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A B S T R A C T   

Uropathogenic Escherichia coli (UPEC) are causative agent that causes urinary tract infections (UTIs) and the 
recent emergence of multidrug resistance (MDR) of UPEC increases the burden on the community. Recent studies 
of bacterial outer membrane vesicles (OMV) identified various factors including proteins, nucleic acids, and 
small molecules which provided inter-cellular communication within the bacterial population. However, the 
components of UPEC-specific OMVs and their functional role remain unclear. Here, we systematically deter-
mined the proteomes of UPEC-OMVs and identified the specific components that provide functions to the 
recipient bacteria. Based on the functional network of OMVs’ proteomes, a group of signaling peptides was found 
in all OMVs which provide communication among bacteria. Moreover, we demonstrated that treatment with 
UPEC-OMVs affected the motility and biofilm formation of the recipient bacteria, and further identified aromatic 
amino acid (AAA) biosynthesis proteins as the key factors to provide their movement.   

1. Introduction 

Urinary tract infections (UTIs) are common nosocomial infections 
that affect the bladder, kidneys, and connected tubes (Bharadwaj et al., 
2021; Fazly Bazzaz et al., 2021; Kucheria et al., 2005). UTIs are asso-
ciated with adverse life quality and economic burden to patients, espe-
cially patients with recurrent UTIs that are caused by antibiotic-resistant 
E. coli. It was estimated that 150 million cases of UTIs occur on a global 
basis per year, resulting in more than 4 billion pounds in direct 
healthcare expenditure in the United Kingdom. Uropathogenic Escher-
ichia coli (UPEC) are the causative agent in both community acquired 
UTIs and nosocomial infections (Kucheria et al., 2005). Virulence factors 
of UPECs promote bacterial colonization and infection in the urinary 
tract. The virulence factors are associated with the possession of 
fimbriae, adhesin tips, protectins, bacterial capsules, LPS, as well as the 

production of toxins including hemolysin and cytotoxic necrotizing 
factors. The diversity of virulence factors leads to the complexity of 
UPEC infections and difficulty in clinical treatment. 

The development of vaccines for UTIs based on studies of bacterial 
virulence factors is promising to reduce the use of antibiotics and the 
risks of antibiotic resistance. Ideal vaccine candidates should be 
pathogen-specific, antigenic, extracellularly exposed, and actively pro-
duced during the infection process (Brumbaugh and Mobley, 2012). 
Deactivated endotoxin, fimbriae-associated proteins (PapG, Dr, and 
FimH), and iron metabolism-associated proteins (IroN, IreA, IutA, FyuA, 
Iha, Hma, and ChuA) (Totsika et al., 2011) have shown immunogenicity 
and protective effect. However, few immunoreactive agents were 
discovered, and only one actual vaccine has passed a randomized, 
single-blinded, placebo-controlled phase Ib trial successfully, the OM-89 
(Kochiashvili et al., 2014). No prevalent clinical applications are 
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available because of the heterogenicity of UPEC and the weak overall 
effect of these simplex vaccine candidates. 

Outer membrane vesicles (OMVs) are nanoscale proteoliposomes 
that are filled with periplasmic content, and ubiquitously secreted by 
Gram-negative bacteria (Toyofuku et al., 2019). It is reported that 
bacterial pathogenesis, survival, and inter-cell communication are 
regulated by OMVs (Rueter and Bielaszewska, 2020; Toyofuku et al., 
2019). Both virulence factors (Bomberger et al., 2009; Kunsmann et al., 
2015) and antibiotic-resistant enzymes (Liao et al., 2015) were found in 
pathogens derived OMVs. Therefore, OMVs have long been investigated 
as vaccine candidates. A phase II follow-up trial involved 147 infants in 
the UK, immunized with either a recombinant vaccine (rMenB) con-
taining Neisserial adhesin A (NadA), factor H binding protein (fHBP), 
and Neisserial heparin binding antigen (NHBA) alone or in combination 
with OMVs, and rMenB + OMVs demonstrated greater immunogenicity 
(Findlow et al., 2010). 

