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Abstract
Tricarboxylic acid cycle (TCA cycle) is a central carbon metabolism pathway in prokaryotes and
eukaryotes, and involved in matter metabolism and energy production. Isocitrate dehydrogenase (IDH),
which is a key enzyme in the TCA cycle, participates in the formation of bio�lms in Staphylococcus
aureus by regulating the redox state inside the cell.

At present, it remains to be clari�ed whether IDH is involved in the formation of Bacillus cereus bio�lms.
In this study, we found a gene icdH annotated as encoding IDH in the B. cereus genome, and cloned and
expressed the protein encoded by this gene. The enzyme activity assay showed that the protein had IDH

activity dependent on NADP+, indicating that this gene encoded an IDH. The mutant ΔicdH was obtained
by gene knockout. Phenotypic analysis showed that the bio�lm yield and sporulation rate of the mutant
ΔicdH decreased. To reveal the role of IDH in bio�lm formation, extracellular pH and citric acid content
were measured. The results showed that a B.cereus 0–9 strain that lacked IDH exhibited accumulation of
citric acid and acidi�cation of the extracellular matrix. Given that citric acid is a metal chelator, the
accumulation of citric acid may lead to a lack of metal ions in cells, resulting in reduced cell viability and
affecting bio�lm formation. Consistent with this hypothesis, the addition of excess Fe3+ restored bio�lm
formation in the mutant. These results suggest that IDH in B.cereus may regulate bio�lm formation by
modulating intracellular redox homeostasis. In addition, we found that the icdH deletion of B. cereus 0–9
resulted in the destruction of the stage I of sporulation process, and thus resulted in a reduced
sporulation rate, which was signi�cantly different from sporulation in B. subtilis caused by interruption of
the stage I sporulation process due to icdH loss.

Introduction
During long-term evolution, in response to a variety of environmental stresses, many Bacillus species
have developed various adaptations and adopted protective strategies to improve their survival ability by
sensing changes in the conditions inside and outside the cell, such as swarming motility, metabolic
enzyme production, and bio�lm formation (Bais HP et al. 2004). It has been reported that bio�lms are
special structured bacterial communities with highly organized structures and matrix components
(Branda SS at al. 2001). These cell communities are bound together mainly by an extracellular matrix
that is secreted by itself composed of exopolysaccharide and protein, which are biosynthesized via the
products encoded by the operon epsA-O (henceforth simply eps) and the terminal gene tasA of yqxM-
sipW-tasA operon (henceforth simply sipW), respectively ((Branda SS at al. 2006 and Frances C et al.
2008). Bio�lms are capable of increasing adhesion on biotic and abiotic surfaces, as well as resisting
several kinds of environmental stresses, including nutrient de�ciency and oxidative stress, which
enhances plant root colonization and biological control e�ciency (Ilana KG et al. 2013). Studies have
shown that the formation of bio�lms is a very complex process and the environmental impact is
especially important in this process, for instance, the pH of the environment, nutrient composition,
temperature, osmotic pressure, iron concentration and surface characteristics of the contact medium
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(Tang H et al. 2006). In natural environment, more than 90% of microorganisms exist in the form of
bio�lms. Research on bio�lms has become a hot spot. For instance, Tantan, Gao et al proposed that the
ptsH gene in�uences bio�lm formation; U. Venkateswara Prasad et al suggested that phosphorylation
controls bio�lm formation (Gao TT et al. 2019 and Prasad UV. 2015).

Nitrogen and carbon sources are essential for the survival of bacteria, while the TCA cycle, also known as
the Krebs cycle, is a ubiquitous metabolic pathway in aerobic organisms (Lynne S et al. 2014). Various
important intermediates formed in the pathway provide a large number of biosynthetic carbon sources. In
addition, the thioester bond of succinyl-CoA generated by the two oxidative decarboxylation of TCA cycle
hydrolyzes under the action of succinatethiokinase and generates a large amount of ATP, which provides
energy for the activities of living organisms; the �nal metabolic pathway for three major nutrients (sugars,
lipids and amino acids), crucial for the metabolism and transformation of these nutrients; and the
method of reoxidation of fermentation products, which also has a certain impact on the living
environment of bacteria. IDH is an important enzyme in the TCA cycle that can catalyze the oxidative
decarboxylation of isocitrate to form CO2, H2O, and α-ketoglutarate, and reduce NAD+ or NADP+ to NADH
or NADPH, respectively (Zhang YJ et al. 2018). According to the spatial characteristics, IDH is generally
classi�ed into two types, namely, NAD-IDH and NADP-IDH. IDH is also divided into two types according to
the degree of molecular polymerization: monomers, with a molecular weight of approximately 40-50 kD,
and homodimers, with a molecular weight of approximately 80-100 kD (Kaori S and Yasuhiro T. 2016).
Both monomeric IDH and dimeric IDH play a vital role in bacterial biosynthesis, energy metabolism, and
antioxidant stress. IDH is also a critical intersection point between the TCA cycle and the glyoxylate
shunt. The reversible phosphorylation of NADH-dependent IDH can switch the two pathways by changing
carbon �ow. Furthermore, isocitrate can be catalytically converted to glyoxylate and succinate, and IDH
plays an important role in the glyoxylate shunt (Lv PP. 2017).

