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Abstract
Avian pathogenic Escherichia coli (APEC) is the main pathogens that in�ict the poultry industry. Bio�lm
as the pathogenic factors of APEC, which can enhance the anti-host immune system of APEC and
improve its survival in the environment. In order to screen new genes related to APEC bio�lm. The APEC
strain APEC81 was used to construct a mutant library by Tn5 insertion mutagenesis. Moreover the 28
mutant strains with severely weakened bio�lm were successfully screened from 1500 mutant strains by
crystal violet staining, in which 17 genes were obtained by high-e�ciency thermal asymmetric interlaced
PCR (HiTAIL-PCR). The reported genes including 3 �agella genes (�iS, �iD, �iR), 4 curli �mbriae genes
(csgD, csgA, csgF, csgG) and 3 type 1 �mbriae genes (�mA, �mD, �mC). The novel genes including 3
coenzyme genes (gltA, bglX, mltF) and 4 putative protein genes (yheE, 07045, 11735, 11255). To
investigate whether these 17 genes co-regulate the bio�lm, the 17 identi�ed genes were deleted on APEC
strain APEC81. The result shown that except for the 11735 and 11255 genes, the deletion of 15 genes
signi�cantly reduced the bio�lm formation ability of APEC81 (P < 0.05). The result of rdar (red, dry and
rough) colony morphology showed that curli �mbriae genes (csgD, csgA, csgF, csgG) and other
functional genes (�mC, glxK, yehE, 07045, 11255) affected the colony morphology. Particularly, the
hypothetical protein YehE had the greatest in�uence on the bio�lm. It was predicted to have the same
structure as type 1 �mbria protein. When yehE was deleted, the �mE transcription was up-regulated, �mA
and �mB transcription were down-regulated, resulting in a decrease in type 1 �mbriae. Hence the yehE
mutant signi�cantly reduced the bio�lm and the adhesion and invasion ability to cells (P < 0.05).
Altogether, this study had identi�ed 5 novel genes (gltA, bglX, mltF, yheE, 07045) related to bio�lm
formation and con�rmed that yehE affects bio�lm formation by type 1 �mbriae, which will bene�t for
further study mechanism of bio�lm regulation in APEC.

Introduction
Avian Pathogenic Escherichia coli (APEC) is a highly pathogenic bacteria that can cause local or
systemic diseases in poultry and brings huge economic losses to the poultry industry (Hu et al., 2019).
Bio�lm are heterogeneous congregation of surface associated microorganisms encapsulated consisting
of vast exopolysaccharides, secreted proteins, and DNA that can help bacteria enhance their resistance
and resistance to external environmental pressure (Filloux and Vallet, 2003). Bio�lm renders the
penetration of conventional antibiotics hard and makes the cells less susceptible to the antibiotics (Ito et
al., 2009; Mittal et al., 2015). Moreover, the bio�lm are responsible for causing a broad range of chronic
diseases, and due to the emergence of antibiotic resistance in bacteria it has really become di�cult to
treat them with e�cacy (Roy et al., 2018). The transposon is randomly inserted into the entire bacterial
genome, and random mutations can be performed without obtaining the gene sequence to generate
large-scale mutants, and the phenotype changes of the mutants are screened to reversely identify the
transposon inserted gene (Pang et al., 2017). There is currently no research on screening new bio�lm-
related genes by the Tn5 transposon mutation library in APEC.
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In this study, the Tn5 transposon mutation library was constructed to screen bio�lm-related genes on
APEC81. The selected genes were proved to be involved in bio�lm formation by constructing gene
deletions in wild-type (WT) strain APEC81. The 17 bio�lm-related gene sites were identi�ed not only
con�rmed the importance of the bio�lm-related genes have been reported, but more signi�cant is that 5
novel bio�lm-related genes were identi�ed.

Materials And Methods

Strains, growth conditions and plasmid
The E. coli strains and plasmids used in this study were listed in Table 1. The bacteria were grown at 37°C
or 25℃ in Luria-Bertani (LB) broth or on LB plates containing 1.5% agar. Antibiotics were used at the
given concentration when needed, ampicillin (100 µg/mL), chloramphenicol (30 µg/mL), nalidixic acid
(50 µg/mL).
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Table 1
Bacterial strains and plasmids used in this study

Strain or
plasmid

Relevant genotype and property Source or reference

Escherichia coli strains

S17-1 Random transposon donor cells Biomedal

APEC81 Wild type E. coli (Xue et al., 2020)

