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Factors controlling development and maturation of
Escherichia coli biofilms
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Biofilms have distinct morphological and biochemical properties that distinguish them from free-living plank-
tonic cells. Bacterial biofilms cause serious health and economic problems when they are found on medical
and industrial devices referring to antimicrobial agents resistance. Microscopic observation, predominantly of
Gram-negative bacteria, has led to a general description of biofilm formation as a temporal process involving tran-
sition through distinct stages of multicellular organization. In addition to morphological descriptions of biofilm
formation, there is also increasing interest in the conjugative gene transfer and the global gene expression that
control biofilm formation. Therefore, in this study, we investigated the biofilm development and maturation by
Escherichia coli (E. coli) harboring the conjugative plasmid, and its capacity to resist various antimicrobial agents.
Furthermore, the minimal gene set, which is required for biofilm formation, was also described to understand the
metabolic pathway and its regulatory network inside biofilm cells.

(I) The important of conjugative F plasmid during E. coli biofilm formation, it has been shown that E. coli har-
boring the de-repressed IncFI and IncFII conjugative F plasmids form complex mature biofilms by using their
constituent F pili connection, whereas a plasmid-free strain forms only patchy biofilms. In this study, we, there-
fore, investigated the contribution of a natural IncF conjugative F plasmid in formation of E. coli biofilms. Unlike
a de-repressed F plasmid, the presence of a natural IncF F plasmid promoted biofilm formation by generating the
cell-to-cell mating F pili between F+ cell pairs (approximately 2-4 pili per cell) and by stimulating the formation
of colanic acid and curli meshwork. The formation of colanic acid and curli was required after the initial depo-
sition of F pili connection to generate a mushroom-type biofilm structure. In addition, we demonstrated that the
conjugative-factor of F plasmid, rather than pilus synthesis function, was involved in curli production during the
biofilm formation, which promoted cell-to-surface interaction. The presence of curli played an important role in
the maturation process. The microarray experiments were performed to identify the genes involved in the curli
biosynthesis and regulation. The results suggested that a natural F plasmid was more likely an external activator
that indirectly promotes the curli production via bacterial regulatory systems (the EnvZ/OmpR two-component
regulators and the RpoS and HN-S global regulators). These data provided new insights into the role of a natural
F plasmid during the development of E. coli biofilms.

(II) F plasmid-mediated F+ X F+ mating during E. coli biofilm formation, the ecological role of plasmid in sessile
bacteria has been largely overlooked and reported, since the conjugative plasmids directly induce biofilm forma-
tion through the expression of conjugative pili. However, the mechanistic role of these factors during biofilm
formation has not been determined in molecular detail. Consequently, the objective of this work was to elucidate
the contribution of F plasmid on global gene expression inside E. coli biofilm cells. By using reverse transcription
quantitative PCR, we showed that the pilus synthesis and mating-aggregate stability genes were highly expressed,
but the DNA transfer, conjugation control and surface exclusion activities decreased to undetectable levels. The
non-conjugative factors were involved in the production of curli and colonic acids. The high mating efficiency
and long pili were observed by electron microscope, indicating F+ X F+ mating, so called F- phenocopies phe-
nomenon. In addition, the F- phenocopies were generated to compare the gene expression patterms with E. coli
biofilm using DNA microarray. The results showed that the biofilm lifestyle, although sharing similarities with
F-phenocopies, triggered the expression of specific sets of genes as well as curli and colonic acid biosynthesis
genes. We concluded that E. coli biofilm maturation is a self-assembly process composed of F- phenocopies sub-
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populations requiring only effective cell-to-cell adhesion. In this case, the pili and mating-aggregate stability of F-
phenocopies play an important role in cell-to-cell interaction. The curli and colanic acids promote and maintain a
complex 3D structure of mature biofilms.

(I) F plasmid-mediated TraMJ signaling during E. coli biofilm formation, the F plasmid of E. coli allows horizon-
tal DNA transfer between an F+ donor cell and an F- recipient. Expression of the pilus genes is tightly controlled
by a number of factors, including the following plasmid-encoded regulatory proteins: TraJ, and the autoregulators

TraM. However, the unusual expression of F pili between two F+ cells (F- phenocopies) has been observed dur-
ing the development of E. coli biofilm. The F+ X F+ mating was resulted from the secondary characteristics of
stationary phase-like sessile bacterial population during the formation of microcolonies. Here, we found that traM
and traJ genes were up-regulated in microcolony biofilm, and later promoted the development of microcolony
to mature biofilm. We then demonstrated that the interaction between traM and traJ involved in the F+ X F+
piliation. The localization of TraMJ expression was found on the substratum inside microcolonies indicated that F
pili are the initial cell-to-cell adhesion. We showed that TraMJ signal were quorum sensing-like molecule. TraM
and TraJ were secreted and assembled outside bacterial cells. In addition, the interaction between TraMJ was
regulated by H-NS from the host cell, and each molecule could be produced from different cells. These indicated
the role of F transfer in adaptive physiology in starved or stationary-phase cells during biofilm development.