Bacterial nutrient metabolism mediated by OMVs provides advan-
tages for bacterial motility and biofilm formation, facilitating cell 
virulence. Phenylalanine, one of the aromatic amino acids (AAAs), was 
demonstrated as a strong chemotaxis attractant for many bacteria 
including Helicobacter pylori (Abdollahi and Tadjrobehkar, 2012), 
Pseudomonas putida (Davis et al., 2011), and Halomonas sp (Corti Mon-
zon et al., 2018). Aromatic amino acids also activate quorum sensing 
(QS) and extracellular polymeric substances (EPS) gene expression and 
promote biofilm formation (Saheli Ghosh, 2019). The AAA biosynthesis 
of E. coli is regulated by a series of genes including aroG, aroB, aroK, 
aroL, aroA, aroC, and rate-limiting enzymes TrpR and TyrR. TyrR in-
hibits aroG expression when L-phenylalanine or L-tyrosine is enriched, 
while TrpR binds L-tryptophan to repress transcription of aroH in high 
L-tryptophan condition (Huccetogullari et al., 2019). AroB catalyzes the 
conversion of 3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP) to 
dehydroquinate (DHQ), which is involved in synthesizing shikimate, an 
intermediate in the synthesis of the aromatic amino acids. Valderra-
ma-Gómez et al. demonstrated the shikimate effect on the swimming 
behavior of Pseudomonas putida, suggesting the important role of AAAs 
metabolic proteins on bacterial motility (Valderrama-Gómez et al., 
2020). 

In this study, we systematically compared the protein compositions 
of OMVs from various UPEC strains and studied the functional conse-
quence of recipient bacteria after OMV treatment. We found that the 
protein components of OMVs were specific to their bacterial hosts, 
although some core proteins were shared. Moreover, those proteins with 
specific functions may provide additional survival advantages to the 
bacterial population via the delivery of OMVs. Furthermore, we 
demonstrated that the treatment with OMVs affect the motility and 
biofilm formation of the recipient bacteria and identified the AAA syn-
thesis protein, AroB in UPEC-specific OMVs, plays a role in motility. Our 
findings revealed a global view of the proteomic profile of UPEC-specific 
OMVs, providing an essential perspective of UPEC pathogenicity and 
their inter-cellular communication network. 

2. Methods and materials 

2.1. Bacterial strains and growth conditions 

The bacterial strains are listed in Table 1. For OMV isolation, E. coli 
cultures were grown in Terrific Broth (TB) medium (12 g L-1 Tryptone, 
24 g L-1 yeast extract, 4 mL L-1 glycerol, and phosphate buffer) as 
described previously (Lessard, 2013). For the phenotypical studies, LB 
was generally used as the culture medium. 

2.2. Identification of UPEC 

Five clinical isolates were tested in triplicate by colony PCR to detect 
the genes of UPEC including vat, chuA, fyuA and yfcV as described pre-
viously (Spurbeck et al., 2012). The purified genomic DNA of E. coli 

EC958 and J53 was used as positive and negative controls, respectively. 
The genes were amplified with the corresponding sets of primers and 
Taq 5X Master Mix (Taq® 5X Master Mix, New England BioLabs) using 
the thermocycler (ProFlex™ 3 ×32-well Sample Block; applied bio-
systems, Life Technologies). The amplification setting of the thermo-
cycler was as following: 95 ℃ for 15 min; 30 cycles of 30 s at 94 ℃, 1.5 
min at 59 ℃, and 1.5 min at 68 ℃; 68 ℃ for 10 min. The primer se-
quences are listed in Supplementary Table S1. 

2.3. Construction of aroB gene expression plasmids 

Plasmid pTL215 was used to introduce aroB gene into the bacteria 
(Table 1), under the control of the IPTG-inducible ptac promoter. The 
gene fragment was amplified from the genomic DNA of E. coli MG1655 
by PCR using the primers listed in Table 2, and then cloned into the BglII 
and XhoI sites of pACYCT2 plasmid. Sanger sequencing of the plasmid 
was performed to validate the sequences of interest. 

2.4. Purification and characterization of OMVs 

Two hundred and fifty milliliters of TB were inoculated with 250 µL 
of an overnight bacterial culture. The bacteria were incubated at 37 ℃ 
overnight at 250 rpm and harvested by centrifugation (4000 g for 20 
min). Residual cells and cell debris were further removed by using a 
0.45 µm filter and the supernatant was then subjected to ultracentrifu-
gation (120, 000 g for 90 min at 4 ℃ with a 70 Ti rotor). The vesicle 
pellet was resuspended in PBS buffer (pH 7.2) and filtered again through 
a 0.45 µm membrane filter (Millexgp). One hundred microliters of 
samples were spread on the agar plates to ensure no contamination of 
bacteria. Pure OMVs were isolated by iodixanol gradient (Optiprep™, 
Sigma). Briefly, a linear gradient of 20 %− 50 % of Optiprep with PBS 
buffer was firstly generated in 12.5 mL ultracentrifuge tubes, and 200 µL 
of resuspended vesicles were then gently added to the top of the 
gradient. The samples were centrifuged (Beckman ultracentrifuge with a 

Table 1 
E.coli strains and plasmids used in this study.  

No. Strains Description Reference 

1 J53 E. coli Laboratory strain (Gerdes et al., 1986) 
2 Combat2D2 HK clinical isolate, isolated 

from midstream urine. 
(Ho et al., 2011; 
Jiang et al., 2017) 

3 13KWH063 HK clinical isolate, ST131, 
isolated from midstream urine. 