APEC81Δ�iS APEC81 �iS mutant strain This study

APEC81Δ�iD APEC81 �iD mutant strain This study

APEC81Δ�iR APEC81 �iR mutant strain This study

APEC81ΔcsgA APEC81 csgA mutant strain This study

APEC81ΔcsgD APEC81 csgD mutant strain This study

APEC81ΔcsgF APEC81 csgF mutant strain This study

APEC81ΔcsgG APEC81 csgG mutant strain This study

APEC81Δ�mA APEC81 �mA mutant strain This study

APEC81Δ�mD APEC81 �mD mutant strain This study

APEC81Δ�mC APEC81 �mC mutant strain This study

APEC81ΔgltA APEC81 gltA mutant strain This study

APEC81ΔbglX APEC81 bglX mutant strain This study

APEC81ΔmltF APEC81 mltF mutant strain This study

APEC81ΔyehE APEC81 yehE mutant strain This study

APEC81Δ07045 APEC81 07045 mutant strain This study

APEC81Δ11735 APEC81 11735 mutant strain This study

APEC81Δ11255 APEC81 11255 mutant strain This study

Plasmids    

pUTmini-Tn5-
Cm

Provide the transposon Tn5 to insert into the
chromosome of the target strain

Biomedal

pKD46 The vector containing arabinose-inducible phage λ Red
recombinase (AmpR)

(Datsenko and
Wanner, 2000)

pCP20 A helper plasmid encoding the FLP recombinase (AmpR) (Datsenko and
Wanner, 2000)
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Strain or
plasmid

Relevant genotype and property Source or reference

pKD3 Chloramphenicol resistance (CmR) cloning vector (Datsenko and
Wanner, 2000)

pSTV28 CmR Cloning vector TaKaRa

pSTV28-yehE Covering the yehE gene This study

Random transposon mutagenesis 
The Tn5 was introduced into APEC strain APEC81 by conjugation from E. coli S17-1 as described
previously with some modi�cations (X. Wang et al., 2015). Brie�y, the recipient and donor cells were
cultured to the mid-log phase, mixed at a ratio of 4:5 (based on optical density at 600nm, OD600), and
�ltered onto a 0.22 µm membrane (EMD Millipore, MA, USA). The �lter was placed on a TSA plate and
incubated at 30°C for 12 h. After incubation, the cells were scraped off the �lter, resuspended in 10 mM
MgSO4, and plated onto TSA supplemented with chloramphenicol (30 µg/ml) and nalidixic acid (50
µg/ml) to select for potential transconjugants. The strains which ampli�ed Tn5 fragments identi�ed by
PCR were identi�ed as the Tn5-disrupted mutant (primer sequences were shown in supplementary
material Table S1).

Screening of random mutants

An assay involving crystal violet staining was used to quantify bio�lm formation of APEC as previously
described (Zuo et al., 2019a). APEC81 and Tn5 transposon random insertion strains were cultured until
they reached the logarithmic growth phase. Then centrifugation at 5500 rpm at 4°C for 10 min to collect
bacteria. Bacteria were washed by LB three times and adjusted to OD600 of 1. Bacteria are diluted 50
times and 200 µL cultures were added to 96 wells plate (Corning Inc., NY, USA) three groups of bacteria
were added in parallel, the LB media was added to 96 well microtiter plates as negative control. The
previous study found that APEC81 strain had a relatively strong bio�lm ability 25℃, so the plates were
incubated static incubator at 25℃ for 48 h. The plates were washed by PBS three times and then dried,
dyed with 0.1% crystal violet for about 20 minutes, poured out the crystal violet, washed by PBS three
times and then dry. The bio�lm was dissolved in 95% alcohol (200 µL per well), and OD595 was detected
by a microplate reader (BioTek, Winooski, VT, USA).