It has been reported that in S. aureus, IDH is involved in the formation of bio�lms by regulating the redox
state in vivo (Prasad UV et al. 2015). However, the role of IDH in the TCA cycle in bio�lm formation of B.
cereus remains unknown. We studied the effect of IDH on bio�lm formation in B. cereus 0-9(GenBank:
CP042874.1). B. cereus 0-9 is a gram-positive endophytic bacterium that was isolated from wheat roots
in our laboratory, which is easily cultured, can form strong bio�lms and generate spores in harsh
environments, and exhibits favorable swimming ability. In our published papers, B. cereus 0-9 was shown
to have the ability to control wheat sheath blight, exhibiting potential application value and good control
effects (Zhang JM et al. 2020b). We investigated the relationship between IDH from the TCA cycle and
bio�lms based on gene knockout and complementation, protein induction and puri�cation, enzyme
activity determination and other techniques.

Materials And Methods
Strains, plasmids, media, and growth conditions
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The properties, function and cultured conditions of B. cereus 0-9, E.coli BL21(DE3), E.coli 116(pir+) and
E.coli GM2163(dam-) have been reported in the previous article. The plasmids pMAD, pMADCHI, pET28a
and pAD123-pgal properties and application have also been described in published paper (Zhang JM et
al. 2020c). All strains were stored at -80℃. The mutant strains and complementary strains were routinely
cultured at 30°C in Luria-Bertani (LB) liquid medium (1% peptone, 1% NaCl, 0.5% yeast extract; pH 7.0)
overnight. When necessary, some antibiotics were added to the culture medium at the following
concentrations: 3 µg/ml erythromycin for B. cereus growth or 100 µg/ml ampicillin and 50 µg/ml
kanamycin for E. coli growth (Karen L et al. 2013). The ingredients and proportions of LBS medium which
was used for bio�lm formation experiment was detailed in the published article (Zhang JM et al. 2020a).

Strains construction

The icdH gene (locus: FRY47_22620 deletion mutant strain (ΔicdH) in B. cereus 0-9 was constructed
using homologous recombination strategy (Xu Y et al. 2014). Two fragments for allelic exchange which
were ampli�ed with primeSTAR polymerase (purchased from Takara company) from 0-9 genomic DNA
using primers were digested with the corresponding restriction endonuclease enzyme, and then were
inactivated with metal bath at 80℃ for 10 minutes. Two fragments were linked to the pMAD with
corresponding double enzymes digestion. The pMAD-based plasmid constructs were transferred into the
E. coli 116 receptor state to clone by the heat shock transformation method (Sha J et al. 2011). To verify
the correctness of the cloned DNA fragment, Plasmids were digested by enzymes and ampli�ed by PCR.
The plasmid containing the correct DNA fragment was cloned into E. coli GM2163 by electroporation (1.2
kV, Bio-Rad) (Lu YP et al. 2012). After being puri�ed again, the plasmid was transformed into competent
cells of B. cereus 0–9. After cultured at 30 °C for 1h with 10000rpm, the cells were spread on LB agar
plates. After incubation at 30 °C overnight, the plates were screened for blue and white colonies, and the
correct clones were obtained. All the strains derived from B. cereus 0-9 were constructed according to the
method described above. All primers were listed in Table 1.

Analysis of bio�lm formation

For analysis of solid surface-associated bio�lm formation, the crystal violet staining method with some
modi�cations was used (Si T et al. 2016). A single colony of B. cereus 0–9 and its mutant strain was
inoculated into 5 ml of LB medium and inoculated at 30 °C overnight. About 50 μl of the overnight culture
was inoculated into 2 ml of LBS medium (peptone 10 g, yeast extract 5 g, sodium citrate 1 g, NaCl 5 g,
ammonium sulfate 2 g, MgSO4·7H2O 0.2 g, K2HPO4 14 g, KH2PO4 6 g, and glucose 1 g, in per liter of
distilled water) in glass culture tubes with a diameter of 0.8 cm. The tubes were incubated in an upright
position at 30°C for 7 days before surface pellicles and cultures were carefully removed from the tubes.
The bio�lm culture method of the strain and the speci�c test method were detailed in our previous paper
(Zhang JM et al.2020c). Each sample examination was repeated three times. The same procedure was
used for 24-well polystyrene board for testing of bio�lm.

