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Abstract
Enterotoxigenic Escherichia coli CFA/I is a protective antigen and has been overexpressed in
bacterial vectors, such as Salmonella Typhimurium H683, to generate vaccines. Effects that
overexpressed CFA/I may engender on the bacterial host remain largely unexplored. To
investigate, we constructed a high CFA/I expression strain, H683-pC2, and compared it to a low
CFA/I expression strain, H683-pC, and to a non-CFA/I expression strain, H683-pY. The results
showed that H683-pC2 was less able to migrate into semisolid agar (0.35%) than either H683-pC
or H683-pY. Bacteria that migrated showed motility halo sizes of H683-pC2 < H683-pC < H683-
pY. In the liquid culture media, H683-pC2 cells precipitated to the bottom of the tube, while those
of H683-pY did not. In situ imaging revealed that H683-pC2 bacilli tended to auto-agglutinate
within the semisolid agar, while H683-pY bacilli did not. When the cfaBE fimbrial fiber encoding
genes were deleted from pC2, the new plasmid, pC2(−), significantly recovered bacterial
swimming capability. Our study highlights the negative impact of overexpressed CFA/I fimbriae
on bacterial swimming motility.

1. Introduction
Although flagella are responsible for bacterial motility, the motion of bacteria is affected by
certain other surface appendages, such as extracellular polysaccharides, lipopolysaccharides
(LPS) and pili. For example, Bacillus subtilis extracellular polysaccharide matrix gene epsE
was expressed to break the flagella rotor to inhibit motility in order to form a biofilm
(Guttenplan et al 2010). LPS is associated with flagella-mediated motility in Pseudomonas
aeruginosa through the modulation of cell-surface attachment (Lindhout et al 2009). Enteric
bacteria attach to surfaces and host tissues by means of curli fibers (Epstein and Chapman
2008). When MR/P fimbriae were produced, MrpJ repressed transcription of the flagellar
regulon, thus reducing flagella synthesis (Li et al 2001). These studies illustrate that outer
membrane proteins and surface appendages play an important role in bacterial motility.
However, there have been no previous reports on how fimbriae affect bacterial motility
(Gibiansky et al 2010). Since motility is crucial to bacterial invasion (Betts and Finlay
1992), anti-phagocytosis (Amiel et al 2010) and virulence (Meng et al 2011), studying the
effects of fimbriae on bacterial motility may assist in determining whether overexpressed
fimbrial proteins alter bacterial pathogenesis.

Colonization factor antigen 1 (CFA/I) is a virulence factor from enterotoxigenic Escherichia
coli (ETEC). It is responsible for adherence to the host intestinal epithelium, which initiates
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the first step of infection (Baker et al 2009, Evans et al 1975). Five genes from two genomic
regions are required for the expression of CFA/I (Willshaw et al 1985). The structural genes
for CFA/I fimbrial biogenesis, cfaABCE, are located in the genomic region 1, while the
positive regulator gene, cfaR, is located in the genomic region 2 (Savelkoul et al 1990).
When cfaABCE were installed downstream of the tetracycline resistance gene promoter
(PtetA), overexpression of CFA/I fimbriae occurred in both E. coli and Salmonella (Wu et al
1995), suggesting that regulator gene cfaR is not required for fimbrial subunit expression
after its promoter is replaced with PtetA. The four structural genes encode four proteins,
which coordinate to form CFA/I fimbriae: cfaB encodes the ~15 kDa major subunit which
forms the fimbrial rods, cfaE encodes the minor subunit that locates at the tip of the fimbria
and is also responsible for nucleating fiber formation (Baker et al 2009, Li et al 2007), cfaA
encodes the periplasmic chaperone that promotes subunit folding and transportation (Li et al
2007), and cfaC encodes the usher that assembles into a channel structure in the cell outer
membrane (Saulino et al 2000). Although CFA/I has been overexpressed in various bacterial
vectors such as Salmonella enterica serovar Typhimurium H71 (Suo et al 2009), S.
Typhimurium H683 (Ochoa-Repáraz et al 2008, Yang et al 2011), E. coli (Tobias et al 2010)
and Vibrio cholerae (Tobias et al 2008), its impact on the behavior of a bacterial host has not
been investigated.