Identi�cation of insertion position of Tn5 transposon

The sites of transposon insertions in the mutants were determined by cloning the Tn5-disrupted genes by
genomic walking. Genomic walking was performed with a genome walking kit (TaKaRa Bio Inc, Dalian,
China) according to the manufacturer’s instructions. Three speci�c primers (SP1, SP2, SP3, see the
supplemental material Table S1) with the same direction and higher annealing temperature were
designed and used for thermal asymmetric PCR with four of them provided in the kit AP1, AP2, AP3, AP4,
which were specially designed and annealed at a lower temperature. Using four pairs of primers, AP1 and
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SP1, AP2 and SP1, AP3 and SP1, AP4 and SP1 and the mutant strain DNA as the template for primary
TAIL-PCR. The product was diluted and used as the template for secondary TAIL-PCR, four pairs of
primers was AP1 and SP2, AP2 and SP2, AP3 and SP2, AP4 and SP2. The product was diluted and used
as the template for the third TAIL-PCR, four pairs of primers were AP1 and SP3, AP2 and SP3, AP3 and
SP3, AP4 and SP3. After purifying the PCR products from agarose gels with the GeneJET gel extraction
kit (Thermo Fisher Scienti�c, MA, USA), the PCR products were sequenced by Sangon Biotech Co., Ltd.
(Sangon, Shanghai, China). The �anking sequences were then BLAST searched against the APEC O78

genome (NCBI reference sequence: NC_020163.1) and other E. coli sequences in the NCBI database to
determine which genes were interrupted by the transposon (http://www.ncbi.nlm.nih.gov/BLAST/).

Construction of deletion strain and complementary strain

The Tn5-disrupted genes were deleted by red homologous recombination technology. Meanwhile, we
constructed deletions from wild strain APEC81. The primer sequences were shown in supplementary
material Table S1. Gene-cm-F/gene-cm-R as primers and pKD3 were used as template, the
chloramphenicol fragment containing homologous arm was ampli�ed and transformed into APEC81
competent cells containing pKD46 plasmid for gene deletion. The positive strains were screened and
detected by gene-out-F/ gene-out-R to detect whether the target gene was replaced by chloramphenicol
fragment, and the pCP20 plasmid was used for antibody elimination, and the results of antibody
elimination were veri�ed by PCR with gene-out-F/gene-out-R and gene-in-F/gene-in-R primers. We
constructed 17 mutant strains. For functional complementation, the DNA sequence covering the yehE
open reading frame was ampli�ed from the chromosomal DNA of APEC81 with the primers C-yehE-F/C-
yehE-R and cloned into pSTV28 to yield the plasmid pSTV28-yehE. The pSTV28-yehE was transformed
into the APEC81ΔyehE, and grown on LB agar plates containing chloromycetin (30 µg/mL). The resulting
yehE complementation strain was named cAPEC81ΔyehE.

Bio�lm forming ability of mutant strains

These deletion strains have similar growth ability to APEC81 by measuring the growth curve (see the
supplemental material Fig. S1). The method in 2.3 was used to detect the bio�lm forming ability of the
mutant strains, and used GraphPad Prism 6 software and SPSS V19.0 software to analyze the difference
between the mutant strains and the wild strain.

Rdar colony morphology

The assay of rdar morphotype was performed with some modi�cations(Wu et al., 2017). In order to see
the expression of curli �mbriae and cellulose macroscopically, strains were grown to the logarithmic
phase (OD600 = 1.0), and then the cells were centrifuged for 10 min at 5500 rpm and 4°C, then the bacteria
were washed twice with PBS and the OD600 was adjusted to 3, 2 µL of bacterial suspension was dropped
onto a salt free LB medium containing 40 µg/ml Congo red (Sangon, Shanghai, China) and 20 µg/ml
coomassie brilliant blue (Sangon, Shanghai, China). The mutants were cultured at 25℃ on the same
plate.
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Prediction of protein function and regulation

The decrease of bio�lm was most signi�cant after the deletion of hypothetical protein YehE gene in 4
putative proteins. To determine the function of the hypothetical protein YehE, the protein-related networks
and protein domains were predicted by String 11.0 (https://string-db.org/) and Phyre2
(http://www.sbg.bio.ic.ac.uk/phyre2/html).

Mutant of hypothetical proteins yehE adherence and invasion assays

After prediction analysis, the hypothetical protein YehE has the same structure as type 1 �mbria protein.
Therefore, we want to further study the in�uence of hypothesized proteins YehE on the adhesion and
invasion to host cells. The Hela cells were used for bacterial adhesion tests, HD11 chicken macrophages
cells were used for bacterial invasion tests as described previously (Crepin et al., 2017; Zuo et al., 2019a).
Hela or HD11 cells were seeded in 24-well tissue culture plates in DMEM containing 15% fetal bovine
serum. APEC81, APEC81ΔyehE and c APEC81ΔyehE strains were grown in LB medium at 37°C to the mid-
log phase of growth (OD600 = 1.0). The cells were rinsed with PBS and infected with both APEC81 and
APEC81ΔyehE at a multiplicity of infection (MOI) of 100 after incubation at 37°C with 5% CO2 for 24 h.
After adhesion for 2 h, cells were washed three times with PBS, then the cells were lysed with 0.5%
TritonX-100. The cell lysate was 10-fold diluted and spread onto LB plates for bacterial counting. For the
invasion assay, DMEM medium containing 100 µg/mL gentamicin was added to the wells for one
additional hour to kill the extracellular bacteria. Bacterial cells were then counted as described above. All
assays were performed in triplicate.