Confocal laser scanning microscope (CLSM) analysis
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The bio�lms were observed by confocal laser scanning microscopy as previously described with some
modi�cations (Olympus FV1000) (Bayjuinov PO et al. 2018). The bio�lm culture method should refer to
the above method. The difference is that about 50 µl of overnight culture which was adjusted to the same
OD600 value was inoculated into 2 ml of LBS medium in a glass-bottom cell culture dish (Cat. No:
801002; 15 mm, purchased from Benxin Biology). The cell culture dishes were statically cultured in a
horizontal position at 30°C for 6 days. Each sample examination was repeated �ve times. Finally, the LBS
medium was slowly removed with a pipette (Gao T et al. 2015). As the liquid itself contained expressed
�uorescent proteins, the formation of bio�lms could be monitored by CLSM through the bottom of the
cell culture dish. The bio�lm images were analyzed by ZEN lite software (blue edition). Images were
obtained from random positions on the bio�lms formed on the cell culture dish. Confocal stack images
were used to determine the thickness of the bio�lms.

Protein overexpression and puri�cation

The construction of icdH expression vectors and protein puri�cation were followed as our published
article with some modi�cations was used (Zhang JM et al. 2020c). The open reading frame of icdH gene
was ampli�ed from B. cereus 0–9 genome DNA. The correct fragment which had been veri�ed by
sequencing was ligated with the pET28a vector, to obtain the recombinant plasmids. After being veri�ed
by double enzyme digestion, the recombinant plasmid was transformated into E. coli BL21 (DE3). The
recombinant IcdH protein was expressed in E. coli BL21 (DE3) strains according to a previous method
described (Diethmaier et al. 2014). When E. coli BL21 (DE3) which harboured expression plasmids was
cultivated to logarithmic phase, 100 μM isopropyl-β-D-thiogalactopyranoside (IPTG) was added for being
induced for 4 h at 37 °C. The cells were harvested by centrifugation and were lysed by sonication
(Hayashi T et al. 2014). After lysis, the crude extracts were centrifuged at 12,000 rpm for a minimum of
60 min.

Protein puri�cation was based on our previously published method (Zhang JM, 2014c). The puri�ed
recombinant proteins were stored at -20 °C. Protein purity was determined by 12% SDS-PAGE (Kobayashi
M and Takada Y. 2014).

Assay for IDH enzyme activity

IDH enzyme activity was carried out as reported previously with some modi�cations (Ochiai T et al.
1979). The enzyme activity of IDH was carried out at 25 °C in 96-well microplates. 1 ml of enzyme activity
reaction mixture contained 20 mM Tris-HCl buffer (pH 8.0), 1.0 mM DL-isocitrate, 2 mM MnCl2 or MgCl2,
and 1.0 mM NADPH. An appropriate amount of enzyme was added to the reaction mixture at the initial
reaction stage, 200 µl of reaction mixture was added to 96-well microplates. The NADPH curve was
detected at 340 nm with a thermostatted Cary 300 UV-vis spectrophotometer (Varian, USA). The molar
extinction coe�cient was 6.22 mM-1cm-1. The protein concentrations were monitored with a Bio-Rad
Protein Assay Kit (Bio-Rad, USA). Bovine serum albumin was used as a standard. The �nal data was the
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average of at least three duplicates. The amount of enzyme that reduced 1 µmol of NADPH per minute
was considered one unit of enzyme activity.

Determination of citric acid

The citric acid content was determined by using a citric acid content determination kit purchased from
Suzhou Keming Biotechnology Company Limited. (www.Cominbio.com).

Determination of spore rate

The spore ratios of B. cereus 0–9 and its mutant were determined for details as our published article
(Zhang JM et al. 2020b).