Previous studies of bacterial behavior have mainly focused on the relationships between
genes and behavioral phenotypes. With the introduction of molecular biology in the past
several decades, increasing numbers of recombinant bacteria have been generated for the
overexpression of heterologous genes. For instance, by means of vaccine vector S.
Typhimurium H683 (Wu et al 1995), human ETEC CFA/I fimbriae were overexpressed to
prevent and treat experimental autoimmune encephalomyelitis (Ochoa-Repáraz et al 2008),
the Y. pestis F1 capsule and LcrV were simultaneously overexpressed to prevent plague
(Yang et al 2007), and bovine ETEC K99 fimbriae were overexpressed to immunize
neonates (Ascón et al 1998). In all these studies, attention was exclusively paid to protein
expression and the immune responses elicited against the proteins. The impact of these
foreign proteins on the bacterial vectors remains unknown. Since all these proteins—CFA/I
fimbriae, F1 capsule, LcrV and K99 fimbriae—are located on the bacterial surface, it is
reasonable to speculate that they may affect bacterial motility. In this study, we chose to
overexpress ETEC CFA/I in S. Typhimurium H683 to examine whether CFA/I alters the
motile behavior of Salmonellae. The results suggest that bacterial swimming capability is
significantly impaired by the overexpression of CFA/I.

2. Materials and methods
2.1. Bacterial strains, media, plasmids, primers and growth conditions

The bacterial strains used are shown in table 1. E. coli H681, a Δasd mutant strain, and S.
Typhimurium H683, and a ΔasdΔaroA mutant strain (Wu et al 1995), were used to
transform recombinant asd+ plasmids carrying cfa/I genes. All strains were cultured using
the Lysogeny broth (LB) medium without antibiotics. Strains H681 and H683 were grown in
the medium supplemented with diaminopimelic acid (50 μg ml−1) (Galán et al 1990). To
analyze growth rates, recombinant Salmonella strains were taken from a −80 °C freezer and
used to inoculate LB agar for overnight incubation at 37 °C. Bacterial organisms were
harvested, and the cell optical density at 600 nm (OD600) was adjusted to ~0.05 with the LB
medium. Then, the bacteria were grown in BioScreen C (Oy Growth Curves AB Ltd) at a
continuous agitation of 150 rpm and 37 °C for 5.5 h. Each strain was analyzed in triplicate
in each experiment, and three independent experiments were conducted.

To determine whether CFA/I fimbriae impact bacterial motility, pC, the plasmid that harbors
operon, cfa/I, was utilized (table 1). In pC, cfaABCE is under the control of PtetA (Wu et al
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1995). To enhance cfa/I expression, the strong fusion promoter PtetA~PphoP from pV55
(Yang et al 2007) was cloned and used to replace PtetA in pC. The new plasmid was named
pC2 (table 1). In pC2, cfaABCE was under the control of PtetA~PphoP. Plasmid pY was
derived from pC by deleting cfaABCE from pC, and pY was used as a control plasmid
(Yang et al 2012) (table 1). To determine whether CfaBE fimbrial fibers were involved in
bacterial motility, the inner DNA sequences of cfaB and cfaE in plasmid pC2 were deleted,
respectively, in-frame and completely. This took several steps as detailed in the following.
First, using primers of cfA-F/cfB-R (table 1), with pC as a template, a DNA fragment of 456
bp containing 3′-end cfaA and 5′-end cfaB was amplified by polymerase chain reaction
(PCR). After digestion with XbaI and KpnI, it was inserted between the XbaI and KpnI in
pC2 (figure 1(a)). Thus, the 459-bp inner DNA fragment sequence of cfaB was deleted from
pC2, and the new plasmid was termed pTP2cfaB(−) (table 1). Next, based on pTP2cfaB(−),
the cfaE gene encoding the minor subunit was entirely deleted as follows: using primers of
cfC-F/cfC-R with pC as a template, a DNA fragment of 1394 bp containing 3′-end cfaC was
amplified by PCR. After digestion with XhoI and EcoRI (figure 1(a)), it was inserted
between the EcoRI and XhoI sites in pTP2cfaB(−) to completely remove cfaE, obtaining
plasmid pC2(−). Plasmids pC2, pC, pC2(−) and pY were transformed to S. Typhimurium
H683 to generate H683-pC2, -pC, -pTP2cfaB(−), -pC2(−) and -pY for evaluation of the
CFA/I’s involvement in the bacterial motilities.

2.2. Evaluation of bacterial swimming ability
After being removed from the −80 °C freezer, H683-pC2, -pC, -pTP2cfaB(−), -pC2(−) and -
pY were used to inoculate LB agar plates and grown overnight at 37 °C. Individual colonies
were selected using tips and used to inoculate the surfaces of LB plates containing 0.35%
agar (Stafford and Hughes 2007), and then incubated at 37 °C. After the inoculants entered
the semisolid agar, the bacteria swam in various directions, which formed a pattern of
concentric circles around the inoculation sites. We assumed that the diameters of the
‘motility halos’ correlated positively with the bacterial swimming capability. Thus, to
compare the swimming capabilities of these strains, we used the halo diameter as a criterion
as previously described (Tareen et al 2011). The halo diameters of 20 colonies were
measured in two cross directions at 8 h post-inoculation, and their averages were used as the
final values.

