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ABSTRACT Types 1 and 3 fimbriae in Enterobacteriaceae play versatile roles in bac-
terial physiology including attachment, invasion, cell motility as well as with biofilm
formation and urinary tract infections. Herein, we investigated the prevalence and
transmission of plasmid-mediated types 1 and 3 fimbriae from 1753 non-duplicate
Enterobacteriaceae from diseased food Animals. We identified 123 (7.01%) strong
biofilm producers and all was identified as E. coli. WGS analysis of 43 selected strong
biofilm producers revealed that they harbored multiple ARGs, including ESBLs, PMQR
and mcr-1. The gene clusters mrkABCDF and fimACDH encoding types 1 and 3 fim-
briae, respectively, were identified among 43 (34.96%) and 7 (5.7%) of 123 strong
biofilm isolates, respectively. These two operons were able to confer strong biofilm-
forming ability to an E. coli weak-biofilm forming laboratory strain. Plasmid analysis
revealed that mrk and fim operons were found to co-exist with ARGs and were pri-
marily located on IncX1 and IncFII plasmids with similar backbones, respectively.
mrkABCDF operons was present in all of 9457 Klebsiella pneumoniae using archived
WGS data, and shared high homology to those on plasmids of 8 replicon types and
chromosomes from 6 Enterobacteriaceae species from various origins and countries.
In contrast, fimACDH operons was present in most of Enterobacter cloacae (62.15%),
and shared high homology to those with only a small group of plasmids and
Enterobacteriaceae species. This is the first comprehensive report of the prevalence,
transmission and homology of plasmid-encoded type 1 and 3 fimbriae among the
Enterobacteriaceae. Our findings indicated that plasmid-encoded mrkABCDF and
fimACDH were major contributors to enhanced biofilm formation among E. coli and
these two operons, in particular mrk could be as a potential anti-biofilm target.

IMPORTANCE Biofilms allow bacteria to tolerate disinfectants and antimicrobials, as well
as mammalian host defenses, and are therefore difficult to treat clinically. Most research
concerning biofilm-related infections is typically focused on chromosomal biofilm-associated
factors, including types 1 and 3 fimbriae of biofilm-forming Enterobacterium. However,
the transmission and homology of the mobile types 1 and 3 fimbriae among Entero-
bacteriaceae is largely unknown. The findings revealed that the plasmid-encoded type 3
fimbriae encoded by mrkABCDF and type 1 fimbriae encoded by fimACDH were major
contributors to enhancing biofilm formation among strong biofilm E. coli from diseased
food producing animals. Additionally, mrk operon with high homology at an amino acid
sequence was present both on plasmids of various replicon types and on chromosomes
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from diverse Enterobacteriaceae species from numerous origins and countries. These findings
provide important information on the transmission of the mobile types 1 and 3 fimbriae
among Enterobacteriaceae, indicating a potential antibiofilm target.

KEYWORDS biofilm, Type 1 fimbriae, Type 3 fimbriae, plasmid-mediated, Escherichia
coli, food animal

Biofilms are structured consortiums of embedded bacteria that are a survival strategy for
many bacterial and fungal species, and are an adaptive response to constantly changing

and potentially hostile environments (1). The biofilm lifestyle allows the bacteria to tolerate
disinfectants and antimicrobials, as well as mammalian host defenses, and are therefore diffi-
cult to treat clinically (2, 3). Biofilms that form within the host have been implicated in seri-
ous and persistent infectious diseases including urinary tract infections (UTI), cystic fibrosis,
and endocarditis (4). In the environment, biofilms can serve as reservoirs for pathogens and
can contaminate surfaces and the water environment (5). Furthermore, biofilms are also
involved in food contamination of fresh fruits and vegetables as well as animal-derived food
products (4, 6, 7). Hence, it is critically important to explore the potential molecular mecha-
nisms associated with biofilm formation and to design or screen antibiofilm molecules with
the goal of minimizing and eradicating biofilm-related infections.

Most current research concerning biofilm-related infections is typically focused on
chromosomal biofilm-associated factors of biofilm-forming bacteria (8, 9). Interestingly,
several studies have also reported that conjugative plasmids can promote biofilm formation
on abiotic substance through the formation of surface fimbriae (10–12). Pili or fimbriae play
versatile roles in bacterial physiology, and these can be associated with attachment, inva-
sion, and cell motility, as well as with biofilm formation (13, 14). In particular, the gene clus-
ters that encode types 1 and 3 fimbriae in Enterobacteriaceae members are not only chro-
mosomally encoded but also on plasmids. The first plasmid-borne type 1 gene cluster was
found on an IncFII plasmid (pE110019_66) from an atypical Enteropathogenic Escherichia
coli isolate (15). Subsequently, our laboratory identified a similar plasmid-borne type 1
fimbriae cluster fimACDH that could promote biofilm formation and was confirmed using
the novel EZ-Tn5 transposon technique (11).

There is currently a paucity of information regarding the prevalence and distribution of
plasmid-encoded type 1 fimbrial gene in the Enterobacteriaceae. However, the first plas-
mid-borne type 3 fimbriae encoded by the mrkABCDF operon was identified as the IncX1
plasmid pOLA52 from a pig E. coli isolate in Denmark (10, 16). This operon was found to
enhance biofilm formation and likely was mobilized by a composite transposon Tn6011,
from the chromosome of Klebsiella pneumoniae onto the IncX1 plasmid. The mrkABCDF
operon has since been found in the chromosome for other Enterobacteriaceae as well as on
conjugative plasmids (17, 18).

These data have indicated that type 1/3 fimbriae-encoding gene clusters can be located
on conjugative plasmids and this could accelerate the spread of these two operons among
Enterobacteriaceae members. In this present study, we investigated the biofilm forming abil-
ities and drug susceptibilities in a large collection of Enterobacteriaceae isolates from dis-
eased food producing animals. We further explored the prevalence, function, evolution, and
transmission of plasmid-encoded type 1/3 fimbriae.

