed to be regulated by  Mn2+.

3.2  Distinctly Metabolic Modifications Regulated 
by  Mn2+ were Observed in Biofilm Formation

To interrogate the metabolic impact of  Mn2+on biofilm 
formation regulated in E. coli, we analyzed whether meta-
bolic reprogramming of biofilm formation was regulated 
by  Mn2+ or not, via using we newly developed targeted 
metabolomics method [19, 21]. To collect the reliable 
metabolome data, we highly selected the metabolites 

Fig. 2  Phenotypic imaging illustration of biofilm treated with different concentrations of  Mn2+
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whose peak signals were quite high-quality and -repro-
ducible for this study, to investigate how  Mn2+ regulated 
small-molecule metabolism during biofilm formation 
(Table S2). The score plot resulted from PLS-DA analy-
sis and heatmap-overview of metabolome data revealed 
that small-molecule metabolism of biofilms was signifi-
cantly modified by the various concentration of  Mn2+, 
the modifications were dependent on the concentration 
of  Mn2+ in the culture medium, whereas the metabolic 
pattern of biofilms under different concentrations of  Mn2+ 
were obviously distinguished from the biofilms formed 
with original culture medium (Fig. 4). Collectively, 16 
differential metabolites were discovered to phenotypically 
respond to the treatments of  Mn2+ during biofilm forma-
tion (Table S3). These differential metabolites are glucose 
6-phosphate, DL-glyceraldehyde 3-phosphate, pyridoxal 
5′-phosphate (PLP), l-carnitine, l-lysine, citrate, isocitric 
acid, 5′-deoxy-5′-methylthioadenosine (5′-MTA), putres-
cine, tryptamine, serotonin, indole-3-acetic acid (IAA), 
oxidized glutathione, N-acetyl-glutamic acid, and glutam-
inate and aminobutyric acid (GABA). In short, our results 
confirmed that  Mn2+ can modulate bacterial metabolism 
in a concentration-dependent manner, this might be a new 
biochemical mechanism of  Mn2+ to regulate biofilm for-
mation in microorganisms.

3.3  Important Metabolic Pathways were 
Characterized to be Regulated by  Mn2+ During 
Biofilm Formation

To home the differential metabolites to their metabolic path-
ways, so that we could further elucidate the biochemical 
mechanism of these differential metabolites regulated by 
 Mn2+ to impact biofilm formation, open-source database 
(KEGG) and related references were retrieved and summa-
rized to reveal that small-molecule metabolisms involving 
glycolysis, TCA cycle and tryptophan metabolism were 
mostly regulated by  Mn2+ during biofilm formation as most 
of the differential metabolites were homed to these path-
ways (Fig. 5). Therefore, annotation of biochemical func-
tions implicated in these modified metabolic pathways can 
assist in elucidate the metabolic impact of  Mn2+ on biofilm 
formation.

4  Discussion

It was reported that the activity changes of glycolysis play 
a role in biofilm formation, as proteomic analysis of bio-
film-conditioned medium (BCM) and planktonic-condi-
tioned medium (PCM) in Staphylococcus aureus showed 

Fig. 3  Structural imaging illustration of biofilms and planktonic cells 
at pre- and post-treatment with 700-fold  Mn2+ compared to the origi-
nal culture medium. a SEM image of biofilms in original medium. b 
TEM image of biofilms in original medium. c SEM image of plank-
tonic cells in original medium. d TEM image of planktonic cells in 
original medium. e SEM image of biofilms treated with 700-fold 

 Mn2+ compared to the original culture medium. f TEM image of 
biofilms treated with 700-fold  Mn2+ compared to the original cul-
ture medium. g SEM image of planktonic cells treated with 700-fold 
 Mn2+ compared to the original culture medium. h TEM image of 
planktonic cells treated with 700-fold  Mn2+ compared to the original 
culture medium
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differential glycolytic enzymes were discovered, suggesting 
that central metabolic processes are significant difference in 
biofilms and planktonic cells; key metabolic enzyme with 
glycolysis glyceraldehyde-3-phosphate dehydrogenase was 
highly expressed in biofilm produced by Staphylococcus 
xylosus, and other studies also revealed the biochemical 
correlation between glycolysis and biofilm formation in S. 
mutans [25–27]. Interestingly, our data manifested glucose-
6-phosphate, DL-glyceraldehyde 3-phosphate, and PLP, the 
main metabolites of glycolysis, were remarkably changed 
by  Mn2+ control in biofilm formation induced by E. coli 
(Fig. 6a). In fact, glucose-6-phosphate isomerase was proved 
to be important in defense against oxidative stress in Strep-
tococcus equi ssp. zooepidemicus [28]. Moreover, PdxR, 
homologous to the PLP-dependent aspartate aminotrans-
ferases, was found to regulate gene expression in biofilm 
formation in S. mutans, and PdxR-deficient mutant produced 
fewer biofilm [29]. YlmE, an ortholog of YggS, a highly 
conserved PLP-binding protein, was observed to involve 
in biofilm formation and disassembly in E. coli [30].  Mn2+ 
has been noticed to alter glycolysis by the regulation of the 
protein turnover and the reduction of energy production in 
Solanum lycopersicum [31], then microorganisms might 

employ metal-independent glycolytic isozymes to survive 
in a metal-limited environment [32, 33]. In short, metabolic 
reprogramming of glycolysis during biofilm formation in 
this study was confirmed again that  Mn2+ regulates the 
activity of glycolysis to coordinate the energy production 
required for early stage of biofilm formation [28].