To compare the agar migration rates of the recombinant Salmonella strains, the inoculants
were counted for agar migration and non-migration at 8 h post-inoculation. The percentage
of the inoculants that accomplished agar migration was calculated for each strain, which was
used for assessment of statistical difference. The agar concentrations used in the migration
assay were 0.45%, 0.35% and 0.25%. Twenty inoculants were monitored for each strain per
experiment. This experiment was repeated six times.

2.3. Imaging of bacterial cells using atomic force microscopy and light microscopy
The bacteria were observed using an atomic force microscope (AFM) as previously
described (Suo et al 2008, 2009). In short, H683-pC2, -pC and -pY were grown in a liquid
LB medium, then rolled at 60 rpm at 37 °C until their OD600 reached ~0.6. Cell culture
suspensions of 100 μl were deposited directly onto a freshly cleaved mica disk. The
suspension-covered mica was incubated for 15 min at room temperature, then rinsed with
Nanopure water and dried with nitrogen gas flow. All AFM images were acquired in air in
tapping mode using a Multimode V system from Veeco (Suo et al 2007). At least 20 cells
were observed for each strain, and images with an approximately average density of
fimbriae were presented.
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Supernatants of cell cultures of strains H683-pC2, -pC and -pY were imaged optically using
an Olympus BX61 system equipped with a DP71 camera in phase contrast mode. To image
bacteria contained within semisolid agar, cells of H683-pC2 and -pY were used to inoculate
surfaces of the LB medium containing 0.35% agar with a medium thickness of ~1.0 mm. At
8 h post-inoculation, a layer of swimming halos was imaged using phase contrast mode. The
video clips of bacteria swimming were converted using Movie Maker, designed by
Microsoft, from 140 time-lapse images per 10 s.

2.4. Western blot analysis
H683-pC2, -pC and -pY cells were collected from LB medium cultures during the
logarithmic (log) growth phase. Cell pellets were rigorously vortexed for shearing flagella
and CFA/I fimbriae as previously described (Bahrani et al 1991). Comparative sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot analyses
of CFA/I and flagellin from H683-pC2, -pC and -pY were performed (Yang et al 2007). For
anti-flagellin blotting, 1.35 × 108 colony forming units (CFU) of H683-pC2, -pC and -pY
were used per well, and for anti-CFA/I blotting 1.35 × 108 CFU of H683-pC2 and 2.7 × 109

CFU of H683-pC and -pY were used, respectively. After electrophoresis, protein transfer
and immunoblot development were performed according to a method previously described
(Yang et al 2007). The mouse monoclonal FliC antibody (Biocompare) and the rabbit
polyclonal CFA/I antiserum (laboratory preparation) were used for detecting flagellin and
CFA/I fimbria expression, respectively.

2.5. Statistical analysis
The Student’s t-test was used to evaluate the statistical differences in each experiment. The
P values of <0.05, <0.01 and <0.001 were used to differentiate significant differences among
different parameters.

3. Results and discussion
3.1. Overexpression of CFA/I causes auto-agglutination of Salmonellae

The plasmids pC2, pC and pY (figure 1(a)) were transformed to S. Typhimurium H683, and
three new recombinant strains of H683-pC2, -pC and -pY were generated. After overnight
growth at 37 °C in the liquid LB medium, the cell cultures were allowed to stand without
agitation for 1 h at ambient temperature. As shown in figure 1(b), H683-pC2 cells
precipitated to the bottom of the tube and left a clear supernatant, implying the auto-
agglutination of H683-pC2, while -pC and -pY remained an even turbid mixture of cells and
medium. Agglutination is typically observed for bacterial organisms expressing CFA/I in the
presence of anti-CFA/I serum (Alves et al 2000). The auto-agglutination of H683-pC2 in the
absence of anti-CFA/I serum suggests that -pC2 may produce an enormous amount of CFA/I
fimbriae on cell surfaces, endowing it with this new phenotype. This auto-agglutination
phenomenon was also previously observed in our laboratories for another CFA/I expression
strain, S. Typhimurium Δasd::kanR H71-pHC (Suo et al 2008). The auto-agglutination of
H683-pC2 is unlikely to result from flagella, since no differences were observed for flagella
production using either Western blot or AFM imaging (figures 1(c) and (d)). As the CFA/I
expression level of H683-pC is fairly low, we utilized a bacterial CFU 20-fold higher than
that of -pC2 to emphasize the protein band in Western blotting analysis. Despite the low
concentration of H683-pC2 compared to -pC, -pC2 still generated a band ~1.5-fold denser
than that of -pC (figure 1(c)), suggesting that -pC2 yields ~30 times more CFA/I fimbriae
than -pC. The results from AFM imaging confirmed the Western blot assay, as H683-pC2
produced a massive amount of fimbriae that densely covered the cell surface (figure 1(d)).
The fimbriae were observed to decorate the bacterial surface only sparsely for H683-pC,
while no fimbriae were imaged for -pY (figure 1(d)). Our previous study showed that fusion