(Horesh et al., 
2021) 

4 13PMH053 HK clinical isolate, ST131, 
isolated from midstream urine. 

(Horesh et al., 
2021) 

5 SPISO-02F9 HK clinical isolate, isolated 
from midstream urine. 

(P.-L.Ho et al., 
2015;Kong et al., 
2018) 

6 13QMH030 HK clinical isolate, ST131, 
isolated from midstream urine. 

(Horesh et al., 
2021) 

7 BW25113 E. coli Reference strain (Baba et al., 2006) 
8 BW25113::△aroB BW25113 with aroB knockout (Baba et al., 2006) 
9 EC958 Reference strain of ST131 (Forde et al., 2014) 
No. Plasmids  Reference 
1 pACYCT2 E. coli plasmid cloning vector 

containing the p15A origin of 
replication. CmR 

(Ponchon et al., 
2013) 

2 pTL215_aroB pACYCT2 containing aroB This study  

Table 2 
Primers used in this study.  

No. Name Sequence Amplicon size 
(bp)  

1 aroB-BglII- 
F 

5’- 
GGCAGATCTTATGGAGAGGATTGTC 
GTTAC-3’  

1108 

2 aroB-XhoI- 
R 

5’-AGACTCGAGTTACGCTGATTGACA 
ATCG-3’  

L. Liu et al.                                                                                                                                                                                                                                       
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swinging bucket rotor (SW40 Ti)) at the speed of 100,000 g at 4 ℃ for 
16 h and fractionated in 1 mL fraction for further experiments. 

2.5. Transmission electron microscopy and nanoparticle tracking analysis 

To visualize and determine the quality of the OMVs, transmission 
electron microscopic analysis was performed for each fraction. Samples 
were applied to 400-mesh carbon-coated copper grids (Electron Micro-
scopy Sciences), stained with aqueous 2 % uranyl acetate, air dried, and 
visualized on a Philips 301 electron microscope operating at 80 kV. 
Nanoparticle tracking analysis (NTA) was carried out using a NanoSight 
NS300 (Malvern PANalytical, Malvern, UK), with NTA software version 
3.2. All Samples were diluted using PBS and vortexed briefly, then taken 
up into a 1 mL syringe and injected into the flow cell of the NanoSight 
NS300 according to the manufacturer’s guidelines. Three replicate 
videos were collected from each sample and analyzed as technical rep-
licates. All data files for a given experiment were processed using 
identical settings (typical setting range: camera shutter 30–45 ms; 
camera gain 300–400; detection threshold 5–7; auto blur). 

2.6. SDS-PAGE and sample preparation for mass spectrometry 

The protein concentration was determined by Bradford assay. Five 
micrograms of the purified OMVs were resuspended in SDS-PAGE 
sample loading buffer and analyzed by SDS-PAGE on 15 % resolving 
gel at 140 V (Choi et al., 2011; Kothary et al., 2017). The gels were 
visualized with silver stains. For sample preparation of mass spectro-
metric analysis, in-solution digestion was performed as described before 
(Chu et al., 2019). Briefly, acetone was used for OMV protein precipi-
tation at a ratio of 1:4 at − 20 ℃ overnight, and the pellet was resus-
pended in 8 M Urea. Prior to digestion, the samples were diluted to the 
final concentration of 1 M urea and treated with trypsin (sequencing 
grade, Promega) at 37 ℃ overnight. After digestion, the samples were 
desalted using C18 ziptip (Millipore) and dissolved in 0.1 % formic acid 
for analysis. 

2.7. LC-MS / MS 

After vacuum drying, peptides were resuspended in buffer A (0.1% 
formic acid in water) and the concentration was estimated by measuring 
absorbance at 280 nm (Nanodrop 2000, Thermo Fisher Scientific). All 
peptide samples were analyzed using the Q Exactive HF hybrid 
quadrupole-Orbitrap mass spectrometer coupled to an EASY-nLC™ 
1200 system (Thermo Fisher Scientific, Waltham, MA, USA). For each 
sample, 2 µL of peptide mixture was resolved using an analytical C18 
column (250 mm, 75 µm, 3 µm; PepSep, Denmark) at a flow rate of 250 
nL min-1 for 75 min. The mobile phase was a mixture of buffer A and 
buffer B (0.1 % formic acid in 80 % acetonitrile) with a changing 
gradient of buffer B as follows: 0–2 min in 3–7 %; 2–52 min in 7–25 %; 
52–62 min in 25–44 %; 62–70 min in 44–95 %; and 70–75 min in 95 %. 
Spectrum recording was operated in the range of 350–1800 m/z with a 
mass resolution of 120 000. The positive ion mode was employed with 
the spray voltage at 2500 V, and a spray temperature of 320 ℃. The 
resolution of dd-MS2 was 30,000 with a 1e5 of AGC target. The 
Maximum IT was set at 60 ms and the loop count was 12. The isolation 
window was 1.6 m z-1 and fixed first mass was 120.0 m z-1. 