(IV) Minimal genes set requirement for E. coli biofilm formation, the concept of integrated high-throughput ex-
periments and computational data analysis of the genome-scale metabolic network is a promising approach to
study cellular functions based on the interaction of the cellular components. Here we reconstructed a novel inte-
grated genome-scale network and minimal gene set of a transcriptional regulatory and metabolic connection during
biofilm formation. The commonly regulated genes have also been identified using the temporal gene-expression
analysis guided by metabolic pathway structure. In addition, we introduced an alternative genetic strategy for
searching either the most important genome-wide profiling of biofilm formation or biofilm-specific regulation us-
ing the engineered reduced-genome E. coli strains. Biofilm formation ability of both large- and medium-deletion
strains (2.4-29.7% and 0.1-2.0% genome reduction, respectively) were investigated, and the temporal gene ex-
pression analysis was performed for the most genome-reduced biofilm-formable E. coli strain (17.6% genome
reduction) during the biofilm formation. The minimal gene set for developing a 3D biofilm structure was ob-
tained, indicating that at least the effective auto-aggregative factors and its regulators must be required during the
development and maturation of the biofilm. Different kind of amino acids was sequentially secreted in each devel-
opmental stage wherein triggering a modification of growth conditions within biofilms. This integrated approach
is able not only to predict the outcomes of growth phenotypes and temporal gene-expression experiments, but also
to indicate knowledge gaps and identify unknown components and interactions during the biofilm formation.

(V) Antibiotic resistance during E. coli biofilm formation, biofilms gain resistance to various antimicrobial agents
at the expense of other protective phenotypes, and the presence of antibiotic resistance genes is thought to con-
tribute to a biofilm-mediated antibiotic resistance. Here we showed the interplay between the tetracycline resis-
tance efflux pumps TetA(C) and the ampicillin resistance gene (bla) in biofilms of E. coli harboring pBR322 in
the presence of the'mixture of ampicillin and tetracycline. E. coli in the biofilms could obtain the high-level re-
sistance to ampicillin, tetracycline, penicillin, erythromycin and chloramphenicol during biofilm development and
maturation, as a result of the interplay between the marker genes on the plasmids, the increase of plasmid copy
number, and consequently the induction of the efflux systems on the bacterial chromosome especially the EmrY/K
and EvgA/S pumps. In addition, we characterized the over-expression of TetA(C) pumps that contributed to os-
motic stress response and were involved in the induction of capsular colanic acid production, promoting formation
of mature biofilms. However, this investigated phenomenon was highly dependent on the addition of the subin-
hibitory concentrations of antibiotic mixture, and the biofilm resistance behavior was limited to aminoglycoside
antibiotics due to the unbalanced influx in biofilm cells. Thus, marker genes on plasmids played an important role
in both resistance of biofilm cells to antibiotics and in formation of mature biofilms as they could trigger specific
chromosomal resistant mechanisms to confer a high-level resistance during biofilm formation.

In summary, the mating F pili between pairs of F+ cells of E. coli are required for formation of the 3D mushroom-
type biofilms as they stimulate colanic acid and curli production. These findings provide a basis for the connection
between natural conjugative gene transfer and biofilm formation. We also succeeded to identify the minimal genes
set for biofilm formation using the engineered reduced-genome E. coli in combination with temporal DNA mi-
croarray and in-silico analysis. This approach provides the alternative strategy to look for the important genes
in each biofilm developmental process, as well as to reveal the minimal genotypic overview of biofilm biology.
Finally we presented that E. coli biofilm could gain high-level resistance to various antimicrobial agents by stim-
ulating efflux pump systems. These secondary phenotypes stimulated high osmotic pressure and then directly
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promoted the progressive development and maturation of biofilms, which makes the biofilm more difficult to treat.
Therefore, the handing of antibiotics must be very careful, and the spread of antibiotics to the environment should
be more concerned.
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HEIZS L DBE, BEREEICHBEL “NIE T4 VE" BBRLUTEET %, AT 2VLE
LTHRELTVWAMEL. HEROME & B2 AR ER D, MENNAL T 1 VELEE
RE BT LICK RRA LR [ ERI UL TWB, FIXE, FR/KEKENDRAT A L. Tk
BORE. KLERSEECT 790 7, BHKBEEORCENBOETRETHD, &5
Iz, BERSFICB VTR, MERREDOS R EEMEMDENICERT 535737 1 VA
Ko THlERBTIEING, —E. "AFT T2 IVLDBEREINDZ &, HFiEWER EOFEANIH L TE,
it (PR OTED 100-1000 £5) 23D, TDE ST, NAF T 4V AERIZKBESFH X
UVEESBHERLICBVWTHROTEETHIN, CThETOMEITETIC. BEHEENRELIZLD
THO. NTAT 4 WAERICHRD 2 BIEFHREESTEAIMNMEE A A= X LOBRICOW TITRERK
oML RENT VWS, MER. BERREICMAEL. TORNERan=—2ER L. #HENIC
LEMETHIALINATT 4 WANEEET 5, TONACET 2 )VAERICE., £ DBIEFHE
HCESELTWRLEZLNT VWS, EHIL. BEKXZBETFOKERLES L T2 HEE
DREBENTVED, BREALHER> TRV, TOXS HEBROHE, AR, BEETSX
I R (F7Z A3 NR) ZBEHEI % Escherichia coli ZF 7T I)IVHIE & UTHW, NI4T 2 )V LORE
BXUBRBICEDE S F FIAI FREE L TWADERET 2720, NAF 7T ¢ )V LERE
FRICBT B, E. coli DEEFHRIRS 0T 7 7 )U% DNA <A 7107 LA Hiffik B TR ERIT
LTW3, £, MAKRFEWEICHT2MHELE DX S ICEBBTZ0H, ZORXHZALIKDN
TEL NS DEBGCFHRBIER L EBRERAVWEERI ORI L TWVS, T B, E. coli ZAWV
TNNAZFT 4 WABRO T DICRBER/NEDS LI ENET THZhZRERNICKREET 5728
u\Wtﬁﬁﬂﬁ%@Gﬁﬁ¥ﬂ%ﬁ%mmfﬂ4i74w%%ﬁ%&%ibko%Bhkﬁmf
J LOFIHESER BRI OV T LM ZERARINZ TW3,
FERXDBZEDOARRILUT O3 1Tk >TV3,