Cao et al. Page 4

Phys Biol. Author manuscript; available in PMC 2012 July 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



promoter PtetA~PphoP is stronger than PtetA (Yang et al 2007). Hence, when PtetA~PphoP
was applied to cfaABCE, it elevated the expression of CFA/I fimbriae as compared to PtetA.
The massive CFA/I fimbriae may be the cause of the subsequent auto-agglutination of
H683-pC2. The auto-agglutination phenomenon was further observed using a light
microscope (figure 1(e)). Even in the cell culture supernatant, a majority of H683-pC2 cells
remained in agglutinated form, with only a minority of cells maintained in planktonic form.
For H683-pC, a few cells remained in the agglutinated state while many cells resided in the
planktonic pattern. As for H683-pY, all cells resided in the planktonic pattern (figure 1(e)).
A previous study showed that purified CFA/I fimbrial molecules tend to aggregate to form
bundles (Evans et al 1979), so the auto-agglutination of H683-pC2 and -pC is very likely
due to the fimbrial adhesive feature.

3.2. Overexpression of CFA/I impedes bacterial swimming
Flagella contribute to bacterial adhesion and motility, while fimbriae are involved in
attachment (Finlay and Falkow 1997, Zolghadr et al 2010). To investigate whether
overexpression of CFA/I fimbriae interferes with flagella-driven bacterial motion, a
swimming experiment was conducted. The use of semisolid agar to analyze bacterial
motility can be traced back to approximately one century (Tittsler and Sandholzer 1936).
Within semisolid agar, motility is manifested macroscopically by a diffusion zone of
bacterial growth spreading from the inoculation spots (Tittsler and Sandholzer 1936).
Therefore, in addition to the microscopic swimming ability of individual bacteria, the
macroscopic swimming ability of massive bacteria can also be determined using the
conventional method, which measures the bacterial capability of movement within semisolid
agar.

Strains H683-pC2, -pC and -pY were used to inoculate semisolid LB agar (0.35%) surfaces.
At 8 h post-inoculation, although a majority of the inoculants had started swimming and
formed motility halos (figure 2(a-i, -iii, -v)), inoculants that had been unable to start
swimming were observed for all three tested strains (figure 2(a-ii, iv, vi). To facilitate
description, we used ‘migrating inoculants’ to describe the inoculants able to migrate into
semisolid agar to start swimming. Swimming capability was determined by two parameters,
the percentage of the migrating inoculants and the diameters of the motility halos the
migrating inoculants formed. To determine whether the swimming capabilities were inherent
to the strains tested, this experiment was performed six times. H683-pC2 displayed the
lowest percentage of migrating inoculants (70.8%), significantly lower than those of -pC
(99.2%) and -pY (97.5%) (P < 0.05; P < 0.05) (figure 2(b-i)). H683-pC2 also yielded the
smallest motility halo size (8.5 mm), very significantly smaller than those of -pC (10.4 mm)
and -pY (13.7 mm) (P < 0.001; P < 0.001) (figure 2(b-ii)). It is noteworthy that the motility
halo size of H683-pC was smaller than that of -pY (P < 0.001) but larger than that of -pC2
(P < 0.05) (figure 2(b-ii)). These results suggest that overexpression of CFA/I prevents
Salmonella from migrating into semisolid agar and that the swimming ability of those
Salmonella with overexpressed CFA/I which did migrate into agar is decreased. The results
also suggest a negative correlation between the level of CFA/I expression and the bacterial
swimming ability: the more fimbriae the cell carries, the less swimming capability the
bacterium retains.