RESULTS
Biofilm formation and antimicrobial susceptibility. We examined a total of 1,753

Enterobacteriaceae isolates for biofilm formation in Luria Bertani (LB) medium using crystal
violet staining. We found that 123 (7.02%) were strong-biofilm forming (OD590 $ 0.38)
strains, and all these were identified as E. coli. There were 100 (5.7%) isolates that were con-
sidered moderate-biofilm formers (0.19 # OD590 , 0.38), and the remaining 1,530 isolates
(87.28%) were weak or non-biofilm producers (OD590 # 0.095). The strong biofilm producers
were grouped across three time periods (2002–2010, 2010–2018, 2019) with a prevalence of
7.19% (41/570), 6.77% (31/458), and 7.02% (51/725), respectively (Fig. 1a). The strong
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biofilm-formers grouped according to source were 8.11% (39/481) in pigs, 7.32% (65/888) in
ducks, 5.05% (11/218) in chickens, and 4.82% (8/166) in geese (Fig. 1b).

The 123 strong and 100 moderate biofilm-forming isolates and 408 randomly selected
weak and none biofilm producers were selected for antimicrobial susceptibilities. Most of
the tested isolates were resistant to ampicillin, tetracycline, florfenicol, sulfamethoxazole-
trimethoprim, doxycycline, and ciprofloxacin (.70%). In contrast, resistance was lower to
gentamicin (42.95%), ceftiofur (39.14%), olaquindox (38.03%), apramycin (22.98%), colistin
(13.79%), amikacin (10.78%), fosfomycin (14.74%), and meropenem (0.79%). Interestingly,
the group of strong biofilm producers had significantly higher prevalence of resistance to
florfenicol and olaquindox and a lower prevalence of resistance to ceftiofur, ciprofloxacin,
fosfomycin, apramycin, and sulfamethoxazole-trimethoprim when compared to the other
isolates (P, 0.05) (Fig. 1c).

WGS analysis of strongly biofilm-forming E. coli isolates. A total of 42 strong biofilm-
forming E. coli isolates were selectively sequenced. Whole-genome sequencing (WGS) analysis
revealed that mrkABCDF (5.45 kb) and fimACDH (4.93 kb) were identified among 15 (28.57%)
and 2 (4.76%) isolates, respectively. Additionally, two isolates harbored incomplete type 3 fim-
briae operons. This group of 42 strong biofilm producers possessed 29 distinct antibiotic resist-
ance genes (ARGs), and most carried multiple ARGs including the clinically relevant mcr-1

FIG 1 Prevalence of strong biofilm producers and antibiotic resistance among Enterobacteriaceae strains from food-producing animals in the period 2002–
2019. (a) Prevalence of strong biofilm producers grouped according to isolation time. (b) Prevalence of strong biofilm producers from different sources. (c) Antibiotic
resistance among Enterobacteriaceae strains possessed different biofilm formation abilities. AMP, ampicillin; CIF, ceftiofur; AMK, amikacin; GEN, gentamicin; APR,
apramycin; TET, tetracycline; DOX, doxycycline; FFL, florfenicol; CIP, ciprofloxacin; OLA, olaquindox; S/T, sulfamethoxazole-trimethoprim; FOS, fosfomycin; CST, colistin;
MEM, meropenem. *, P , 0.05; **, P , 0.01; ***, P , 0.001. P values were determined using the x2 test.

Formation of Type 1/3 Fimbriae in E.coli Microbiology Spectrum

September/October 2022 Volume 10 Issue 5 10.1128/spectrum.02503-21 3

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02503-21


(n = 11), blaCTX-M-9G/1G (n = 8), oqxAB (n = 13), qnrS (n = 23), qnrB6 (n = 1), and floR (n = 33). In
addition, blaCTX-M-55 (n = 2), oqxAB (n = 7), qnrS (n = 5), qnrB6 (n = 1), and floR (n = 12) were
also present among a subgroup of 15mrk-positive isolates. Two fim isolates possessed both
oqxAB and floR (Fig. 2).

Multilocus sequence typing (MLST) analysis revealed 24 sequence types (STs) including a
new ST (ST12379) among the 42 strong biofilm-forming E. coli isolates, and ST1286 was the
most prevalent (11, 26.19%), followed by ST10 (5, 11.90%). These 42 E. coli isolates were
classified into two phylogenetic groups with the majority belonging to the commensal
phylogenetic groups A (38/42, 90.48%) and B1 (4/42, 9.52%). We further analyzed population
structures by constructing phylogenetic trees based on the core genomes of these 42 strong
biofilm-forming E. coli isolates. Bayesian analysis revealed four distinct lineages, and the major
lineage (lineage I) contained 34 isolates that included 11 ST1286 E. coli isolates that were dis-
tributed across 5 different sampling times and that possessed extremely high genetic similarity
(SNPs # 978). The 15 mrk and 2 fim isolates comprised 14 different STs and were distributed
among 3 lineages indicating a high degree of WGS heterogeneity (Fig. 2).

Function and prevalence of type 1/3 fimbriae operons. To determine whether
themrk and fim operons were direct contributors to strong biofilm-forming ability, we cloned
the mrkABCDF and fimACDH gene clusters from 2 strong E. coli biofilm forming strains that
were then introduced onto a plasmid vector into the weak biofilm forming E. coli strain DH5a.
Interestingly, both themrk and fim gene cassettes converted DH5a to a strong biofilm former
(Fig. 3a and b). Scanning electron microscopy (SEM) photomicrographs confirmed that the
enhanced biofilm growth of transformants harboring mrkABCDF and fimACDH correlated

FIG 2 Population structure and the presence of fimACDH and mrkABCDF and ARGs for the E. coli strong biofilm formers identified in this study.
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with a more densely packed arrangement of cells compared with the empty vector control
(Fig. 3c).