RNA extraction and quanti�cation of gene expression

To study the effect of hypothetical proteins YehE on bio�lm and pathogenicity. The genes affected by the
hypothetical protein YehE were analyzed, including type 1 �mbriae genes �mA, �mB and �mE, which
expression was evaluated by quantitative real time-PCR, as described previously with some modi�cations
(primer sequences were shown in Table S1) (Zuo et al., 2019b). Brie�y, bacteria were grown in LB medium
at 37°C to the mid-log phase of growth (OD600 = 1.0) and total RNA was extracted by TRIzol reagent
(Invitrogen Corporation, USA) according to the manufacturer’s protocol. The RNA was treated with
PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa Bio Inc, Dalian, China) to remove genomic DNA,
and then reverse transcribed into cDNA (complementary DNA). The SYBR Green based two-step qRT-PCR
(TB Green® Premix Ex Taq™ II, TaKaRa Bio Inc, Dalian, China) ampli�cation was performed. Relative
changes in gene expression level were assessed using the 2−∆∆Ct method (Livak and Schmittgen, 2001).
The dnaE gene was used as an internal control. The �nal qRT-PCR data was presented as the means of
three separate experiments.

Statistical analysis
Statistical analyses were conducted using SPSS V19.0 software (SPSS Inc., Chicago, IL, USA). The
student's t-test was used to analyze the data and P values less than 0.05 were considered signi�cant.
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Results

Large scale isolation of bio�lm-defective strains
The bio�lm formation ability of 1500 transposon mutant strains were detected by crystal violet staining.
The results indicated that the bio�lm formation ability of 12 mutants were increased (accounted for
0.8%) (P < 0.05), 1460 mutants (accounted for 97.3%) was no signi�cant difference (P > 0.05) and 28
mutants (accounted for 1.9%) signi�cantly decreased bio�lm formation was observed with mutants
compared with the WT strain (P < 0.05) (Fig. 1 and Fig. 2).

Location of Tn5 inserted sites
The transposon insertion sites were located by HiTAIL-PCR of the genomic DNAs extracted from the 28
mutants, which signi�cantly decreased bio�lm formation. The 17 different insertion sites were identi�ed
from the 28 mutants. The proteins of insertion site genes are classi�ed into six classes, �agellum
(�agellar biosynthesis and structure), type 1 �mbriae, curli �mbriae, metabolic pathways (Coenzymes),
extracellular matrix and other functions (hypothetical proteins) (shown in Table 2). This result reveals
that different mutants have the same transposon insertion sites, �mD (four mutants), �mA (three
mutants), �mC (three mutants), csgD (two mutants), mltF (two mutants), �iR (two mutants), hypothetical
protein 07045 (two mutants). The 17 transposon targeted genes were randomly distributed throughout
the strain APEC81 genome. The locations of these genes in APEC81 were shown in Fig. 3.
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Table 2
Identi�cation of Tn5 transposon insertion sites