2.8. Subcellular localization and functional annotation of the identified 
proteins 

The proteins identified in this study were searched against the Uni-
Prot (www.pir.uniprot.org) and NCBI (www.ncbi.nlm.nih.gov) data-
bases by the gene ontology (http://geneontology.org/). The biological 
functions of the identified proteins were categorized according to the 
COG annotation terms (www.ncbi.nlm.nih.gov/COG). DAVID 
(http://david.abcc.ncifcrf.gov) was used to generate functional groups 

of OMV protein-encoding genes. The InterPro database (https://www. 
ebi.ac.uk/interpro/) was used to classify proteins into families and 
identify functionally important domains and conserved sites (Pay-
san-Lafosse et al., 2022). Data was visualized using Evenn (Chen et al., 
2021). 

2.9. Motility and biofilm formation assays 

To determine the influence of OMVs in bacterial motility and biofilm 
formation, the bacteria (108 cfu) at the log phase, were firstly treated 
with 1 µg (109 particles) OMVs. For biofilm formation assay, 96-well 
plates were used as previously described (Im et al., 2017). Briefly, the 
OMV treated bacterial strains were diluted and incubated for 24 h at 37 
℃ without shaking. After washing the wells 3-times with water to 
remove any unattached planktonic cells and air drying, the biofilms 
were stained with a 0.1 % crystal-violet solution for 20 min. Then, the 
stained biofilms were washed and air-dried, and dissolved with 30 % 
acetic acid. The amount of crystal-violet present in each sample was 
measured using a microplate reader (595 nm). Motility assay was con-
ducted as previously described with minor modifications. In brief, bac-
teria treated with OMVs were spotted on fresh LB soft-agar plates (0.3 % 
Bacto Agar) and incubated at 37 ℃ for 12 h. The diameter of the 
swimming halo was measured. Untreated bacteria were used as controls 
for all experiments. 

2.10. Statistics 

GraphPad Prism version 8 (GraphPad Software, La Jolla, CA, USA) 
was used for statistical analyses. Statistical significance was calculated 
via unpaired Student’s t-test. P-value of less than 0.05 was statistically 
significant. We performed a multivariate logistic regression with OD595 
to investigate the correlation between OMV amount and biofilm 
formation. 

3. Results 

3.1. Identification and characterization of urinary E. coli strains 

To characterize these five clinical strains collected from urine sam-
ples (Table 1), the virulence genes including vacuolating auto-
transporter protein (vat), heme receptor (chuA), YfC fimbria (yfcV), 
yersiniabactin siderophore receptor (fyuA) were detected using multi-
plex PCR (Spurbeck et al., 2012). As shown in Fig. S1 and Table S2, all 
strains carried at least 2 virulence factors of UPEC (fyuA and chuA) 
which were classified as UPEC. Noteworthy, three UPEC strains 
including KWH, PMH, and QMH were identified as ST131, H30 subclone 
by multilocus sequence typing (MLST) (Ho et al., 2015; Horesh et al., 
2021). 

3.2. Isolation and characterization of outer membrane vesicles from 
urinary E. coli strains 

To characterize the OMVs isolated from five UPEC strains (2D2, 
SPISO, KWH, PMH and QMH) and one E. coli strains J53, all purified 
OMVs were subjected to the examination of transmission electron mi-
croscopy and nanoparticle tracking analysis (NTA). As shown in Fig. 1, 
the images of TEM and the NTA revealed the bi-layered spherical vesi-
cles with an approximate diameter range of 130–190 nm (Table S3). 
Under normal growth conditions, intriguingly, the average diameter of 
the nonpathogenic strain J53 OMVs (132 nm) was smaller than that of 
UPEC strains OMVs (153–188 nm). Moreover, the yield of OMVs 
released varied among different strains. As shown in Table S3, the 
production rate of OMVs in some UPEC such as 2D2 and SPISO were 10- 
fold more than that of OMVs in J53. These results suggested that the 
versatility of UPEC-specific OMVs may provide specific functions. 
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3.3. Proteomic analysis of outer membrane vesicles 