Determination of �orescence intensity

The �uorescence intensity of the strain was determined according to a previously reported method (Saeid
H et al. 2016). The B. cereus strain 0-9 and its mutant strain containing the sipW-GFP reporter gene were
incubated overnight in 5 ml of LB medium at 30°C with shaking at 220 rpm. About 1ml of overnight
culture was inoculated into 100 ml of LBS medium and incubated at 30°C with shaking at 220 rpm. After
24 h, the cells were collected by centrifugation at 4°C and 12000 rpm and washed three times with ddH2O,
and then, were suspended in 1 ml of ddH2O. Suspensions with the same OD600 value were added to 96-
well microplates and examined with a microporous plate-type multifunctional detector (blue, 490 nm).
The normalized �uorescence intensity was determined as the ratio of �uorescence intensity to OD600.
Each data point represents the average value of three independent experiments.

Results
The deletion of icdH gene decreases bio�lm formation of B.cereus 0-9

There have been many reports on the role of TCA cycle in Bacillus spp. For example, Wang DX et al
proposed that effects of TCA cycle on the grown and pectinase activity of Bacillus licheniformis DY2 (Du
X et al 2019); Liu ZY et al showed TCA cycle regulated bacitracin production of Bacillus licheniformis
DW2 (Liu ZY et al.2018). However, the reports on the role of isocitrate dehydrogenase in B. cereus are
relatively few until now. Therefore, the icdH, an encoding gene of IDH from B. cereus 0-9, was knocked out
according to the above described double-exchange methods, and the mutant strain ΔicdH was
successfully constructed. The differences in bio�lm formation in LBS medium were particularly
signi�cant when comparing ΔicdH and B. cereus 0-9 (Fig. 1A). The mutant strain ΔicdH showed a 50%
decrease in bio�lm formation compared to B. cereus 0-9 through crystal violet staining, and the results
are shown in Fig. 1B.

At the same time, the microplates-based method was used to observe the phenotype of the solid bio�lms.
Polystyrene 24-well microplates were used in this study (Ф, 15.6 mm, purchased from Corning). It was
observed that when grown in LBS medium, B. cereus 0-9 formed a large amount of �oating bio�lms,

http://www.cominbio.com/
https://pubmed.ncbi.nlm.nih.gov/?term=Hazrati+S&cauthor_id=27161580
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which were closely connected to the surface of the petri dish to form a complete overall �oating object
that was dense and thick. However, the mutant strain ΔicdH produced a small amount of dispersed
bio�lms �oating on the surface of the dish (Fig. 2). The bio�lms produced by B. cereus 0-9 and the
mutant strain ΔicdH on the microporous plates were quantitatively analyzed by a crystal violet staining
assay. The results were consistent with the above results. The mutant strain ΔicdH showed less bio�lm
formation than B. cereus 0-9, displaying only 50% of the biomass of B. cereus 0-9 bio�lms. The above
results showed that the icdH gene deletion decreased bio�lm formation of bacillus cereus 0-9.

Complementention of icdH gene restored bio�lm formation of mutant to the wild type level

From the above bio�lm measurement results, it was clear that, under the same conditions, when cultured
in LBS medium, the amount of bio�lm formed by ΔicdH was much lower than that of B. cereus 0-9.
Therefore, we wondered whether deletion of the icdH gene directly affected bio�lm formation of B. cereus
0-9. we constructed the complementation strain ΔicdH:icdH and determined its bio�lm production. As
shown in Fig. 1 (A), bio�lm formation of the complementary strain was approximately the same as that
of B. cereus 0-9 in LBS medium, which recovered the B. cereus 0-9 levels. The crystal violet staining data
are listed in Fig. 1 (B), which showed that the complementation made up for the bio�lm defects of the
mutant strain ΔicdH. The crystal violet data indicated that the complementary strain made up for the
bio�lm defects caused by the defective strain ΔisdH.

We further veri�ed whether loss of the icdH gene in B. cereus 0-9 caused a reduction in bio�lm formation.
The known IDH gene from the genome of B. subtilis BS168 was cloned using the primers Bs168icdH-
overlap-s/Bs168icdH-a; this gene shared high homology with the gene from B. cereus 0-9. The
complementation strain ΔicdH:icdHBS was constructed as above method. Bio�lm formation experiments
were also carried out in LBS medium. The result was the same as that of the complementary strains
ΔicdH:icdH (Fig. 1A). The amount of bio�lm formation of the complementary strain ΔicdH::icdHBS also
recovered to the B. cereus 0-9 level. The crystal violet staining data of the complementary strain
ΔicdH::icdHBS were similar to those of the complementary strain ΔicdH::icdH, which is not listed here.
Based on the above result, we preliminarily con�rmed that the deletion of isocitrate dehydrogenase(icdH)
of the TCA cycle in Bacillus cereus 0-9 seriously affected the formation of bio�lm.