Function
group

Strains Gene
name

Locus tag Protein function Decrease
rate of
bio�lm

Flagellum Tn-135 �iS APECO78_13415 Flagellar protein FliS 76.4%

Tn-189 �iD APECO78_13410 Flagellar capping protein
FliD

80.9%

Tn-521

Tn-576

�iR APECO78_13540 Flagellar biosynthesis
protein FliR

74.5%

Curli
�mbriae

Tn-422 csgA APECO78_09180 Curli major subunit CsgA 66.1%

Tn-371

Tn-798

csgD APECO78_09170 DNA-binding transcriptional
regulator CsgD

72.4%

Tn-356 csgF APECO78_09160 Curli assembly protein CsgF 54.4%

Tn-874 csgG APECO78_09155 Curli production
assembly/transport protein
CsgG

52.9%

Type 1
�mbriae

Tn-107

Tn-454

Tn-
1492

�mA APECO78_02710 Major type 1 �mbrial
subunit FimA

83.2%

Tn-74

Tn-238

Tn-
1373

Tn-
1414

�mD APECO78_02725 Type 1 �mbrial outer
membrane usher protein
FimD

86.0%

Tn-757

Tn-788

Tn-
1476

�mC APECO78_02720 Chaperone protein FimC 83.8%

Coenzyme Tn-535 gltA APECO78_06065 Glycerate kinase 64.0%

Tn-054 bglX APECO78_14375 Beta-D-glucoside
glucohydrolase

48.0%
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Function
group

Strains Gene
name

Locus tag Protein function Decrease
rate of
bio�lm

Tn-695

Tn-960

mltF APECO78_16520 Membrane-bound lytic
murein transglycosylase F

68.0%

Hypothetical
protein

Tn-311

Tn-685

None APECO78_07045 Hypothetical protein 61.5%

Tn-080 APECO78_14275 Uncharacterized protein
YehE

35.10%

Tn-842 APECO78_11735 Dimethyl sulfoxide
reductase subunit A

51.3%

Tn-410 APECO78_11255 Putative �mbrial-like
adhesin exported protein

48.5%

Bio�lm formation ability of deletion strains

To con�rm the importance of our identi�ed genes in APEC bio�lm formation, the deletion strains were
constructed by the red homologous recombination method in APEC81. We successfully constructed 17
genes deletion strains in APEC81 (Table 1). These deletion strains were identi�ed by PCR, and the
identi�cation image data was not shown. The bio�lm forming ability of the deletion strains were detected
at 25℃ by the crystal violet staining method. In addition to the 11735 and 11255 genes, the deletion of
other genes signi�cantly reduced the bio�lm formation ability of APEC81 (P < 0.05, shown in Fig. 4).

The selected genes affected the bio�lm to different degrees (as shown in Table 3). The bio�lm weakening
rate was from 4.1–91.0%. Among these deletion strains, compared with the strain APEC81, the deletion of
type 1 �mbriae genes had the greatest effect on the bio�lm (from 82.0–91.0%), the �agellum genes
caused the rate of bio�lm decline from 68.0–81.0%, the curli �mbriae genes caused bio�lm decline in the
range from 60.9–83.4%, the hypothetical protein genes caused the rate of bio�lm decline from 4.1–
34.1%. Among the four hypothetical proteins, APEC81ΔyehEhad the greatest in�uence on the bio�lm,
reducing by 29.6%.
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Table 3
Decrease rate of bio�lm at different mutants
Mutant strains Decrease rate of bio�lm

APEC81Δ�iS 77.1%

APEC81Δ�iD 73.5%

APEC81Δ�iR 72.5%

APEC81ΔcsgA 74.9%

APEC81ΔcsgD 83.4%

APEC81ΔcsgF 76.8%

APEC81ΔcsgG 60.9%

APEC81Δ�mA 87.9%

APEC81Δ�mD 88.9%

APEC81Δ�mC 86.2%

APEC81ΔgltA 58.3%

APEC81ΔbglX 56.2%

APEC81ΔmltF 43.3%

APEC81ΔyehE 29.6%

APEC81Δ07045 25.3%

APEC81Δ11735 7.5%

APEC81Δ11255 5.5%

Rdar colony morphology of mutant strains

The APEC81 stains rdar morphological was investigated on congo red and coomassie brilliant blue agar
plates. The rdar morphology of mutant strains were shown in Fig. 5. The APEC81 was a rdar (red, dry and
rough) colony morphology on the plates, which proved that it could product curli and cellulose production
at 25℃. Compared with APEC81, the strain APEC81△csgA displayed a pink and smooth colony
morphology on the plate, which proved that it lack the expression of curli �mbriae and the expression of
cellulose were weak, APEC81△csgF, APEC81△csgG, APEC81△csgD displayed smooth and white colony
morphology on the plate, which proved that the deletion stains lack the expression of curli �mbriae and
cellulose. The APEC81△�mC, APEC81△glxK, APEC81△yehE, APEC81△07045, APEC81△11255 was a
bdar (brown, dry and rough) colony morphology on the plates, which proved that the deletion stains sole
expression of curli and lack the expression of cellulose. The other deletion genes had no effect on the
rdar morphology, it does not affect the synthesis of curli �mbriae and cellulose.
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Hypothetical protein function prediction

The String and Phyre2 protein prediction software was used to estimate the function and interaction
network of the hypothetical protein YehE. It shown that the protein encoded by yehE has the same
structure as type 1 �mbria protein with 56.6% con�dence (Fig. 6a). Moreover, YehE protein also has an
interactive relationship with the �ber chaperone molecule YehC with 40% con�dence (Fig. 6b).