The decreased capability of H683-pC2 to enter semisolid agar can be understood based on
the following. Overexpression of CFA/I caused the aggregation of bacterial cells, and more
severe aggregation was observed for more fimbriated strains. This is evidenced by the auto-
agglutination of H683-pC2 grown in a liquid medium (figure 1(b)) and the microscopic
observations (figure 1(e)). In comparison to non-aggregated cells, the aggregates had more
difficulty entering semisolid agar. Cells contained in aggregates must overcome the
agglutination forces to enter semisolid agar. Strain H683-pC2 showed the lowest percentage
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of migrating inoculants because it had fewer non-aggregated cells than the other two strains.
Although smaller aggregates were also identified for H683-pC (figure 1(e-ii)), a large
number of non-aggregated cells was observed for this strain, which then displayed a
migrating inoculants percentage close to 100%, similar to that of -pY (figure 2(b-i)).

3.3. Factors that contribute to impeded bacterial swimming capability
In general, two aspects determine how fast bacteria swim: environmental conditions and the
innate swimming ability of the bacteria. The impact of environmental factors, such as
chemotaxis (Pandey and Jain 2002), pH (Celli et al 2009), temperature (Magariyama et al
1995) and viscosity (Magariyama and Kudo 2002) on bacterial swimming have been
addressed. The impact of agar concentration on bacterial swimming was analyzed in this
study. Agar with a lower concentration has a larger pore size (Maaloum et al 1998). Since
bacterial cells enter the semisolid agar through these pores (Ames et al 1996), the pore size
largely determines whether the cells are able to enter the agar. Indeed, even for strain H683-
pY, more than one-third of the cells were unable to enter the agar when the agar
concentration reached 0.45% (figure 3(a)). The AFM imaging of 0.35% agar indicated an
average pore size around 1 μm (figure S1 (available from stacks.iop.org/PhysBio/9/036005/
mmedia)). H683-pC2 cells were surrounded by a dense layer of fimbriae (figure 1(d)),
which rendered the bacterial cell surface rougher and gave the cell a size larger than that of -
pY. We speculate that this effect introduces additional resistance to H683-pC2 cells when
they migrate into agar micropores. This is supported by the observation that when the agar
concentration was decreased to 0.25%, all the H683-pC2 inoculants migrated into the agar
(figure 3(a)), because a pore size of 0.25% agar is sufficient to accommodate the rough
H683-pC2 cells. After successful agar migration, as the hydrodynamic resistances
encountered by these constructs are in the order of H683-pC2 > -pC > -pY, unsurprisingly,
their swimming abilities are in the order of -pC2 < -pC < -pY (figure 3(b)). Moreover, the
fimbriae may interact strongly with the gel environment, causing entanglement and
stickiness, which may also be a reason that the fimbriated cells possess a reduced swimming
capability. Thus, in addition to the previously observed external environmental conditions,
agar concentrations may constitute an external factor impacting the densely fimbriated
H683-pC2.

Three factors innate to the bacteria are anticipated to contribute to the small motility halo
size of H683-pC2: rate of cell division, bacterial aggregation and the swimming capability
of individual cells. Halo size is determined by bacterial swimming capability and cell
division rate. For two strains that have identical swimming capabilities, the one with the
higher division rate is expected to show the larger motility halo size. H683-pC2 and -pY
were grown in the liquid LB medium with the initial inoculation cell density of 0.05 at
OD600. Between 0.5 and 3.0 h post-inoculation, the OD600 values of H683-pC2 were
significantly higher than those of -pY (figure 4(a-i)). After 3.5 h, no difference in OD600 was
observed between H683-pC2 and -pY. However, between 4.0 and 5.5 h, the OD600 values of
H683-pC2 were significantly lower than those of -pY. Actually, between 3.5 and 5.5 h post-
inoculation, the OD600 values of H683-pC2 remained nearly unchanged (its growth curve
has a sharp turnover from a rapid log growth phase to a slow stationary growth phase)
(figure 4(a-i)). The reason why the OD600 values of H683-pC2 were higher than those of -
pY in the lag and early log growth phases is not readily evident, but its rapid shift from the
log growth phase to the ‘stationary growth phase’ may be due to auto-agglutination. Since
the bacterial pellets of auto-agglutinated H683-pC2 cells grew larger with time, they
presumably became too heavy to suspend in the medium and finally precipitated from the
medium. This left the culture supernatant of H683-pC2 clearer than that of -pY, which
resulted in the light absorption of -pC2 being weaker than that of -pY at 600 nm. Since the
growth rate of H683-pC2 could not be measured accurately, we analyzed the bacterial CFU
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every half hour by taking cell culture samples out of the BioScreen C and rigorously
vortexing the samples for 1 min at the maximum speed since microscopic observation
showed that 1 min of vortexing is sufficient for completely separating the agglutinated cells
into individual cells. Next, the samples were serially diluted and plated onto LB agar for
CFU enumeration after overnight growth at 37 °C. H683-pC2 had significantly more CFU
than -pY at the time of the inoculation (t = 0 h) (P < 0.01) (figure 4(a-ii)). The reason for this
difference is not currently clear, but the higher initial CFU of H683-pC2 led to a ‘faster’
growth rate than that of -pY in terms of both OD600 (figure 4(a-i)) and CFU (figure 4(a-ii))
in the lag and early log phases. At 5 h post-inoculation, no difference in CFU was observed
between H683-pC2 and -pY. At 5.5 h post-inoculation, the growth rate of H683-pC2 was
surpassed by that of -pY (figure 4(a-ii)). Although the CFU values of the H683-pC2 and -pY
strains accurately index their cell growth rates, these data still cannot be used to clearly
address which strain grows faster because of the different initial inoculants and the abnormal
CFU profile of H683-pC2. Therefore, we calculated the maximum growth rates of these two
strains using the minimum doubling time of the bacterial population. Through calculation,
we found that the rapidest growth for both strains occurred between 3.0 and 3.5 h post
inoculation. Correspondingly, the minimum doubling time of the populations of H683-pC2
and -pY are 20.2 ± 2.5 versus 18.9 ± 2.6 min, respectively, and the difference did not reach a
significant level (P > 0.05), suggesting these two strains show no differences in growth rate.
Therefore, we may infer that growth rate does not contribute to the impaired swimming
capability of H683-pC2. Possible reasons for the impaired swimming capability of H683-
pC2 are bacterial aggregation and the slow swimming capability of individual cells.