To investigate the proteomic profile of the OMVs from five UPEC 
strains (2D2, SPISO, KWH, PMH, QMH) and one lab E. coli strain J53, 
purified OMVs were subjected to SDS-PAGE, and their proteins expres-
sion patterns were compared. As shown in Fig. 2A, each OMV showed 
distinct and characteristic proteins profiles. Moreover, the patterns were 
similar among UPEC-specific OMVs but different from J53 OMVs. To 
determine the proteomes of OMVs, total proteins isolated from OMVs 
were subjected to LC-MS/MS analysis. The resulting fragments were 
mapped and annotated with the protein databases of ST131 strain 
EC958 for PMH-OMV, QMH-OMV, and KWH-OMV or of UPEC reference 
strain CFT073 for 2D2-OMV and SPISO-OMV. As shown in Table 3, 
intriguingly, the total protein numbers of OMVs from ST131 E. coli 
lineage (KWH:452, PMH:788, QMH:785) were more than that of OMVs 
from other E. coli lineages (2D2:402, SPISO:248, J53:384), suggesting 
the dependence and specificity of linage in producing OMVs. Moreover, 

the Venn diagram showed that OMVs from different strains (Fig. 2B) 
shared 56 individual proteins, which were considered as the core pro-
teins of OMVs. Most of these proteins were functionally related to pro-
tein binding and cell adhesion (n = 36) as well as seven outer membrane 
transporters. The outer membrane protein, OmpA, was the most abun-
dant protein in all E. coli OMVs, constituting the membrane of OMVs. 
Interestingly, three other core proteins (RpsD, TolC, RplD) which are 
involved in antibiotics response were found. These results hint at the 
possible roles of OMVs in delivering cellular signals or proteins to pro-
vide immediate responses to environmental change via the quorum 
sensing-like pathway to surrounding or long-range bacterial cells. 

In addition to the core proteins, 23 proteins were shared by all five 
UPEC OMVs. These UPEC-specific proteins were involved in numerous 
functions including FtsH modulation (HflC and HflK), copper homeo-
stasis, ribosomal biogenesis and constitution of the periplasmic mem-
brane (Fig. 2C). FtsH, also called HflB, is a membrane-bound ATPase 
which is required for degradation of the un-complexed forms of the 

Fig. 1. Purification and characterization of outer membrane vesicle (OMV) from different Escherichia coli strains. E. coli strains were grown in terrific broth for 20 h 
and the OMVs were harvested by filtration through 0.45 µm membrane followed by ultracentrifugation. (A) The average concentration and diameter of OMVs were 
determined using Malvern NanoSight NS300. (B) Transmission electron microscopy images of the OMVs isolated from each E. coli strain. (C) Mode of the OMVs 
diameter in each E coli strain. 
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protein translocase SecY subunit (Kihara et al., 1995) which is essential 
for membrane protein assembly (Shimohata et al., 2007). These proteins 
may attribute to the higher OMV production and the larger size of OMVs 
produced by UPECs (Table S3). On the other hand, the copper homeo-
stasis protein CutF, together with polysialic acid transport protein KpsD, 
might play a role in UPEC pathogenesis as copper homeostasis and 
capsule biogenesis are the well-known virulence factors. 

To characterize the functions of OMVs based on their proteins pro-
file, gene ontology clustering was used for enrichment analysis. As 
shown in Fig. 2C, the OMVs carried mostly membranes and periplasmic 
proteins as well as fractions of cytoplasmic proteins including ribosomal 
proteins. Similar to the proteomic study of DH5α from Lee, et al. (Lee 
et al., 2008), OMV from J53 carried 198 cytosol proteins, most of which 
were ribosomal proteins. Besides, numerous plasma membrane com-
ponents (7–114 proteins) which play roles in the translocation of cyto-
plasm protein into periplasm and OMV as well as OMV formation were 
observed in UPEC-OMVs. We also clustered the proteins with their 
functional categories and built the network among various OMVs 
(Fig. 3). Intriguingly, a group of signaling peptides was found in all 
OMVs. Moreover, PMH and QMH OMVs shared a large portion of pro-
teins involved in aromatic amino acids (AAA). Furthermore, ATP bind-
ing proteins appeared in all ST131-specific OMVs (PMH, QMH, and 
KWH) whereas ion transporters were found in OMVs secreted from 2D2 

and KWH. These results indicate the versatility and capacity of OMVs to 
deliver varieties of functional proteins involved in metabolism, 
signaling, transport, biosynthesis, and so on, which potentially play 
roles in bacterial survival and pathogenesis. 

3.4. Treatments with outer membrane vesicles altered biofilm formation 

Outer membrane vesicles have been considered as the messengers for 
inter-cellular communication which provide necessary components for 
bacterial functions. To identify and evaluate the functional role of these 
UPEC-OMVs, we set out to study the biofilm formation and motility of 
bacteria treated with OMVs. As shown in Fig. 4A, the capacity of the 
biofilm formation of E. coli J53 was reduced after being treated with the 
OMVs purified from different strains. Moreover, the effect was the same 
when pathogenic strains such as 2D2, KWH and QMH were treated with 
their own OMVs (Fig. 4B), except PMH. Noteworthy, the biofilm for-
mation of PMH was strikingly enhanced when it treated with its own 
OMV (Fig. 4B). These results suggested that the effect of OMVs may 
depend on the integrity of the recipient bacteria as clinical isolates may 
develop specific characteristics at their growth environment. 