In our population of 123 E. coli that were strong biofilm producers, we were able to
identify completemrkABCDF and fimACDH clusters in 43 (34.96%) and 7 (5.7%) isolates, respec-
tively. Incomplete mrkABCDF and fimACDH operons were found in 18 (14.63%) and
11 (8.94%) isolates, respectively. None of the isolates carried complete mrk and fim

FIG 3 Biofilm formation for cloned copies of mrkABCDF and fimACDH in the laboratory E. coli strain DH5a. (a) Representative examples of
crystal violet-stained biofilms and (b) quantification using absorbance at OD590 nm. (c) Scanning electron photomicrographs of representative
biofilms from E. coli DH5a containing cloned plasmid copes of fimACDH, mrkABCDF, and the PMD19-empty vector control as indicated. **, P , 0.01;
****, P , 0.0001 tested by one-way analysis of variance.
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operons simultaneously (Table S2). We randomly selected 13 complete mrk and 7
complete fim positive strains, and transconjugants harboring fim and mrk operons
were successfully obtained from 5 of 7 (71.43%) and 2 of 13 (15.38%) isolates,
respectively. All 7 transconjugants carrying fim or mrk operons were strong biofilm
producers in comparison with the recipient strains E. coli C600 (Fig. S1). In addi-
tion, all the five transconjugants carrying fim operons showed resistance to ampi-
cillin, florfenicol, sulfamethoxazole/trimethoprim and olaquindox, and three ones
were resistant to gentamycin (Table S2). The resistant phenotype of florfenicol, col-
istin, tetracycline, and sulfamethoxazole/trimethoprim were co-transferred with
mrk operons among two transconjugants carrying mrk operons, and one also
reduced susceptibility to ampicillin and ceftiofur, and the other one was resistant
to gentamycin.

Furthermore, we explore the distribution of mrkABCDF and fimACDH operons among 6
Enterobacteriaceae using archived WGS data. The prevalence ofmrkABCDF was highest in K.
pneumoniae (100%, 9457/9457) followed by Enterobacter cloacae (6.54%, 14/214), C. freundii
(3.94%, 13/330), and E. coli (0.62%, 199/21387). In contrast, fimACDH was present in E. cloa-
cae (62.15%, 133/214) followed by Citrobacter freundii (0.30%, 1/330), E. coli (0.28%, 60/
21387), and K. pneumoniae (0.08%, 8/9457). Neither mrkABCDF nor fimACDH was found
among Salmonella spp. (n = 12,535) or Proteus mirabilis (n = 265) (Table S3).

Characterization of plasmids encoding types 1 and 3 fimbriae and phyloge-
netic analyses. E. coli strains 2010FS332 carrying mrkABCDF and strain 2005FS026 car-
rying fimACDH were selected for further sequencing using the Nanopore sequencing
platform. The combined MiSeq and Nanopore sequencing data yielded the complete
sequence of the endogenous plasmids from these strains; p2010FS332 (accession no.
OK217279) and p2005FS026 (accession no. OK236218), respectively.

The mrk-positive plasmid p2010FS332 was an IncX1 type (48.958 kb), and its backbone
sequence was almost identical to an mrk-bearing IncX1 plasmid from the E. coli isolate
pMAS2027 (accession no. FJ666132). The basic core structure of the IncX plasmid group was
shared and included pir-bis-par-hns-topB-taxB-pilX-actX-taxCA. The primary differences between
these plasmids were the region located between resolvase and hns wheremrkABCDF was em-
bedded and bracketed by IS903 and insA/B (Fig. 4a). The remaining 7/12 E. coli isolates harbor-
ingmrkABCDF and IncX1 replicons were highly similar to p2010FS332 and to 8mrk-IncX1 plas-
mids archived in GenBank (Fig. 4b).

We further explored the distribution and evolution of mrkABCDF using 50 mrkABCDF
operons from the GenBank data archive. This group contained 7 chromosomally-encoded
mrk operons that were represented in numerous species including K. pneumoniae, K. aero-
genes, E. hormaechei, E. coli, C. freundii, and C. koseri. The remaining 43 strains contained plas-
mid-encoded mrk gene clusters that were present on numerous plasmid replicon types
including IncX1, IncFIB, IncFIA, IncFII, IncHI1, IncHI2, IncA/C, and IncR. Strains possessing
mrkABCDF operon had diverse origins and it included humans, food animals (pig, cattle,
chicken, duck, goose), food and environment (water), with water being the most predomi-
nant one (n = 18, 36%), followed by humans (n = 15, 30%) and pigs (n = 8, 16%) (Fig. 4c and
Fig. S2a). The sampling locations were also from 13 countries, and the most predominant
one was UK (n = 23, 46%), followed by China (n = 6, 12%) (Fig. 4c and Fig. S2b).

The fimACDH-carrying plasmid p2005FS026 that we completely sequenced (150.191 kb)
contained a typical IncFII replication region (2.7 kb), which comprises repA1, repA4, repA3,
and repA2. This plasmid was almost identical to fim-carrying IncFII plasmid p253 (accession
no. MT648288) from a pig E. coli isolate reported in our previous study (11) except for an
inversion of the multidrug resistance region (MRR) (;33.5 kb), containing 11 ARGs including
oqxAB and floR (Fig. 5a). The silABCESP (;12.5 kb) and fimACDH were upstream and down-
stream of the MRR, respectively, and the former were bracketed by two copies of insA/B
while the latter were flanked by ISEc63 and insA/B. Furthermore, the p2005FS026 and p253
backbones were highly similar to a fim-carrying IncFII plasmid pE11019 that completely
lacked ARG sequences (accession no. CP035752). The remaining single E. coli isolate from
this group that harbored the fim operon and IncFII replicons in our study was almost identi-
cal to themrk plasmids p2005FS026 and p253 (Fig. 5b).
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FIG 4 Characteristics of the plasmids encoding mrkABCDF and phylogenetic analysis. (a) Linear sequence alignments of mrkABCDF-carrying
plasmids p2010FS332 (this study) and pMAS2027 (accession no. FJ666132). (b) Circular sequence alignment of mrkABCDF-carrying plasmids
in this study and other similar plasmids from the GenBank database as indicated. (c) Phylogenetic analysis between the
concatenated mrk operons in this study and those from GenBank were conducted by building Maximum likelihood (ML) trees based
on amino acid sequences.
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We compared our data with the 6 fimACDH operons available in the GenBank data
archive, and these 6 included 2 that were located on chromosomes (E. cloacae and
E. hormaechei) and 4 present on plasmids (3 IncFII and 1 IncX1 replicons). These 6 fimACDH
strains were obtained from ducks, shrimp, and food from 5 countries. A phylogenetic recon-
struction indicated that the 2 fim operons found in our study and 5 of the 6 archived sequen-
ces clustered together with an amino acid sequence identity of$94.5% (Fig. 5c).