The TCA cycle is classified as a signal transduction path-
way that could regulate biofilm formation and antibiotic sus-
ceptibility. Yet, biofilm formation was discovered to be initi-
ated by several TCA cycle intermediates in a FnbA-dependent 
fashion in S. aureus [25, 34]. In our study, citrate, isocitric 
acid, l-carnitine, l-lysine, and 5′-MTA in the TCA cycle were 
mediated mostly by  Mn2+ during biofilm formation (Fig. 6b). 
Sodium citrate was found to promote biofilm formation pro-
duced by S. aureus through inhibiting polysaccharide adhesin 
production and stimulating the interactions between cell and 
surface [34]. In addition, the biosynthesis of carnitine and car-
nitine-dependent transformation of acetyl-coA assist in biofilm 
formation in Candida albicans [35]. Palmitoyl-dl-carnitine 
has also been characterized as an inhibitor of Pseudomonas 
aeruginosa and E. coli biofilm development via affecting mul-
tiple metabolic pathways, motility, and second messenger [36]. 
What’s more, the previous study discovered that 5′-MTA alters 

Fig. 4  Targeted-metabolomics analysis of biofilms treated with various concentrations of  Mn2+. a Score plot resulted from the supervised PLS-
DA analysis of the selected metabolomes. b Heatmap-overview of the selected metabolomes
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the quorum sensing (QS) signal system, and further modu-
lates biofilm formation and virulence in several strains [8]. 
Moreover,  Mn2+ has also been observed to change energy 
metabolism by modulating the activities of various glycolytic 
and TCA cycle enzymes in neural cells [37]. Our finding might 
indicate that  Mn2+ could also interfere TCA cycle and further 
mediate signal transduction to regulate biofilm formation in 
E. coli.

In addition, indole metabolism has been investigated to 
affect biofilm formation but the regulations are unagreeable 
among different microorganisms [38–41]. There is increasing 
evidence to manifest that tryptophan can inhibit biofilm forma-
tion in several microorganisms, such as P. aeruginosa, Crono-
bacter sakazakii, and E. coli through catalyzing into indole and 
suppressing QS system [42–45]. In our results, IAA, serotonin, 
tryptamine, and oxidized glutathione which are closely associ-
ated with tryptophan metabolism, can be regulated by  Mn2+ 
during biofilm formation (Fig. 6c). It has been demonstrated 
that IAA could promote biofilm formation in iacA mutants but 
not the wild type of Acinetobacter baumannii via enhancing 
the expression of IAA-degradative genes [46]; silver-indole-
3-acetic acid hydrazide (IAAH − Ag) complexes were veri-
fied to efficiently inhibit multidrug-resistant clinical isolates 
in biofilms in several organisms [47]. Moreover, 5-HT, a kind 
of gun serotonin, was found to induce the adhesion and inva-
sion of commensal E. coli, but not to affect biofilm formation 
[48]. Intracellular glutathione level was found to be regulated 
by manganese, which was agreeable with our discovery [49]. 
At last, GABA could regulate the lipopolysaccharide (LPS) 
structure and cytotoxicity, which is specific to some strains, 

for example, Pseudomonas fluorescens [50], and GABA only 
affected the early phases of bacterial adhesion [51], which 
might account for our discovery as  Mn2+ regulate GABA to 
yield impact on biofilm formation.

In short, our finding revealed that  Mn2+ could inhibit bio-
film formation through the regulation of glycolysis, TCA 
cycle, and tryptophan metabolism. Next, we shall figure out 
to elucidate the biochemical mechanism of how  Mn2+ regu-
lates these functional metabolites and associated metabolic 
pathways to further intervene biofilm formation in different 
microorganisms.

5  Conclusion

To investigate the metabolic impact of  Mn2+ on biofilm for-
mation in Escherichia coli, we were the first to characterize 
small-molecule metabolism regulated by  Mn2+ during bio-
film formation, using targeted metabolomics method, com-
bined with structural imaging assay. Our data demonstrated 
that  Mn2+ can mediate biofilm formation in a concentra-
tion-dependent manner, then we further precisely character-
ized 16 functional metabolites and associated 3 metabolic 
pathways involving glycolysis, TCA cycle, and tryptophan 
metabolism were mostly changed by  Mn2+ that underlie in 
the biochemical regulation of biofilm formation. Collec-
tively, our finding provides novel insight into the impact 
of  Mn2+ on biofilm formation from a metabolic perspec-
tive, thus, allowing to design and develop novel strategies to 
eradicate biofilm formation in different microorganisms by 
targeting the regulation of  Mn2+ to biosynthesis and expres-
sions of functional metabolites, by which we can address the 
challenging issues related to biofilm formation in different 
niches.

Fig. 5  Functional metabolites and associated metabolic pathways 
were mostly regulated by  Mn2+ during biofilm formation. a Heat-
map overview of the identified functional metabolites. b The mostly 
affected metabolic pathways

◂
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Fig. 6  Qualitative and quantitative characterization of the functional 
metabolites and associated metabolic pathways, whose level changes 
respond to different concentrations of  Mn2+. a Glycolysis and related 

functional metabolites. b TCA cycle and related functional metabo-
lites. c Tryptophan metabolism and related functional metabolites
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