3.5. Treatments with OMVs modulate the motility of bacteria 

To evaluate the effect of OMVs on bacterial motility, E. coli strain J53 
was treated with OMVs purified from all pathogenic strains. No treat-
ment and J53 OMV were used as controls. As shown in Fig. 5, the bac-
teria treated with QMH and PMH OMVs showed significant increase in 
motility while KWH, 2D2 and SPISO OMVs suppressed the movement of 
bacteria, indicating the functional uniqueness of OMVs from different 
strains. Indeed, several evidences have been demonstrated that the 
components of OMVs can influence cellular processes and regulations in 
the bacterial cell, leading to the physiological adaptation to the imme-
diate changes in environmental conditions. 

In addition to the motility of J53 treated with different OMVs, we 
also investigated the mobility of PMH treated with its own OMV because 
of the striking enhancement of the biofilm formation (Fig. 4B). As shown 
in Fig. S2, interestingly, the motility of PMH was increased after the 

Fig. 2. Proteomic analysis of OMVs. (A) The 
protein compositions of OMVs isolated from 
different E. coli strains are visualized and 
compared using SDS-polyacrylamide electro-
phoresis. (B) The Venn diagram illustrates the 
number of common and unique proteins iden-
tified by mass spectrometry in different OMVs. 
(C) Functional enrichment analysis of the OMVs 
protein expressed in each E. coli strain. The 
quantified OMVs proteins were identified to be 
involved in five main categories including 
cellular components, including outer member, 
periplasmic, plasma membrane, ribosome, and 
extracellular.   

Table 3 
Number of Proteins identified by LC-MS/MS from E. coli OMVs.  

No. Samples Parental 
bacteria 

MDR 
Plasmid 

Numbers of identified 
proteins 

(Sequence type)  

1 2D2 OMV 2D2 (ST38) pHK01  402  
2 J53 OMV J53 (ST10) Null  384  
3 KWH OMV KWH (ST131) pKWH  452  
4 PMH OMV PMH (ST131) pPMH  788  
5 QMH OMV QMH (ST131) pQMH  785  
6 SPISO 

OMV 
SPISO 
(unknown) 

pNDM-HK  248  
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treatment of its self-derived OMV, suggesting the potential relationship 
between motility and biofilm formation. 

3.6. Aromatic amino acids (AAA) biosynthesis proteins in OMVs 
facilitate bacterial motility 

We have showed that treatment with QMH-OMV or PMH-OMV 

enhanced the mobility of the recipient bacteria (Fig. 5). To explore the 
potential components that function in this regard, we compared both 
OMVs’ proteomes with others and found that the aromatic amino acids 
(AAA) biosynthesis proteins including AroB, AroG, AroH, and AroK were 
the only proteins exclusively present in both PMH-OMV and QMH-OMV. 
These proteins in E. coli play significant roles in enzymatic reactions of 
AAA biosynthesis pathways and produce aromatic amino acids from the 

Fig. 3. Network analysis for the OMV proteins produced from different strains. Venn network shows gene ontology (GO) enrichment information and InterPro (IPR) 
domain mapping. Nodes in the middle were shared among six strains. The nodes were connected by 2–4 edges considered to be shared with 2–4 strains. Outer nodes 
with only one connected edge specially belong to each E. coli strain. The network was algorithmically constructed using EVENN software. 

Fig. 4. Effect of OMV on biofilm formation. Laboratory strain J53 (A) and clinical isolates 2D2, KWH, PMH, and QMH (B) were incubated with OMVs purified from 
the respective strain at 37 ℃ for 24 h. The degree of biofilm formation was measured at optical density OD595 after crystal violet staining and normalized with the 
corresponding strains. Bacteria without treatment with OMV were used as the control. The results were expressed as the means of at least five independent ex-
periments. Data are presented as mean ± SD, and comparisons were analyzed using unpaired Student’s t-test (two-tailed: * p < 0.05, ** p < 0.01; *** p < 0.001). 
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principal common precursor chorismite (Kim et al., 2020). Aromatic 
amino acids are the major components for protein synthesis and have 
been shown to be related to motility and biofilm formation in bacteria. 
However, the underlying mechanism of their regulation remains un-
known. Therefore, we studied the motility of bacteria carrying null 
mutants of aroB, aroG, aroH, and aroK. As shown in Fig. 6A and B, the 
bacterial strains BW25113::ΔaroB, BW25113::ΔaroG and BW25113::Δ 
aroK but not BW25113::ΔaroH showed significant reduction of motility 
relative to the wild-type strain (Baba et al., 2006). Since aroK is known 
to decrease bacterial growth (Leong et al., 2017; Lobner-Olesen and 
Marinus, 1992) and AroB is the enzyme involved in the synthesis of 
shikimate which has been shown to affect the motility behavior of 
Pseudomonas putida (Valderrama-Gómez et al., 2020), we performed the 
complementary experiment to further study its effect on the bacteria. As 
shown in Fig. 6C and 6D, overexpression of aroB complemented the 
swimming activity of BW25113::ΔaroB strain when compared with the 
wild-type BW25113 strain. Moreover, the treatment aroB mutant with 
QMH OMVs significantly restored the motility of the bacteria, indicating 
the functional role of AroB protein in OMVs (Figs. 6E and 6F). Note-
worthy, we also observed the reduction of flagellar in BW25113::ΔaroB 
strain in the images of transmission electronic microscopy (Fig. S3). 
These results suggested the potential mechanism that aroB plays an 
important role in bacterial motility through flagellar biosynthesis. 