DISCUSSION

The current study investigated the biofilm forming ability and the potential molecular
mechanism among Enterobacteriaceae isolates from a large collection of diseased food
producing animals. We found that 7.01% of the isolates were strong biofilm producing E. coli

FIG 5 Characteristics of plasmids encoding fimACDH and phylogenetic analysis. (a) Linear sequence alignment of fimACDH-carrying plasmids p2005FS026
(this study) and p253 and pE110019 (as indicated). (b) Circular sequence alignment of fimACDH-carrying plasmids in this study and other similar plasmids
from the GenBank database as indicated. (c) Phylogenetic analysis between the concatenated fim operons in this study and those from GenBank were
conducted by building Maximum likelihood (ML) trees based on amino acid sequences.
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and the prevalence of this phenotype was less than that found for uropathogenic E. coli
(UPEC) isolates (24.8%) (19). The plasmid-mediated type 3 fimbriae encoded by the
mrkABCDF operon and type 1 fimbriae encoded by fimACDH operon were identified to
confer a strong biofilm-forming phenotype to laboratory strains of E. coli as previously
described (10, 11). The complete mrkABCDF and fimACDH clusters were present in
34.96% and 5.7% of all strong biofilm producing E. coli, respectively, indicating that these
two operons are major biofilm-associated factors in E. coli.

In the present study, most of the strong biofilm producers were also MDR strains. In
particular, they possessed significantly higher resistance levels to olaquindox and florfenicol
when compared with non-strong biofilm producers. Consistently, WGS analysis showed that
the strong biofilm producers harbored multiple ARGs including the florfenicol resistance
gene floR and the MDR efflux pump oqxAB conferring resistance to olaquindox and ciprofloxa-
cin. Furthermore, oqxAB and floR were identified to colocate with mrkABCDF or fimACDH on
conjugative IncX1 and IncFII plasmids in the present and previous studies (10, 11, 17, 20).
Olaquindox has been used as a growth promoter in pigs until May 2018 in China, and florfeni-
col was also used in Chinese pig farms especially for the treatment of swine respiratory dis-
ease. The close genomic proximity of oqxAB and floR to biofilm-encoding genes indicated
that these traits could be coselected under florfenicol and olaquindox selective pressure.
This might partially explain the reason why E. coli isolates of pig origin had more strong bio-
film producers than from other origins in the present study. The cospread of ARGs and bio-
film-associated factors on conjugative plasmids is especially worrisome because this could
compromise the already few treatment options available for infections caused by plasmid-
encoded type 1 and 3 fimbria-producing MDR E. coli.

The mrk gene clusters have been associated with a wide range of conjugative plas-
mid types including IncX1, IncFIA, and IncFIB (10, 18). In the current study, the
mrkABCDF operons (61.5%) were mostly located on IncX1 plasmids with highly similar
backbones and were also highly similar to mrk-carrying IncX1 plasmids from 3 mem-
bers of Enterobacteriaceae of diverse origins including humans, food animals, food,
and pets from 6 different countries. The presence of mrkABCDF was found to enhance
conjugation frequencies by promoting biofilm formation, and this might facilitate the
spread of mrk-positive plasmids among the Enterobacteriaceae (10, 21).

These results indicated that mrkABCDF has been mobilized to diverse species of
Enterobacteriaceae via mobile genetic elements and in particular, conjugative IncX1
plasmids. Indeed, the MrkABCDF displayed high levels of amino acid identities to their
counterparts on plasmids of differing replicon types and on chromosomes of diverse
Enterobacteriaceae species that originated from food animals, humans, food and the
environment across the globe, in particular UK and China. Furthermore, mrkABCDF was
prevalent in 4/6 Enterobacteriaceae species especially K. pneumoniae (100%) from the
GenBank data archive NCBI. Taken together, these results were consistent with the
most likely origin for the mrk operon, K. pneumoniae, which has then become wide-
spread among the Enterobacteriaceae, including E. coli (10, 18).

Both type 1 and 3 fimbriae belong to the group of chaperone-ushered pili that are
assembled at the outer membrane by a periplasmic chaperone and an usher protein (17, 22,
23). The plasmid-encoded type 3 fimbriae are comprised of the major (MrkA) and minor
(MrkF) subunits, as well as chaperone (MrkB), usher (MrkC), and adhesin proteins (MrkD) (10,
22). The biofilm formation was deficient when the insertion was localized to the mrk op-
eron, specifically in the mrkA, mrkC or mrkD genes (10, 16). By contrast, the plasmid-
encoded Type 1 fimbriae are encoded by 4 contiguous genes (fimACDH) where FimC and
FimD play the roles of putative chaperone and usher, respectively, however, roles for
FimA and FimH have not been identified. The biofilm formation in E. coli was determined
by an intact fimACDH gene operon in our previous study (11). Unlike plasmid-mediated
fimACDH, the chromosomally-encoded type 1 fimbriae is frequently present in the major-
ity of Enterobacteriaceae (14, 18, 24), and significant heterogeneity exists between DNA
sequences encoding type 1 fimbriae among Enterobacteriaceae (25, 26). The biosynthesis
and structure of chromosomal type 1 fimbriae in E. coli and S. Typhimurium have been
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extensively studied, and it encodes a major subunit FimA and a minor tip adhesin FimH
(14, 25, 26). A future goal is to explore the structures and function of the type 1 fimbrial
encoded by the fimACDH operon, and the roles of each of FimACDH in biofilm formation.

In conclusion, the plasmid-encoded type 3 fimbriae encoded bymrkABCDF and type 1 fim-
briae encoded by fimACDH were major contributors to enhancing biofilm formation among
strong biofilm E. coli from diseased food producing animals. These two operons were found to
coexist with ARGs on conjugatable IncX1/IncFII plasmids with similar backbones, respectively.
Our findings also revealed that these two operons, in particularmrk, were present both on plas-
mids of various replicon types and on chromosomes from diverse Enterobacteriaceae species
from numerous origins and countries, indicating a potential antibiofilm target. This is the first
comprehensive report of the prevalence, evolution, and transmission of plasmid-encoded type
1 and 3 fimbriae among the Enterobacteriaceae. Future studies are necessary to investigate the
transmission and function of these two operons to better understand their potential threats to
public health and for the screening of small-molecule biofilm inhibitors.