HE1ETIR. AMA T IVAICE > T ERBCENZEERKREFONAL T 4 VD EN SR
LTRRZEH. EROTEBERE AW EORRICOWTE LD LT, ThETOET VSR H
WeNAZ T 4 VAEKICET AMEEE LD TWVD, 51T, E.coli DINA T ¢ )V ILFERKICHE
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53 3EELBLTICOVTERL. FRXDEHNEEBRICOWVTRRTWVWS,

H2ETIE, E coli DA T A VLBRICEBT 2 F 7S5 AI ROBERICOVTRIL TN,
BAMF SSAIFEETS E coli i, ERTHNTERTBELRLORB LIS T 2 VL%
BT 2N FTIAIFEELTWEWVE. coli i, /MR~ raaa——FDNA47 1)V
ULAFER LAV, NAF T 4 VLBRDOA D ZALIE, FHF 75X REET DHE) HEREIC
K OHERLTAEEAL. FD%, colanic acids ® curli #EE L, INLAEEEFE LT=RTH
HINAZT 4 IVLEFKT 5, & CTEENLHIZ., colanic acids @ curli DAEEL. B OMR
EZEDEEMNFEG LT TELBTETH B, R, cutli DERICED LS BB EFHVEELT
WAL ERETT B0, AT £V LEBBRICENT DNA Y1 707 LIk D HERER K
BEFREEN 21T 7. TOHE, FRETFE. EnvZ/OmpR. RpoS. NH-S 7t ¥ OFIHRAT %15
e rBLick D, curli EEOMBALEERFL LTEHWTWA T EERALNMIL TV,
% 3BT, E.coli WNAZ T 2 WL BT 2 DICHRBR/IMEDEBETFEY PR ENEITT
HHDODOERIFLTVWS, COBMEERT 2HIC. BAEEOBETHIR E. coli # (156 £)
DINA AT 4 IV LTEEBERRER. DNA R4 707 LA IK K 2B GCFREFT. 8L IV Ea—%—
IC & BRY /) LA — IV OREEBIERZ1T> T0d, EROEE, E. coli DFDOLY /LD 17.6
EABETIE, AT VLEBRUTEET 2 E.coli M, ED& 3 IcHEME IS 2%
EBTAMICDOVTRAELTWVWS, S AIFpBR3IZ 2#RET S E.colild. ¥ 727UV
LT VY URRET REAT (LB ICHEERIELIZCHZEE) T N174 T 1)V LIBEREED
#ing s L ERR L, OREMERMEEEE SUSAET 2 VLR LD A A= X LI
DWTHEHMICKRE L TW3, REDER. 7hSHY A7V EeT7VEDY YHFET TR, MEAIC
FRETZTIAI FOIC-HEANEINL., REK HICFEET 2FKAHR AR 7 (EmrY/K. EvgA/S)
WEEIEEND, AT, TRIVA TV VEINCK DT I8 70 VERR YT (TetA(C)) &
EbEN., TNICHES T, colanic acids DERMBEE XN, /N F T £ IV LFEREEDEINT 2 T
EERBESME Ui,

ES5ETIE. AHETHELONEREREL. SBOMKRBEOVTELH TV,
TNEDIFERER. BETFREL-\VICEIT S, KBEE Escherichia coli DML /NAZ T 1L
LBEA = ALBKUNAZT £V LHE T 2 REM S A = X L OfEIRICDah 2 EE K
METHy, BEMEMIZEIUCKEETZ2ORBICERT 2L ARKLDZEDHHDZ, £oT
EEZ. HEEEEL (T ORMEREINZ2ERH I LD LED 3,
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