The deletion of icdH decreased the expression of genes encoding bio�lm components

To further demonstrate the effect of the icdH on bio�lms, the �uorescent transcription fusion reporter
strains 0-9(PsipW) and ΔicdH (PsipW) were obtained. The formation of bio�lms produced by the mutant
ΔicdH and B. cereus 0-9 strains could be quantitatively detected using a microporous plate-type
multifunctional detector (green, 450 nm, GloMax Multi, USA). The �uorescence spectrophotometry results
obtained after the strains were incubated in LBS medium for 10 days are listed in Table 2. Compared with
the �uorescent transcription fusion reporter strain 0-9(PsipW), the GFP �uorescence intensity of the mutant
strain ΔicdH was only 43% that of reporter strain 0-9(PsipW). In addition, the absence of icdH also delayed
the expression of genes related to the bio�lm matrix. Under the same conditions, the GFP �uorescence of
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the �uorescent transcription fusion reporter strain 0-9(PsipW) could be detected for approximately 72 h
under static culture conditions, while the mutant ΔicdH(PsipW) needed approximately 216 h. In the
oscillatory culture, the expression of sipW could be detected in 0-9(PsipW) for approximately 24 h, and the
mutant ΔicdH(PsipW) needed approximately 72 h. The above results suggested the deletion of the icdH
gene was one of the factors leading to the decrease of genes encoding bio�lm components expression.

CLSM observation con�rmed that icdH deletion changes the structure of bio�lms

The bio�lm morphology of the transcription fusion strains 0-9(PsipW) and ΔicdH(PsipW) was observed
under a two-photon laser confocal microscope (Olympus FV1000) 100-fold magni�cation after 120 h of
culture in LBS medium, as shown in Fig. 3. Form Fig. 3(A) and 3(B), it showed that the bio�lms of the
mutant strain ΔicdH that formed at the bottom of the plastic dish were noticeably thinner with numerous
voids, similar to discrete units of bacteria. However, the B. cereus 0-9 strain harboring the GFP reporter
formed a thick layer of uniformly dense bio�lms with porous channels but no obvious voids. Fig. 3(C)
and 3(D) show strati�ed scan diagrams of the bio�lms formed by strain 0-9(PsipW) and the mutant strain
ΔicdH(PsipW). It can be seen that 0-9(PsipW) produced thicker bio�lms than the mutant ΔicdH(PsipW). The
thickness of the bio�lm produced by strain 0-9(PsipW) was approximately 23 µm, while that of the mutant
strain was only 6.72 µm. From the result, it was con�rmed that icdH deletion could change the structure
of bio�lms.

The icdH encoding protein is an isocitrate dehydrogenase

The protein-expressing strain ΔicdH was successfully obtained, and then, induced and puri�ed according
to the above experiment method. As shown in Fig. 4, the pure protein was approximately 46 kD in size.
The protein concentration was measured with the BSA-Bradford analysis method (Silvério SC et al. 2012).
The activity of the newly puri�ed enzyme was tested for 1 h according to the method described above for
determination of IDH activity. When the puri�ed protein concentration was 1.46 mg/ml, and the average
enzyme activity in an hour was 0.86 U/ml. However, the activity of the inactivated control protein at the
same concentration was only 0.15 U/ml under the same conditions. When the protein stock was diluted
by a factor of 10, the enzyme activity was still 0.78 U/ml. On the basis of the above results, we found that
the ICDH protein had the activity of IDH from the TCA cycle. The enzyme activity remained stable for
approximately 24 h. We con�rmed that the missing gene in the mutant strain, icdH, was the encoding
gene of IDH from the TCA cycle in B. cereus 0-9.

IDH de�ciency blocks the TCA cycle and causes citric acid accumulation

The absence of icdH resulted in the downstream steps of the TCA cycle not proceeding normally, which
would severely affect many metabolic processes in vivo. To verify this result, exogenous α-ketoglutarate
acid at 0.001% was added to the mutant strain ΔicdH cultured in liquid LBS medium. As we expected, the
bio�lm formation of the mutant strain ΔicdH restore to the level of B. cereus 0-9 to a certain extent. The
results are shown in Fig. 5. The result fully demonstrated the important of icdH gene in the TCA cycle, and



Page 9/24

the deletion of icdH gene resulted in the blocking of downstream routes, thus affecting the formation of
bio�lm in the strain.