CFA/I-mediated aggregation may adversely affect bacterial swimming capability in two
ways. First, the large volume of the aggregates may bring additional hydrodynamic
resistance when they swim collectively. Second, the overall propelling force of the
aggregates is a combination of the flagella-driven force of all the individual cells, which is
much smaller than their arithmetic sum because the cells inside the aggregates do not orient
themselves in the same direction. Thus, the propelling forces of the aggregates in different
directions counteract each other. Our results show that the H683-pC2 cells did form
aggregates both in the liquid medium and in semisolid agar (figures 1(e-i) and 4(b-i)), and
this aggregation may also have contributed to the small motility halo size of H683-pC2,
since the aggregates stopped the cells from swimming toward the edges of the halos. No
aggregates were discerned for H683-pY in either liquid medium or semisolid agar (figures
1(e-iii) and 4(b-ii)), and it maintained normal swimming in these media.

We also observed different swimming abilities for the non-aggregated cells of all three
strains, as shown in the video clips in the supporting materials (videos S1–S4 (available
from stacks.iop.org/PhysBio/9/036005/mmedia)). Although we are not able to give a
quantitative description of the swimming speed at this stage, a significant difference can be
seen in the video clips: in the liquid LB medium the H683-pY cells swam the most rapidly
while most of the -pC2 cells moved slowly. The detailed mechanism of the impeded
swimming capability of H683-pC2 remains unclear, but potential reasons include increased
hydrodynamic resistance associated with the fimbriae and the tangling of fimbriae with
flagella. To examine this hypothesis, we removed the CFA/I fimbrial fibers from H683-pC2
and investigated whether the non-fimbriated cells recovered their swimming capability
compared to the control -pY, as follows.