MATERIALS ANDMETHODS
Bacterial strains, biofilm formation assay, and antimicrobial susceptibility testing. We isolated

1,753 non-duplicate Enterobacteriaceae strains from diseased food-producing animals that included 1,272 avian
samples (888 duck, 218 chicken, and 166 goose) and 481 samples from pigs from .100 farms throughout
Guangdong province, China, from 2002 to 2019. These isolates were recovered directly from fecal samples or
swabs from animal organs (liver, heart, or lung) from farms or diagnostic laboratories as previously described (27).

Quantification of static biofilm production was performed using 96-well flat-bottom polystyrene micro-
titer plates using crystal violet, and the extent of biofilm formation was determined as previously described
(28). All strong biofilm producers were identified by matrix-assisted laser desorption/ionization-time-of-flight
mass spectrometry and 16S rRNA gene sequence-based analyses. Antimicrobial susceptibilities of the tested
isolates were determined using the agar dilution method, and the results were interpreted according to the
Clinical and Laboratory Standards Institute (CLSI, 2018: M100-S28) (29), veterinary CLSI (VET01-A4E/VET01-
S3E) (30) (supplemental Materials and Methods).

Genetic characterization of strongly biofilm-forming isolates. Total genomic DNA of 42 strong
biofilm-forming E. coli isolates were extracted by using the TIANamp Bacteria DNA Kit (Tiangen, China).
The quality and concentration of the bacterial genomic DNA were evaluated via electrophoresis on a 1%
agarose gel and analysis on a NanoDrop2000 system (Thermo Scientific, Waltham, MA, USA) and a Qubit
3 Fluorometer (Thermo Scientific, Waltham, USA). Illumina libraries were prepared and sequenced using
Illumina HiSeq 4000 platform (San Diego, CA, USA) as 150-bp paired-end reads. Adaptors and low-
quality bases were trimmed with Trimmomatic v0.38 (31), and reads qualities were assessed using
FastQC v0.11.6 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and MultiQC v1.7 (32).
High-quality reads were de novo assembled with SPAdes v3.6.2 to generate genome contigs (33).
Sequencing quality and statistics per isolates were checked using the QualiMap v2.2.2 (34). Genome
assemblies’ quality was assessed with QUAST v5.0.2 (35) and contigs of less than 200 bp were filtered
out. Examinations of known plasmid replicon, and antibiotic resistance genes were carried out using
ABRicate v1.0.1 (https://github.com/tseemann/abricate) (.80% identity and .80% coverage). Reference
sequences of plasmid and antibiotic resistance genes were from databases PlasmidFinder (36), and ResFinder
(37), respectively. Multilocus sequence typing (MLST) were performed by MLST v2.19.0 (https://github.com/
tseemann/mlst). In addition, in silico phylotyping of E. coli was carried out using the Clermon Typing method
(38). Further, assemblies from all isolates were mapped to the reference sequence 2013FS003 using Snippy
v4.6.0 (https://github.com/tseemann/snippy). Single nucleotide polymorphisms (SNPs) were called and
recombinant regions were removed using Gubbins v2.4.1 (39). RAxML v8.2.12 (GTRGAMMA substitution
model) with 100 bootstrap replicates to assess support was used to construct a phylogenic tree and visualized
with iTOL v4 (40). The population structure of each phylogenetic tree was defined using hier-BAPS v6.0 (41).

Characterization of plasmids carrying fim/mrk operons. The transferability of type 1/3 fimbriae
operons was examined using conjugation experiments using the streptomycin-resistant E. coli C600 as the
recipient. All transconjugants were tested for antimicrobial susceptibility and biofilm formation as described
above. To obtain the complete sequence of plasmids encoding type 1/3 fimbriae, two isolates (2010FS332
and 2005FS026) encoding type 1 and 3 fimbriae, respectively, were selected for long-read sequencing using
ONT Gridion Platform (Nanopore, Oxford, UK) (42). DNA extraction and quality control were performed as
previously described. An Oxford Nanopore MinION 9.4.1 flowcell and SQK-RBK004 rapid sequencing kit was
used with base calling by Guppy v3.1.5 (https://nanoporetech.com/nanopore-sequencing-data-analysis). De
novo hybrid assembly using both short reads (Illumina) and long reads (ONT) was performed using Unicycler
v0.4.4 (43). The Contigs were further polished with Pilon v1.23 (44) through three iterations. Gene prediction
and annotated were performed by the RAST tool (45) (https://rast.nmpdr.org/), ISFinder (46), BLAST (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) and rechecked manually. The sequence comparison and map generation of
plasmids encoding type 1/3 fimbriae were performed using Easyfig (47) and the BLAST Ring Image
Generator (48). The complete sequence of plasmid p2010FS332 and p2005FS026 has been deposited in
GenBank under accession no. OK217279 and accession no. OK236218, respectively.

Function, prevalence, and phylogeny of type 1/3 fimbriae operon genes. The mrk and fim oper-
ons from the strong biofilm-forming E. coli strains 2010FS332 and 2005FS026, respectively, were amplified,
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and PCR amplicons were then ligated to expression vector pMD19-T and introduced into E. coli strain DH5a
by chemical transformation (Table S1). Colonies were selected on LB agar supplemented with ampicillin
(100 mg/mL). Transformants were randomly screened for the presence of the mrk and fim operons by PCR
assay and sequencing, and the resultant clones were tested for biofilm formation as described above.
Biofilm structures were further examined using SEM (supplemental Materials and Methods).

To understand the spread of the mrk/fim operons, all E. coli that were strong biofilm producers were
screened for the presence of mrk and fim genes using PCR (Table S1). Additionally, mrk and fim operons
were in silico identified from Enterobacteriaceae members that possessed WGS data from a public data-
base (https://www.ncbi.nlm.nih.gov/datasets). Phylogenetic correlations were constructed between con-
catenated mrk and fim operons from this study and those from GenBank using maximum likelihood
(ML) trees based on predicted amino acid sequences (supplemental Materials and Methods).