We speculated that the absence of icdH also led to the accumulation of large amounts of upstream citric
acid while blocking the normal downstream route of the TCA cycle. The pH values of the B. cereus strain
0-9 and the mutant strain ΔicdH cultured statically in LB and LBS media for 4 days at 30°C were tested.
The results are listed in Fig. 6. As expected, whether cultured in LB or LBS medium, the medium of the
mutant strain ΔicdH had a lower pH value, even though the LBS medium contained a buffer system. To
further con�rm our hypothesis, the citric acid content in the medium was determined using a citric acid
assay kit. Under the same conditions, the citric acid content of the B. cereus strain 0-9, which was
statically cultured in LBS medium for 4 days at 30°C, was 3.889 µM/L, while the citric acid content of the
mutant strain ΔicdH was 11.944 µM/L. The citric acid content in the LBS medium in which the mutant
strain ΔicdH was incubated was nearly three times as high as that in the B. cereus 0-9 medium.

The above results were completely consistent with our hypothesis, it was showed that the damage of
icdh gene in the TCA cycle leaded to the amounts of citric acid, which changed the pH value of the culture
environment and inhibited the formation of bio�lm.

Supplementation of excess Fe3+ can restore bio�lm formation in icdH mutants

The lack of metal ions in cells would result in reduced cell viability and affect bio�lm formation. Citric
acid is a good chelating agent and can chelate with metal ions. The accumulation of citric acid may lead
to increased iron ion chelation, resulting in a rapid decrease in the concentration of metal ions in the
medium. To explore this hypothesis, different concentrations of exogenous iron ions were added to the
LBS medium. Under the same culture conditions, bio�lm formation experiments of B.cereus strain 0-9
and the mutant strain ΔicdH were performed. The results are shown in Fig. 7. From the results, it can
clearly be seen that the addition of exogenous iron ions at different concentrations led to different
degrees of recovery defects in the formation of bio�lms of the mutant strain ΔicdH.

IDH affects the sporulation of Bacillus cereus

In our previously studies, we found that the deletion of SodA1 could delay the spore formation of
B.cereus, which suggested the level of ROS played an important role in the regulation of spore
differentiation initiation (Zhang JM et al. 2020b). Therefore, we want to explore whether the function and
activity of Redox related enzyme would affect spore formation. According to literature reports, after the
icdH gene was knocked out in B. subtilis, the spore production rate of the mutant strain was nearly few
(Wang H. et al. 2017). Therefore, the sporulation of the mutant strain ΔicdH was tested. The test result is
listed in Figure 8. To our surprise, the spore production rate of the mutant strain ΔicdH was only second
that of B.cereus 0-9. Under the same culture conditions, the spore production rate of the mutant strain
ΔicdH reached 63.63%. However, the sporulation rate of B. cereus 0-9 was only 80.54%. According to this
result, the roles of the icdH gene in B. subtilis was very different in that of B. cereus.
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Discussion
In this report, we found for the �rst time that the icdH gene from the TCA cycle of B.cereus 0-9 affected
bio�lm formation. Under certain conditions, ΔicdH, a mutant lacked the icdH gene, produced very little
bio�lm when cultured in LBS medium compared with B. cereus 0-9. First, it was speculated that loss of
icdH might affect the normal growth of the strains, causing differences in bio�lms. To test this
hypothesis, the growth of B.cereus 0-9 and ΔicdH in LB and LBS media was monitored, but the growth
curves of the two strains showed no differences. It is well known that in the TCA cycle, citric acid can be
isomerized to form isocitric acid, which can form α-ketoglutaric acid under the action of IDH, and then, the
cycle continues via subsequent steps. It was hypothesized that the absence of icdH might cause the
failure of conversion of isocitric acid to α-ketoglutaric acid. And then, different concentrations of
exogenous α-ketoglutaric acid were directly added to the LBS medium. Consistent with our prediction, the
mutant strain showed restoration of the level of bio�lm production to that of B. cereus 0-9 in LBS
medium. The results fully demonstrated the importance of the icdH gene in the TCA cycle, and deletion of
the icdH gene resulted in the blockade of downstream routes, thus affecting the formation of bio�lms by
the strain.

In addition, it had been reported that most bacteria needed a pH range of 7.0-8.0 to form bio�lms (Gao TT
et al. 2019 and Ilana KG et al. 2013). The accumulation of large amounts of citric acid may resulted in a
change in pH in the culture environment and affected the formation of bio�lms. The results of pH
monitoring and citric acid content determination in the culture medium of B. cereus 0-9 and ΔicdH fully
indicated that damage to the icdH gene from the TCA cycle led to citric acid accumulation, which
changed the pH value of the culture environment and inhibited bio�lm formation.