3.4. Removal of CFA/I fimbrial shaft restores bacterial swimming capability
To further investigate the association between the impeded swimming of H683-pC2 and the
CFA/I fimbrial fibers, we constructed a strain that does not express the shaft portion of
CFA/I fimbriae, naming it H683-pC2(−). Among the four genes harbored in the cfa/I
operon, cfaB and cfaE encode the fimbrial shaft (Baker et al 2009), so cfaB was in-frame
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deleted from pC2 to obtain pTP2cfaB(−). Then, pC2(−) was generated by complete removal
of cfaE from pTP2cfaB(−). Similar to H683-pY, -pC2(−) and -pTP2cfaB(−) did not auto-
agglutinate. H683-pC2(−) and -pTP2cfaB(−) were evaluated for swimming capability in
0.35% agar, with -pC2 and -pY as controls. Similar to what we observed in figure 2(a), two
swimming phenotypes were observed 8 h post-inoculation: the inoculants able to enter agar
to swim and those unable to migrate into agar. The percentages of migrating inoculants of
H683-pC2(−) and -pTP2cfaB(−) showed no differences from that of -pY but were
significantly higher than that of -pC2 (figure 5(a-i)), suggesting that fimbrial fibers block
bacterial agar migration. The motility halo sizes of H683-pC2(−) and -pTP2cfaB(−) were
between those of -pC2 and -pY (figure 5(a-ii)), suggesting that the fimbrial fibers adversely
affect swimming ability. It is probable that these projected, rigid fibers confer extra
hydrodynamic resistance to the swimming cells, thus slowing them down. On one hand, this
supports our hypothesis that fimbrial fibers affect bacterial agar migration and swimming
ability. On the other hand, it may imply that other unidentified factors interfere with
bacterial swimming. Of note is that both H683-pC2(−) and -pTP2cfaB(−) do not possess
fimbrial fibers, but -pTP2cfaB(−) gave a slightly larger average swimming halo size than
that of -pC2(−) (P < 0.05) (figure 5(a-ii)), implying CfaE is subtly involved in the bacterial
motility in some way irrelevant to the fimbrial fibers. To test whether cell division
contributed to the low swimming ability of H683-pC2(−), we compared its growth rate with
-pTP2cfaB(−) and -pY. The result showed that the growth rates of H683-pC2(−) and -
pTP2cfaB(−) showed no difference, but significantly slower than that of -pY at 4 and 4.5 h
post-inoculation (P < 0.05 or 0.001) (figure 5(b)). Although the mechanisms of the retarded
growth of H683-pC2(−) and -pTP2cfaB(−) require further investigation, this result supports
our assumption that the slow swimming capabilities of H683-pC2(−) and -pTP2cfaB(−)
correlates to its slow growth rate. Overall, these experiments indicate that CFA/I fimbrial
fibers fundamentally affect bacterial motility by impeding swimming.

This study has focused on the population-scale behavior of fimbriated Salmonella. Future
studies may focus on the behavior of single cells, which may help us understand how
fimbriae affect the dynamics of individual bacteria. This may be accomplished using the
three-dimensional (3D) defocused particle tracking (DPT) method, which tracks multiple
swimming cells in 3D at a single-cell resolution (Wu et al 2006). This technique will allow
us to measure how bacterial motor power and motility are affected by overexpressed
fimbriae. It may also enable us to analyze the fimbrial impacts on the cell diffusion
coefficient, collective dynamics and quorum sensing behavior. We predict that these DPT
experiments will deepen our understanding of the impact of the fimbriae on swimming
behavior, as well as bacterial behavior at both the collective and individual levels.
Knowledge acquired in these areas may assist in the development of highly efficient
biosensors that immobilize fimbriated pathogenic bacteria to expedite the process of clinical
diagnosis (Suo et al 2012).

4. Conclusion
Our work indicates that overexpressed ETEC CFA/I adversely affects bacterial swimming
through two mechanisms. First, CFA/I causes cells to form aggregates, which is deleterious
to their swimming capability. Second, CFA/I fimbrial fibers impede the swimming of non-
aggregated cells. These two effects correlate negatively to the CFA/I expression levels, i.e.
the more CFA/I fimbriae are expressed, the less swimming capability the bacteria have.
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Refer to Web version on PubMed Central for supplementary material.
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Nomenclature