Statistical analysis. Statistical significance for comparison of prevalence data and proportions was
performed in R using the x2 test. Other data were statistically analyzed using GraphPad Prism v8.0.1 software.
P values of,0.05 were deemed to be statistically significant. Specific tests of statistical significance are detailed
in figure legends and table footnotes.

Data availability. All genome assemblies of these strains were deposited in GenBank and were reg-
istered under BioProject accession number PRJNA747154.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.03 MB.

ACKNOWLEDGMENTS
This work was supported by the Guangdong Major Project of Basic and Applied Basic

Research, No. 2020B030103007, National Natural Science Foundation of China (31802244),
Local Innovative and Research Teams Project of Guangdong Pearl River Talents Program
(2019BT02N054), Program for Changjiang Scholars and Innovative Research Team in University
of Ministry of Education of China (IRT_17R39), and Innovation Team Project of Guangdong
University (2019KCXTD001).

REFERENCES
1. Hall-Stoodley L, Costerton JW, Stoodley P. 2004. Bacterial biofilms: from

the natural environment to infectious diseases. Nat Rev Microbiol 2:95–108.
https://doi.org/10.1038/nrmicro821.

2. Yan J, Bassler BL. 2019. Surviving as a community: antibiotic tolerance
and persistence in bacterial biofilms. Cell Host Microbe 26:15–21. https://
doi.org/10.1016/j.chom.2019.06.002.

3. Luppens SB, Reij MW, van der Heijden RW, Rombouts FM, Abee T. 2002.
Development of a standard test to assess the resistance of Staphylococcus aur-
eus biofilm cells to disinfectants. Appl Environ Microbiol 68:4194–4200. https://
doi.org/10.1128/AEM.68.9.4194-4200.2002.

4. Rabin N, Zheng Y, Opoku-Temeng C, Du Y, Bonsu E, Sintim HO. 2015. Bio-
film formation mechanisms and targets for developing antibiofilm
agents. Future Med Chem 7:493–512. https://doi.org/10.4155/fmc.15.6.

5. Ibekwe AM, Murinda SE. 2019. Linking microbial community composi-
tion in treated wastewater with water quality in distribution systems
and subsequent health effects. Microorganisms 7:660. https://doi.org/
10.3390/microorganisms7120660.

6. Lebert I, Leroy S, Talon R. 2007. Effect of industrial and natural biocides on
spoilage, pathogenic and technological strains grown in biofilm. Food
Microbiol 24:281–287. https://doi.org/10.1016/j.fm.2006.04.011.

7. Bridier A, Sanchez-Vizuete P, Guilbaud M, Piard JC, Naitali M, Briandet R.
2015. Biofilm-associated persistence of food-borne pathogens. FoodMicrobiol
45:167–178. https://doi.org/10.1016/j.fm.2014.04.015.

8. Davey ME, O'Toole GA. 2000. Microbial biofilms: from ecology to molecu-
lar genetics. Microbiol Mol Biol Rev 64:847–867. https://doi.org/10.1128/
MMBR.64.4.847-867.2000.

9. Van Acker H, Van Dijck P, Coenye T. 2014. Molecular mechanisms of antimi-
crobial tolerance and resistance in bacterial and fungal biofilms. Trends
Microbiol 22:326–333. https://doi.org/10.1016/j.tim.2014.02.001.

10. Burmolle M, Bahl MI, Jensen LB, Sorensen SJ, Hansen LH. 2008. Type 3 fim-
briae, encoded by the conjugative plasmid pOLA52, enhance biofilm formation
and transfer frequencies in Enterobacteriaceae strains. Microbiology (Reading)
154:187–195. https://doi.org/10.1099/mic.0.2007/010454-0.

11. He YZ, Xu Y, Sun J, Gao BL, Li G, Zhou YF, Lian XL, Fang LX, Liao XP, Mediavilla
JR, Chen L, Liu YH. 2021. Novel plasmid-borne fimbriae-associated gene

cluster participates in biofilm formation in Escherichia coli. Microb Drug Resist
27:1624–1632. https://doi.org/10.1089/mdr.2020.0512.

12. Michael V, Frank O, Bartling P, Scheuner C, Goker M, Brinkmann H,
Petersen J. 2016. Biofilm plasmids with a rhamnose operon are widely dis-
tributed determinants of the “swim-or-stick” lifestyle in roseobacters.
ISME J 10:2498–2513. https://doi.org/10.1038/ismej.2016.30.

13. Waksman G, Hultgren SJ. 2009. Structural biology of the chaperone–
usher pathway of pilus biogenesis. Nat Rev Microbiol 7:765–774. https://
doi.org/10.1038/nrmicro2220.

14. Lukaszczyk M, Pradhan B, Remaut H. 2019. The biosynthesis and struc-
tures of bacterial pili. Subcell Biochem 92:369–413. https://doi.org/10
.1007/978-3-030-18768-2_12.

15. Hazen TH, Rasko DA. 2019. The complete genome of the atypical entero-
pathogenic Escherichia coli archetype isolate E110019 highlights a role
for plasmids in dissemination of the type III secreted effector EspT. Infect
Immun 87:e00412-19. https://doi.org/10.1128/IAI.00412-19.

16. Hansen LH, Johannesen E, Burmolle M, Sorensen AH, Sorensen SJ. 2004.
Plasmid-encoded multidrug efflux pump conferring resistance to ola-
quindox in Escherichia coli. Antimicrob Agents Chemother 48:3332–3337.
https://doi.org/10.1128/AAC.48.9.3332-3337.2004.

17. Madsen JS, Riber L, Kot W, Basfeld A, Burmolle M, Hansen LH, Sorensen SJ.
2016. Type 3 fimbriae encoded on plasmids are expressed from a unique
promoter without affecting host motility, facilitating an exceptional phe-
notype that enhances conjugal plasmid transfer. PLoS One 11:e0162390.
https://doi.org/10.1371/journal.pone.0162390.