Iron ions are important for the function of heme-containing cytochromes, which play a crucial role in the
respiratory organs of bacteria, and thus affecting the vitality of the cell (Gaballa et al. 2008). It has been
shown in the literature that the bacterial cellular respiration chain affects the production of the bacterial
bio�lm matrix (Prasad UV et al.2015). Iron ions are an important component of the respiratory system,
and the concentration of iron ions affects the cellular respiration chain function of the bacteria; therefore,
the concentration of iron ions also affects the production of the bacterial bio�lm matrix (Sarah DB et al.
2018). The literature suggests that a high concentration of Fe3+ is bene�cial to the production of the
bio�lm matrix of bacteria, thus promoting bio�lm formation (Ilana KG et al. 2013). However, a low
concentration of iron ions may cause the loss of pigment function in cells, leading to impaired cellular
respiration, thus reducing bio�lm matrix production and bio�lm formation. After adding different
concentrations of exogenous Fe3+ in the LBS medium, the recovery of bio�lm of ΔicdH demonstrates
deletion of icdH leads to the accumulation of citric acid, chelating a large of number Fe3+ and disrupting
the normal operation of the respiratory system in the bacteria, and affects the bio�lm formation. However,
does Fe3+ affect bio�lm formation through respiration in B.cereus? or how exactly? We don’t know yet.

It has been reported that when icdH is deleted from the TCA cycle in S. aureus, the production of NADPH
is hampered, which affects the redox balance in the cell, leading to impaired bio�lm formation (Prasad
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UV et al. 2015). Additionally, it is reported that the spore formation process needs four stages, and the
�rst major structural change in spore formation is misdivision (Liu Y et al. 2005). There are a lot of
literatures that suggest the level of ROS played an important role in the regulation of spore differentiation
initiation (Passalacqua KD et al. 2006). We hypothesized the deletion of icdH affected the intracellular
redox balance, which could be the reason for the damage of spore formation in stage I. However, it has
also been reported the pH value of the culture also affects the spore formation (David S. 1995). We
cannot rule out that the deletion of icdH causes culture acidi�cation that affects the spore differentiation
initiation. We tried to �nd evidence that icdH deletion in B. cereus affects the imbalance, which will be
con�rmed in our subsequent research and also be con�rmed in the future.

Conclusions
B. cereus 0-9 is a widely distributed and strongly adaptable potential biocontrol strain. We found that the
deletion of icdH encoding IDH in the B. cereus 0-9 genome severely affected the formation of bio�lms.
Fluorescence and CLSM assay results of fusion reporting strains showed that the loss of icdH also
delayed the initiation time of B. cereus 0-9 bio�lm formation and changed the morphology of the
bio�lms.Our evidence indicated that the absence of IDH in the TCA cycle led to the accumulation of citric
acid, which changed the acidi�cation of the culture environment of the strain. Furthermore, because of
the chelation activity of citric acid, which hindered the normal absorption of metal ions inside bacteria,
resulting in reduced cell viability and affecting bio�lm formation. The above result showed that IDH from
the TCA cycle may regulate bio�lm formation by regulating the intracellular redox balance. In addition, we
found that when IDH was lost in B. cereus 0-9, the sporulation rate was reduced, which was signi�cantly
different from the stagnation of sporulation observed in B. subtilis due to interruption of the stage I
sporulation process caused by icdH loss.
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Tables
Table 1 Primers used in this study

Primer Sequence 5′→3′end

icdH-up-BamHI-s

icdH-up-XhoI-a

icdH-d-XhoI-s

icdH-d-EcoRI-a

icdHpro-lap-MluI-s

icdHpro-lap-a

icdHorf-lap-s

icdHorf-lap-XhoI-a

PicdH-EcoRI-s

PicdH-overlap-a

168icdH-overlap-s

168icdH-XhoI-a

ACACGGATCCCGCTTGTACTTCATGCAGATCA

CACACTCGAGGGTACATTCATAACACCATTAG

ACACCTCGAGATTAAAAACATGGATGTAGCGA

CACAGAATTCTCATTTCAACTAAAGAAGCTGC

ACACACGCGTGATTAGAAACTTTGAAAAGTTAC

GTCAATGTGATAACCCCCATGACATTCTCTCCTTTTCCTGAAAATTC

CAGGAAAAGGAGAGAATGTCATGGGGGTTATCACATTGACGAC

CACACTCGAGTTATGCGTTTTTGATTATCGCTAC

ACACGAATTCGATTAGAAACTTTGAAAAGTTAC

ATTTTTTCACCTTGTGCCACCATGACATTCTCTCCTTTTCCTGA

GAAAAGGAGAGAATGTCATGGTGGCACAAGGTGAAAAAATTACAG

CACACTCGAGTTAGTCCATGTTTTTGATCAGTTC

icdHcom-XhoI-a

icdHorf-28a-BamHI-s

gfp-Xhol-a

PsipW-BamHI-s

PsipW-gfp-a

gfp-PsipW-s

 