4. Discussion 

Outer membrane vesicles are known to provide intercellular 
communication by the delivery of DNA (Bitto et al., 2017), RNA 
(Malabirade et al., 2018), and protein (Yonezawa et al., 2011) in the 
bacterial population. However, the components of OMVs regarding their 
host’s specificity remain unclear. Uropathogenic E. coli (UPEC) strains 
are the causative agents that cause urinary tract infection (UTI), 
although the bacterial reservoirs are in the intestine. The outer 

Fig. 5. OMV treatment affects swimming motility. (A) Representative images of 
swimming motility assay. The motility assay was performed with E. coli J53 
which was pretreated with OMV. Two microliters of the bacteria were spotted 
on 0.3% LB soft agar and incubated at 37 ℃ overnight. (B) The relative 
swimming zone diameter with or without OMV treatment was measured as the 
distance between the inoculation spot and the edge of the migration. J53 
without treatment or treated with J53 OMV were used as controls. The results 
were expressed as the means of five independent experiments. Data are pre-
sented as mean ± SD, and comparisons were analyzed using unpaired Student’s 
t-test (two-tailed: * p < 0.05, ** p < 0.01; *** p < 0.001). 

Fig. 6. Aromatic amino acids biosynthesis proteins affect the motility of bacteria. (A) Representative images of motility assay of wild-type and null mutants ΔaroB, 
ΔaroG, ΔaroH, and ΔaroK. (B) The bar chart shows the relative swimming zone diameter of each mutant compared with E. coli WT BW25113. (C) Representative 
images of motility assay of WT BW25113, BW25113_ΔaroB/EV and BW25113_ΔaroB/pTL215_aroB. pTL215 was the aroB expression plasmid used for the 
complementation experiment to restore the swimming capacity. (D) The bar chart shows the relative swimming zone diameter of each mutant compared with 
wildtype in complementation experiment. (E) Representative images of motility assay of BW25113_ΔaroB incubated with OMVs from BW25113_ΔaroB, and QMH. 
(F) The bar chart shows the relative swimming zone diameter of bacteria incubated with OMVs from BW25113_ΔaroB, and QMH. The results were calculated as the 
means of three independent experiments. The diameters were normalized to the wild-type strain. Data are presented as mean ± SD, and comparisons were analyzed 
using unpaired Student’s t-test (two-tailed: * p < 0.05, ** p < 0.01; *** p < 0.001). 
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membrane vesicles secreted from UPEC may carry unique sets of com-
ponents which may provide specific functions at that niche. In this 
study, OMVs were purified from five clinically isolated UPEC strains and 
one laboratory strain J53. The proteomes of each OMV were determined 
and their components were systematically compared with each other to 
investigate the difference between pathogenic and non-pathogenic 
strains specific OMVs. 

In the functional networking study, we found that all the OMVs 
carried the group of signaling peptides. Specifically, OMVs secreted 
from certain pathogenic strains shared proteins with similar functions. 
These indicated that the components of OMVs were selected based on 
the bacteria and their niches. Furthermore, incubation of bacteria with 
the OMVs affected both biofilm formation and motility of bacteria. In 
particular, the OMVs carrying a set of aromatic amino acids (AAA) 
biosynthesis proteins from two pathogenic strains, PMH and QMH, can 
enhance the motility of recipient strains. Besides, we further demon-
strated that the null mutant of aroB, one of the AAA biosynthesis protein 
coding genes, affected the flagellation as well as the swimming activity 
of bacteria. Since AAA biosynthesis protein AroB has never been linked 
with motility, this is the first evidence to show the direct relationship 
between AAA proteins and motility. Since OMVs have been considered 
as long-range delivery vehicles between bacteria, our work demon-
strated the extensive communication and networking among bacteria 
within the communities of microorganisms. 