18. Ong CL, Beatson SA, Totsika M, Forestier C, McEwan AG, Schembri MA.
2010. Molecular analysis of type 3 fimbrial genes from Escherichia coli,
Klebsiella and Citrobacter species. BMC Microbiol 10:183. https://doi.org/
10.1186/1471-2180-10-183.

19. Zhao F, Yang H, Bi D, Khaledi A, Qiao M. 2020. A systematic review and meta-
analysis of antibiotic resistance patterns, and the correlation between biofilm
formation with virulence factors in uropathogenic E. coli isolated from urinary
tract infections. Microb Pathog 144:104196. https://doi.org/10.1016/j.micpath
.2020.104196.

Formation of Type 1/3 Fimbriae in E.coli Microbiology Spectrum

September/October 2022 Volume 10 Issue 5 10.1128/spectrum.02503-21 11

https://www.ncbi.nlm.nih.gov/datasets
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA747154/
https://doi.org/10.1038/nrmicro821
https://doi.org/10.1016/j.chom.2019.06.002
https://doi.org/10.1016/j.chom.2019.06.002
https://doi.org/10.1128/AEM.68.9.4194-4200.2002
https://doi.org/10.1128/AEM.68.9.4194-4200.2002
https://doi.org/10.4155/fmc.15.6
https://doi.org/10.3390/microorganisms7120660
https://doi.org/10.3390/microorganisms7120660
https://doi.org/10.1016/j.fm.2006.04.011
https://doi.org/10.1016/j.fm.2014.04.015
https://doi.org/10.1128/MMBR.64.4.847-867.2000
https://doi.org/10.1128/MMBR.64.4.847-867.2000
https://doi.org/10.1016/j.tim.2014.02.001
https://doi.org/10.1099/mic.0.2007/010454-0
https://doi.org/10.1089/mdr.2020.0512
https://doi.org/10.1038/ismej.2016.30
https://doi.org/10.1038/nrmicro2220
https://doi.org/10.1038/nrmicro2220
https://doi.org/10.1007/978-3-030-18768-2_12
https://doi.org/10.1007/978-3-030-18768-2_12
https://doi.org/10.1128/IAI.00412-19
https://doi.org/10.1128/AAC.48.9.3332-3337.2004
https://doi.org/10.1371/journal.pone.0162390
https://doi.org/10.1186/1471-2180-10-183
https://doi.org/10.1186/1471-2180-10-183
https://doi.org/10.1016/j.micpath.2020.104196
https://doi.org/10.1016/j.micpath.2020.104196
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02503-21


20. Mukherjee SK, MukherjeeM. 2019. Characterization and bio-typing ofmultidrug
resistance plasmids from uropathogenic Escherichia coli isolated from clinical
setting. FrontMicrobiol 10:2913. https://doi.org/10.3389/fmicb.2019.02913.

21. Madsen JS, Burmolle M, Hansen LH, Sorensen SJ. 2012. The interconnection
between biofilm formation and horizontal gene transfer. FEMS Immunol Med
Microbiol 65:183–195. https://doi.org/10.1111/j.1574-695X.2012.00960.x.

22. Wilksch JJ, Yang J, Clements A, Gabbe JL, Short KR, Cao H, Cavaliere R, James
CE, Whitchurch CB, Schembri MA, Chuah ML, Liang ZX, Wijburg OL, Jenney
AW, Lithgow T, Strugnell RA. 2011. MrkH, a novel c-di-GMP-dependent tran-
scriptional activator, controls Klebsiella pneumoniae biofilm formation by regu-
lating type 3 fimbriae expression. PLoS Pathog 7:e1002204. https://doi.org/10
.1371/journal.ppat.1002204.

23. Geibel S, Waksman G. 2014. The molecular dissection of the chaperone-
usher pathway. Biochim Biophys Acta 1843:1559–1567. https://doi.org/10
.1016/j.bbamcr.2013.09.023.

24. Puorger C, VetschM,Wider G, Glockshuber R. 2011. Structure, folding and stability
of FimA, themain structural subunit of type 1 pili from uropathogenic Escherichia
coli strains. JMol Biol 412:520–535. https://doi.org/10.1016/j.jmb.2011.07.044.

25. Clegg S, Hull S, Hull R, Pruckler J. 1985. Construction and comparison of
recombinant plasmids encoding type 1 fimbriae of members of the family
Enterobacteriaceae. Infect Immun 48:275–279. https://doi.org/10.1128/iai.48
.2.275-279.1985.

26. Clegg S, Purcell BK, Pruckler J. 1987. Characterization of genes encoding type 1
fimbriae of Klebsiella pneumoniae, Salmonella typhimurium, and Serratia marces-
cens. Infect Immun 55:281–287. https://doi.org/10.1128/iai.55.2.281-287.1987.

27. Liu BT, Liao XP, Yang SS, Wang XM, Li LL, Sun J, Yang YR, Fang LX, Li L,
Zhao DH, Liu YH. 2012. Detection of mutations in the gyrA and parC genes
in Escherichia coli isolates carrying plasmid-mediated quinolone resist-
ance genes from diseased food-producing animals. J Med Microbiol 61:
1591–1599. https://doi.org/10.1099/jmm.0.043307-0.

28. Nielsen DW, Klimavicz JS, Cavender T, Wannemuehler Y, Barbieri NL, Nolan
LK, Logue CM. 2018. The impact of media, phylogenetic classification, and E.
coli pathotypes on biofilm formation in extraintestinal and commensal E. coli
from humans and animals. Front Microbiol 9:902. https://doi.org/10.3389/
fmicb.2018.00902.

29. Clinical and Laboratory Standards Institute. 2018. Performance standards
for antimicrobial susceptibility testing. Clinical and Laboratory Standards
Institute, Wayne, PA.

30. Clinical and Laboratory Standards Institute. 2015. Performance standards
for antimicrobial disk and dilution susceptibility tests for bacteria isolated
from animals; approved standard, 4th ed and supp. Clinical and Labora-
tory Standards Institute, Wayne, PA.

31. Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics 30:2114–2120.

32. Ewels P, Magnusson M, Lundin S, Käller M. 2016. MultiQC: summarize
analysis results for multiple tools and samples in a single report. Bioinfor-
matics 32:3047–3048.

33. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,
Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV,
Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new ge-
nome assembly algorithm and its applications to single-cell sequenc-
ing. J Comput Biol 19:455–477. https://doi.org/10.1089/cmb.2012.0021.

34. Okonechnikov K, Conesa A, García-Alcalde F. 2016. Qualimap 2: advanced
multi-sample quality control for high-throughput sequencing data. Bioin-
formatics 32:292–294.

35. Mikheenko A, Prjibelski A, Saveliev V, Antipov D, Gurevich A. 2018. Versatile
genome assembly evaluation with QUAST-LG. Bioinformatics 34:i142–i150.

36. Carattoli A, Zankari E, Garcia-Fernandez A, Voldby Larsen M, Lund O, Villa
L, Moller Aarestrup F, Hasman H. 2014. In silico detection and typing of
plasmids using PlasmidFinder and plasmid multilocus sequence typing.
Antimicrob Agents Chemother 58:3895–3903.

37. Bortolaia V, Kaas RS, Ruppe E, Roberts MC, Schwarz S, Cattoir V, Philippon
A, Allesoe RL, Rebelo AR, Florensa AF, Fagelhauer L, Chakraborty T,
Neumann B, Werner G, Bender JK, Stingl K, Nguyen M, Coppens J, Xavier
BB, Malhotra-Kumar S, Westh H, Pinholt M, Anjum MF, Duggett NA,
Kempf I, Nykäsenoja S, Olkkola S, Wieczorek K, Amaro A, Clemente L,
Mossong J, Losch S, Ragimbeau C, Lund O, Aarestrup FM. 2020. ResFinder
4.0 for predictions of phenotypes from genotypes. J Antimicro Chemo-
ther https://doi.org/10.1093/jac/dkaa345.

38. Beghain J, Bridier-Nahmias A, Le Nagard H, Denamur E, Clermont O. 2018.
ClermonTyping: an easy-to-use and accurate in silico method for Esche-
richia genus strain phylotyping. Microb Genom 4:e000192.

39. Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA, Bentley SD, Parkhill J,
Harris SR. 2015. Rapid phylogenetic analysis of large samples of recombinant
bacterial whole genome sequences using Gubbins. Nucleic Acids Res 43:e15.

40. Letunic I, Bork P. 2019. Interactive Tree Of Life (iTOL) v4: recent updates
and new developments. Nucleic Acids Res 47:W256–W259.

41. Cheng L, Connor TR, Siren J, Aanensen DM, Corander J. 2013. Hierarchical
and spatially explicit clustering of DNA sequences with BAPS software. Mol
Biol Evol 30:1224–1228. https://doi.org/10.1093/molbev/mst028.

42. Li R, Xie M, Dong N, Lin D, Yang X, Wong MHY, Chan EW, Chen S. 2018.
Efficient generation of complete sequences of MDR-encoding plasmids
by rapid assembly of MinION barcoding sequencing data. Gigascience 7:
gix132. https://doi.org/10.1093/gigascience/gix132.

43. Wick RR, Judd LM, Gorrie CL, Holt KE. 2017. Unicycler: resolving bacterial
genome assemblies from short and long sequencing reads. PLoS Comput
Biol 13:e1005595. https://doi.org/10.1371/journal.pcbi.1005595.

44. Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S, Cuomo CA,
ZengQ,Wortman J, Young SK, Earl AM. 2014. Pilon: an integrated tool for com-
prehensive microbial variant detection and genome assembly improvement.
PLoS One 9:e112963. https://doi.org/10.1371/journal.pone.0112963.

45. Overbeek R, Olson R, Pusch GD, Olsen GJ, Davis JJ, Disz T, Edwards RA,
Gerdes S, Parrello B, Shukla M, Vonstein V, Wattam AR, Xia F, Stevens R.
2014. The SEED and the Rapid Annotation of microbial genomes using
Subsystems Technology (RAST). Nucleic Acids Res 42:D206–D214.

46. Siguier P, Perochon J, Lestrade L, Mahillon J, Chandler M. 2006. ISfinder: the ref-
erence centre for bacterial insertion sequences. Nucleic Acids Res 34:D32–D36.

47. Sullivan MJ, Petty NK, Beatson SA. 2011. Easyfig: a genome comparison
visualizer. Bioinformatics 27:1009–1010.

48. Alikhan NF, Petty NK, Ben Zakour NL, Beatson SA. 2011. BLAST Ring Image Gen-
erator (BRIG): simple prokaryote genome comparisons. BMCGenomics 12:402.

Formation of Type 1/3 Fimbriae in E.coli Microbiology Spectrum

September/October 2022 Volume 10 Issue 5 10.1128/spectrum.02503-21 12

https://doi.org/10.3389/fmicb.2019.02913
https://doi.org/10.1111/j.1574-695X.2012.00960.x
https://doi.org/10.1371/journal.ppat.1002204
https://doi.org/10.1371/journal.ppat.1002204
https://doi.org/10.1016/j.bbamcr.2013.09.023
https://doi.org/10.1016/j.bbamcr.2013.09.023
https://doi.org/10.1016/j.jmb.2011.07.044
https://doi.org/10.1128/iai.48.2.275-279.1985
https://doi.org/10.1128/iai.48.2.275-279.1985
https://doi.org/10.1128/iai.55.2.281-287.1987
https://doi.org/10.1099/jmm.0.043307-0
https://doi.org/10.3389/fmicb.2018.00902
https://doi.org/10.3389/fmicb.2018.00902
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1093/jac/dkaa345
https://doi.org/10.1093/molbev/mst028
https://doi.org/10.1093/gigascience/gix132
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1371/journal.pone.0112963
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02503-21

	RESULTS
	Biofilm formation and antimicrobial susceptibility.
	WGS analysis of strongly biofilm-forming E. coli isolates.
	Function and prevalence of type 1/3 fimbriae operons.
	Characterization of plasmids encoding types 1 and 3 fimbriae and phylogenetic analyses.

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains, biofilm formation assay, and antimicrobial susceptibility testing.
	Genetic characterization of strongly biofilm-forming isolates.
	Characterization of plasmids carrying fim/mrk operons.
	Function, prevalence, and phylogeny of type 1/3 fimbriae operon genes.
	Statistical analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