Mutant of hypothetical proteins YehE decreased bacterial adherence and invasion

As shown in Fig. 6, the mutant of yehE decreased the adherence and invasion of cells by APEC. The
APEC81 strain adhered to the Hela cells at 15.7%, the mutant of yehE signi�cantly decreased the
adherence abilities to Hela cells at 10.5% (P < 0.05, Fig. 7a). In addition, yehE deletion signi�cantly
decreased invasion to HD11 cells from 2.9–1.3% (P < 0.01, Fig. 7b).

Transcription of the type 1 �mbriae major subunit is decreased in the yehE mutant

To test whether the hypothesized protein gene yehE could affect the expression of type 1 �mbriae, the
expression of the type 1 �mbriae was analyzed by qRT-PCR, including type 1 �mbriae major subunit �mA,
�mB and �mE recombinases. Compared to that for the WT strain, the �mA and �mB transcription of yehE
mutant were down-regulated by 2.1-fold and 1.6-fold, respectively. The �mE transcription of yehE mutant
was up-regulated by 1.6-fold (Fig. 8).

Discussion
The selected genes were deleted in APEC81, and the deletion of these genes signi�cantly down-regulated
the bio�lm formation ability of APEC81, and the growth ability shows that their down-regulation of
bio�lm is not caused by reduced growth. Therefore, the reason for the bio�lm down-regulation may be
that these genes are involved in E. coli different systems, which leads to down-regulate bio�lm. Although
there are continuous studies to explore the genes that affect the E. coli bio�lm, there is no study available
to compare the effects of different systems involved in these genes on the E. coli bio�lm. Among the
gene sites that have been identi�ed in this study, 10 reported genes are associated with bio�lm, including
three �agella genes, four curli �mbriae genes, and three type 1 �mbriae genes. The results emphasizes
that the type 1 �mbriae system had the greatest in�uence on the bio�lm, followed by �agella and curli
�mbriae, and other genes screened had less in�uence on the bio�lm than these three systems.

The type 1 �mbriae is encoded by the chromosomally located �m gene cluster which encodes the major
structural subunit (FimA) and several minor components: two adaptor proteins (FimG and FimF), the
adhesion (FimH), two chaperon proteins (FimC and FimD), two site-speci�c recombinases (FimB and
FimE) and the regulator FimI (Blom�eld, 2001). The type 1 �mbriae has been proved was necessary for E.
coli to adhere to non-biological surfaces, and the lack of �mA will reduce the adhesion of E. coli to non-
biological surfaces, the ability of the chaperone FimC and the usher FimD has been proven to be
necessary for the surface localization of type 1 �mbriae in E. coli, which is the main reason why �mbriae
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genes weaken the bio�lm (Per Klemm and Christiansen, 1990; Liyun et al., 2018). The decrease of bio�lm
was most signi�cant after the deletion of hypothetical protein yehE gene in four putative proteins at
37℃. To study the function, the yehE was predicted about their domains and functions by software.
Interestingly, the yehE was considered to be related to type 1 �mbria. The type 1 �mbria operon
expression is governed by a phase-variable promoter (�mS) which is located on a 314-bp invertible
element �anked by two 9-bp inverted repeats (Abraham et al., 1985). Phase-variable expression of type 1
�mbriae is mediated by the inversion of �mS to and from the “on” or “off” orientation. Orientation of �mS
is controlled by the FimB and FimE recombinases (P. Klemm, 1986). By this means, �mE promotes
switching of �mS to the off orientation (from the phase “on” to phase “off”), while FimB mediates
switching in both directions (from the phase “off” to phase “on” and phase “on” to phase “off”), where the
on orientation is favored (Gally et al., 1996; P. Klemm, 1986). When yehE was deleted in WT strain, the
�mE transcription was up-regulated and �mB transcription was down-regulated. This differential
expression promotes inversion of the �mS promoter to the off position. Therefore, �mA transcription is
down-regulated, resulting in weakening of the bacterial bio�lm and weakening of the adhesion and
invasion ability of cells. Moreover, the YehE protein also has an interactive relationship with the �ber
chaperone molecule YehC with 40% con�dence. The yeh operons (including yehA, yehB, yehC, yehD)
encode cryptic but functional �mbriae adhesins which observed that deletion of the yeh chaperone-usher
�mbriae operons did not result in any major effect on E. coli capacity to form bio�lm compared with the
WT E. coli MG1655 strain. The poorly expressed yeh putative �mbriae operons don't contribute to E. coli
adhesion under classical laboratory conditions (Korea et al., 2010). This may partially explain why those
potential �mbriae were not previously identi�ed as adhesion factors. Therefore, it is possible that the
effect of protein YehE on bio�lm and adhesion is mediated by type 1 �mbriae.