In our study, five clinical strains were isolated from different hos-
pitals in Hong Kong, and three of them (KWH, PMH, and QMH) (Horesh 
et al., 2021) were the lineage of E. coli sequence type 131 (ST131). 
ST131 is a globally disseminated, multidrug resistant (MDR) clone 
responsible for a high proportion of UTIs (Forde et al., 2019). The rapid 
emergence and disperse of ST131 is strongly associated with several 
virulence factors, including type 1 fimbriae FimH30 allele, and CTX-M 
extended spectrum β-lactamase (ESBL). Whole-genome sequence data 
revealed ST131 from six countries as a single lineage within the phy-
logroup B2, subgroup I and showed the typical ST131 clade distribution 
with clades A, B, and C (Petty et al., 2014). The most prevalent sub-
lineage of ST131 strains was characterized by fluoroquinolone resis-
tance, and a distinct virulence factor and mobile genetic elements (MGE) 
profile (Petty et al., 2014). Since these strains have the similar genomic 
background, there was a potential bias of the UPEC OMVs’ proteomes 
and their corresponding physiological effects towards the representation 
of the lineage of ST131 in this study. 

Two hundred and fifty proteins were found to share among the OMVs 
isolated from ST131, which included the proteins related to nitrogen, 
glycerol, peptidoglycan, and ribonucleoprotein metabolism, as well as 
glycolysis and siderophore transportation. Moreover, four β-lactam 
resistance related proteins (TolC, OppA, AcrA, and OmpC) (Poetsch and 
Wolters, 2008) and four iron-binding proteins (MiaB, FepA, FecA, and 
FhuA) (Lee et al., 2008; Pierrel et al., 2002) were also found, suggesting 
the potential function of ST131-OMVs in the mediation of antibiotics 
tolerance and iron capture capability. It would be interesting to sys-
tematically compare the proteomes of OMVs from bacteria located at 
different regions in the world and determine the regional significance of 
OMVs. 

The motility of bacteria has been considered as an important feature 
for cells attachment to abiotic surfaces and the initiation of micro-
colonies on the surface, as the flagella might act as surface adhesins in 
biofilm formation (Doghri et al., 2021; Lemon et al., 2007). Moreover, it 
has been shown that bacterial strains with the most robust biofilm for-
mation displayed the most vigorous motility as planktonic cells (Gut-
tenplan and Kearns, 2013; Wood et al., 2006). Furthermore, mutations 
in fliC and flhD genes in bacteria resulted in a severe biofilm defect (Pratt 
and Kolter, 1998). These results indicated that motility and biofilm 
formation were tightly regulated and coupled with each other. Indeed, 
the relationship between motility and biofilm formation was also 
observed in our result (Fig. 4 and Fig. S2), which E. coli strain PMH 
treated with PMH-OMV simultaneously enhanced the motility and 

biofilm formation of the bacteria. One of the possible mechanisms was, 
the initiation of biofilm formation raises the level of c-di-GMP which 
activates YcgR and interacts with the flagellar rotor to decrease rotation 
speed as well as increase the frequency of direction reversals. In parallel, 
c-di-GMP activates CsgD, which in turn activates curli biosynthesis and 
inhibits flagellar gene expression. As the biofilm matures, 
post-transcriptional regulators like CsrA may accumulate to reactivate 
motility and antagonize matrix expression and thereby promote cellular 
dispersal for a new round of biofilm formation (Guttenplan and Kearns, 
2013). 

Aromatic amino acids are not just a series of essential amino acids 
(Saheli Ghosh, 2019) but also a well-known attractant for bacterial 
motility. It was suggested that the catabolite repression control (crc) 
protein allows chemotaxis of aromatic compounds affecting type IV pili 
structural subunit expression, thus promoting type IV-dependent 
twitching motility (Zhang et al., 2012). In Pseudomonas aeruginosa, crc 
mutants could form a thin film of cells instead of aggregating into 
macro-colonies (Shirtliff et al., 2002). As AAA are essential components 
of flagellin and flagellar hook proteins, lack of AAA may alleviate 
flagellar biosynthesis. On the other hand, the OMV treatment enhanced 
bacterial motility, suggesting that OMV may have the regulatory roles in 
bacterial physiology via the delivery of AAA biosynthesis proteins. We 
suspect that specific UPEC-specific OMV carrying AroB protein provides 
an enzyme for AAAs synthesis which is utilized for pili/flagella synthesis 
and therefore promotes bacterial motility, facilitating UPEC survival and 
invasion to mammalian cells. 

To summarize, we showed that OMVs secreted from clinically iso-
lated UPECs carried various protein components which could play 
different functional roles in the bacteria, including virulence, drug 
resistance, motility, biofilm formation, and so on. We also demonstrated 
that the delivery of OMVs’ components affected the physiological ac-
tivity of recipient bacteria. 
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