icdHcom-XhoI-a

icdHorf-28a-BamHI-s

CACACTCGAGTTATGCGTTTTTGATTATCGCTAC

ACACGGATCCATGACGACAGGTGAAAAAATTACTG

 

CACACTCGAGTTATTTGTATAGTTCATCCATGCCA

CACAGGATCCGTGAAAGTAATAAGTGTTGGGA

AGTTCTTCTCCTTTACTCATCGTCTCTCTCCCTCTCCGTTGTTTTA

AACGGAGAGGGAGAGAGACGATGAGTAAAGGAGAAGAACTTTTC

AC

CACACTCGAGTTATGCGTTTTTGATTATCGCTAC

ACACGGATCCATGACGACAGGTGAAAAAATTACTG
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Table 2 The �uorescence intensity of transcription fusion strains 0-9(PsipW) and ΔicdH(PsipW).

Bacteria Name Fluorescence Intensity

The B.cereus 0-9 7.923
e2±0.008                                                                                                                       

The B.cereus 0-9 harboring GFP
reporter

8.621 e3±0.15                                                                              

The mutant ΔicdH harboring GFP
reporter

3.704 e3±0.15

Each data represents the average value of three independent experiments.

Figures
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Figure 1

The amount of bio�lm produced in the glass tubes by B.cereus 0-9 and mutant strain ΔicdH when
cultured in LBS medium for 5 days. 1: B.cereus 0-9 2: Blank 3: ΔicdH 4: ΔicdH::icdH 5: ΔicdH::icdHBS.
Notes: (A) The developed results of the strains in the membrane of glass. (B) The crystal violet staining
results of the bio�lm corresponding to the tested strains. Each bar represents mean and standard
deviations of the mean of all the measurements
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Figure 2

Bio�lm morphology diagrams of the transcription fusion strains 0-9(PsipW) and ΔicdH (PsipW). A: 0-
9(PsipW) B: ΔicdH (PsipW) C: Strati�ed scan diagram of bio�lms of strains 0-9(PsipW) D: Strati�ed scan
diagram of bio�lms of strains ΔicdH(PsipW).
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Figure 3

Bio�lm morphology diagrams of the transcription fusion strains 0-9(PsipW) and ΔicdH (PsipW). A: 0-
9(PsipW) B: ΔicdH (PsipW) C: Strati�ed scan diagram of bio�lms of strains 0-9(PsipW) D: Strati�ed scan
diagram of bio�lms of strains ΔicdH(PsipW).
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Figure 4

SDS-PAGE of puri�ed His-tagged IDH protein. Line 1: Marker proteins. Line 2: the puri�ed protein. Line 3:
the crude extracts of protein.
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Figure 5

The bio�lm results produced by B. cereus 0-9 and the mutant strain ΔicdH in LBS and LBS medium
supplemented with 0.001% α-ketoglutaric acid. 1: B. cereus 0-9. 2: Blank. 3: the mutant strain ΔicdH. 4:
ΔicdH∷icdH. 5: ΔicdH∷icdHBS.
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Figure 6

The pH values of LB(A) and LBS(B) medium under different conditions for B. cereus 0-9 and the mutant
strain ΔicdH. ■: the OD600 value of B. cereus 0-9 ●: the OD600 value of the mutant strain ΔicdH □: the
pH value of B. cereus 0-9 ○: the pH value of the mutant strain ΔicdH
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Figure 7

The bio�lm results produced by B.cereus 0-9 and the mutant strain ΔicdH in LBS and LBS medium
supplemented with different concentration of ferric chloride.1: B.cereus 0-9. 2: CK. 3: the defective strain
ΔicdH. A: Bio�lm cultured in LBS medium B: Bio�lm cultured in LBS+50µMFeCl3 C: Bio�lm cultured in
LBS+150µMFeCl3 D: Bio�lm cultured in LBS+250µMFeCl3
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Figure 8

Spore production rate of B.cereus 0-9 and the mutant strain ΔicdH 1: B.cereus 0-9 2: the mutant strain
ΔicdH