The �agellum is the moving organ of bacteria, which plays an important role in the bio�lm of gram-
negative bacteria, and the �agella-mediated movement on bio�lm formation in E. coli has been studied,
and it is mainly involved in contact and adhesion with solid surface (Wood et al., 2006). As the important
structure of �agella T3SS, three genes (�iS, �iD, �iR) are necessary for �agellin output and �agellum-
mediated movement (Minamino, 2014). Curli �mbriae includs 6 proteins CsgA, CsgB, CsgC, CsgE, CsgF,
CsgG (Robinson et al., 2006). Curli �mbriae play an important role in the early stage of bio�lm formation,
also attests that curli participates in cell-cell adhesion and cell-solid surface adhesion in E. coli, and
promotes bio�lm formation. C-di-GMP is a major regulator of bacterial behavior and physiology affecting
motility and bio�lm formation in bacteria (Castiblanco and Sundin, 2018). The c-di-GMP signaling major
target is the transcription regulator csgD, which can activate the expression of amyloid curli �mbriae and
the exopolysaccharide cellulose, and thus participate in bio�lm formation (Li et al., 2019). Therefore, both
the �agella system and the �mbriae system are very important for the adhesion and contact with non-
biological surfaces, which may be the reason for down-regulation of bio�lm formation. Hence, the results
not only enhanced the importance of these genes in the bio�lm regulatory network, but also con�rms the
accuracy of our screening of bio�lm-related genes.

The identi�ed bio�lm-related genes have sites related to metabolism. E. coli produces ATP through
anaerobic glycolysis of sugar and tricarboxylic acid cycle (TCA cycle) to provide energy for life activities,
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such as �agella movement and extracellular protein secretion (Folsom et al., 2014). In Staphylococcus,
the presence of ATP synthase aureus is necessary for bio�lm (Bosch et al., 2020). In S.epidermidis, the
exopolysaccharide facilitating bacterial adherence in a bio�lm is polysaccharide intercellular adhesin
(PIA), environmental changes that inhibited TCA-cycle activity also resulted in a massive derepression of
PIA biosynthetic genes and increased PIA production (Sadykov et al., 2008). The gltA gene encodes
citrate synthase, as the �rst key enzyme in the TCA cycle. Citrate synthase has been considered to be an
important control point for the determination of cellular metabolic rate, the gltA gene affects the TCA
cycle and thus affects the ability of bio�lm formation (De Backer et al., 2018). The periplasm is unique to
gram-negative bacteria, it's a complex structure located between the outer and inner membranes, and
plays an important role in regulating the entry and exit of substances (Scheurwater and Clarke, 2008).
The periplasm contains large amounts of glucose-derived polymers, and these osmotic regulating sugars
have been found to play an important role in the bio�lm formation of E. coli and Pseudomonas
aeruginosa (Mahasenan et al., 2020; Malinverni and Silhavy, 2009). Two coenzymes membrane-bound
lytic transglycosylase F (mltF) and beta-D-glucoside glucohydrolase (bglX) were identi�ed, which related
to glucose derivatives in the periplasm. In Pseudomonas aeruginosa, the substrate pattern of BglX may
be consistent with PSL exopolysaccharides, and both are related to the bio�lm formation, and the
inactivation of bglX reduces the bio�lm formation (Mahasenan et al., 2020). The MltF protein as a newly
named glycosyltransferase, had a similar effect to glycosyl hydrolase and was found to be homologous
to the periplasmic substrate-binding protein of the ABC transporter in E. coli (Madoori and Thunnissen,
2010). In Pseudomonas aeruginosa, the inactivation of the ABC transporter substrate egg gene dppA1
reduces bio�lm formation and delays cell aggregation (Lee et al., 2018). Although these genes have not
been reported to be associated with bio�lm formation in E. coli, it is not di�cult to �nd that these proteins
are involved in the exchange of substances inside and outside the cell membrane, which demonstrates
the importance of membrane surface substances for bio�lm formation.

Among the bio�lm-related genes identi�ed in this study, except for the 10 �agellar system and �mbriae
system genes that have been studied, those other bio�lm-related genes have not been reported in E. coli.
Therefore, these genes can be called the novel gene associated with bio�lm. This study also had
important implications for the formation and elimination of bio�lm in E. coli. However, we have not
completely screened out the systems related to bio�lm formation in this study. For example, the cyclic di-
GMP and quorum sensing genes have not been screened, although they play an important role in bio�lm
formation (L. Wang et al., 2005; Pruss et al., 2006). Moreover, the bio�lm formation-related genes were
screened by 96-well polyethylene plate in this study. The bio�lm mechanism of E. coli on the surface of
non-biological materials is determined by different genes, which may result in different gene was
screened by different screening methods. For instance, different temperatures and different times may
cause different genes to be screened. Our screening strategy was to screen strains with weakened bio�lm,
but we also screen strains with enhanced bio�lm in our study. This may be the direction of our next
research.
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Figures

Figure 1

Analysis of bio�lm formation ability by crystal violet staining. It was signi�cantly decreased in the mutant
strains, as compared to that of the strains APEC81 (P < 0.05). All assays were performed in triplicate and
repeated three times. Differences between mean values were assessed by an unpaired two-tailed
Student’s t test (ns, not signi�cant; *, P < 0.05 represents a signi�cant decrease in bio�lm formation ability
compared with APEC81).

Figure 2

Classi�cation of the Tn5 random insertion mutants based on bio�lm formation ability. Group 1 contains
12 strains, accounting for 0.8%, the bio�lm formation ability of mutants were increased compared with
the strain APEC81. Group 2 contains 1460 strains, accounting for 97.3%, there was no signi�cant
difference between the bio�lm and the strain APEC81. Group 3 contains 28 strains, accounting for 1.9%,
the mutants signi�cantly reduced the bio�lm formation ability compared with the strain APEC81.

Figure 3

The insertion sites were shown on the APEC81 genome (the sequence moves clockwise). The analysis of
insertion sites showed that the insertion hotspots affecting bio�lm were located in the type 1 �mbriae
operon, �agella operon, and curli �mbriae operon (red circle). From the outermost track to the innermost
track, the gene positions and sizes are respectively (red arrow indicates the sequence direction), and GC
skew (green represents GC skew+, purple represents GC skew-), GC content (yellow).

Figure 4
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Bio�lm formation of deletion strains was determined by crystal violet staining. Bio�lm formation on the
96-well plate polystyrene surface after 48 h of incubation at 25°C under steady-state conditions in LB
medium. Bars represent the mean values, with error bars representing SD. Differences between mean
values were assessed by an unpaired two-tailed Student’s t test (ns, not signi�cant; *, P < 0.05 represents
a signi�cant decrease in bio�lm formation ability compared with APEC81).

Figure 5

Colony morphology of the deletion strain on the congo red coomassie brilliant blue plate. The colony
sequence: a. APEC81, b. 81△�iS, c. 81△�iD, d. 81△�iR, e. 81△csgA, f. 81△csgF, g. 81△csgG, h.
81△csgD, i. 81△�mA, j. 81△�mD, k. 81△�mC, l. 81△glxK, m. 81△bglX, n. 81△mltF, o. 81△07045, p.
81△14275, q. 81△11735, r. 81△11255.

Figure 6

Protein prediction results. (a) The prediction result of the protein domain encoded by yehE. The image is
colored in rainbow color order from the N-terminal to the C-terminal. (b) Prediction of related pathways
between the protein encoded by gene yehE and other proteins. The yellow line represents text mining, the
purple line represents experimentally determined, the green line represents gene neighborhood.

Figure 7

Deletion of yehE decreased the adherent and invasive abilities of APEC. (a) Adherence of strain APEC81,
APEC81ΔyehE and cAPEC81ΔyehE to Hela cells. Adherence to Hela cells by APEC81ΔyehE was
signi�cantly reduced compared with APEC81 (P < 0.05). (b) The invasion of HD11 cells by APEC81ΔyehE
was also signi�cantly decreased (P < 0.01). The columns represent the means and standard deviations of
three experiments. P values less than 0.05 was considered signi�cant.

Figure 8

The effect of hypothesized protein gene yehE on transcriptional pro�les of �mA, �mB and �mE.
Compared to that for the APEC81 strain, the mRNA levels of two genes (�mA and �mB) decreased in the
yehE mutant strain. The mRNA levels of �mE increased in the yehE mutant strain. Average (fold change,
normalized to WT) for each transcript (X-axis) are plotted using data from at least three independent
experiments.
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