ETEC enterotoxigenic E. coli

CFA/I colonization factor antigen I

LB lysogeny broth

OD600 optical density at 600 nm

AFM atomic force microscope

PCR polymerase chain reaction

log logarithmic

CFU colony forming units

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

PtetA tetracycline resistance gene promoter

3D three-dimensional

DPT defocused particle tracking
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Figure 1.
Effect of overexpression of CFA/I on bacterial phenotypes. (a) Schematic plasmid maps.
The cfaABCE is regulated by PtetA~PphoP in pC2 (i) and by PtetA in pC (ii), and control
pY does not harbor cfaABCE (iii). (b) Overexpression of CFA/I resulting in cell auto-
precipitation. The overnight cell culture of H683-pC2 precipitated to the bottom of the tube
(i), while those of -pC (ii) and -pY (iii) did not. The arrow indicates the precipitated cell
pellets. (c) Western blot of anti-flagella and -CFA/I fimbriae. The anti-FliC blots showed no
differences for flagellum expression among H683-pC2 (i), -pC (ii) and -pY(iii), while anti-
CFA/I blots showed that H683-pC2 (i) produced more CFA/I fimbriae than -pC (ii) but -pY
(iii) did not synthesize CFA/I. (d) AFM imaging of bacterial flagella and CFA/I fimbriae.
The H683-pC2 (i), -pC (ii) and -pY (iii) images all revealed flagella associated with the
bacterial organisms, but CFA/I fimbriae were associated with H683-pC2 and -pC, but not
with -pY. The wide and narrow arrows indicate flagella and CFA/I fimbriae, respectively.
(e) Light microscope images of agglutinated bacteria. Imaging revealed that a majority of
H683-pC2 cells (i) were auto-agglutinated within the liquid LB medium, while a great
number of H683-pC (ii) and all -pY (iii) cells existed in the planktonic form.
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Figure 2.
Effects of overexpression of CFA/I fimbriae on bacterial swimming. (a) Not all inoculants
were able to start swimming in 0.35% agar at 8 h post-inoculation. Images of H683-pC2 (i),
-pC (iii) and -pY (v) inoculants which started swimming versus those unable to start
swimming, (ii), (iv) and (vi), respectively. The scale bar, 10 mm, is applicable to all the
images (i–vi). (b) CFA/I fimbriae counteract bacterial swimming capability. (i) The
migrating inoculants rates were determined for H683-pC2, -pC and -pY, and the statistical
differences were evaluated and are indicated as * P < 0.05 for -pC2 versus -pY and ¶ P <
0.05 for -pC2 versus -pC. Values are the mean ± SEM (n = 6). (ii) The motility halo
diameters at 8 h post-inoculation were recorded, and the statistical differences were
evaluated and are indicated as *** P < 0.001 for H683-pC2 or -pC versus -pY, and ¶ P <
0.05 for -pC2 versus -pC. Values are the mean ± SEM (n = 3).
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Figure 3.
CFA/I-inhibited bacterial swimming depends on agar concentration. (a) The migrating
inoculant rates of the fimbriated bacteria were elevated with the decrease in agar
concentration. The migrating inoculants rates of H683-pC2 and -pY were statistically
compared for 0.45%, 0.35% and 0.25% agar, and the differences are indicated as *** P <
0.001 for H683-pC2 versus -pY, ¶¶¶ P < 0.001 for H683-pC2 at 0.35% versus 0.45% agar,
and ††† P < 0.001 for H683-pY at 0.35% versus 0.45% agar. Values are the mean ± SEM (n
= 6). (b) The motility halo sizes of the fimbriated bacteria increase with the decrease in agar
concentration. H683-pC2 was compared with -pY for halo diameters at 8 h post-inoculation,
and the statistical differences between H683-pC2 and -pY were evaluated and are indicated
as *** P < 0.001 at each of the three agar concentrations; ¶¶¶ P < 0.001 for -pC2 at 0.35%
versus 0.45% agar, and 0.25% versus 0.35% agar; and ††† P < 0.001 for -pY at 0.35% versus
0.45% agar, and 0.25% versus 0.35% agar. Values are the mean ± SEM (n = 3).
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Figure 4.
Evaluation of growth rate and observation of in situ auto-agglutination of H683-pC2. (a)
Assay of the growth rates of H683-pC2 and -pY via OD600. The statistical differences in
growth rate between H683-pC2(−) and -pY were evaluated and are indicated as * P < 0.05,
** P < 0.01 and *** P < 0.001 at each time point. Values are the mean ± SEM (n = 3). (b)
Assay of the growth rates of H683-pC2 and -pY via CFU. The statistical differences in CFU
between H683-pC2(−) and -pY were evaluated and are indicated as * P < 0.05, ** P < 0.01
and *** P < 0.001 at each time point. Values are the mean ± SEM (n = 3). (c) Observation
of H683-pC2 auto-agglutination inside agar. The motility halos formed within 0.35% agar
by strains H683-pC2 (i) and -pY (ii) were observed for individual cell behavior using an
optical microscope in phase contrast mode. The arrows indicate cell auto-agglutination. No
aggregates were detected for control H683-pY.
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Figure 5.
Impact of the CFA/I fimbrial fibers on bacterial swimming. (a) CFA/I fimbrial fibers hinder
bacterial swimming. (i) The migration inoculants rates at 8 h post-inoculation were
determined for H683-pC2(−), -pTP2cfaB(−), -pC2 and -pY, and the statistical differences
were evaluated and are indicated as *** P < 0.001 for H683-pC2 versus -pY, ¶¶¶ P < 0.001
for -pC2 versus -pC2(−) and ††† P < 0.001 for H683 -pC2 versus -pTP2cfaB(−). Values are
the mean ± SEM (n = 6). (ii) The motility halo sizes at 8 h post-inoculation were recorded,
and the statistical differences were evaluated and are indicated as *** P < 0.001 for H683-
pC2 versus -pY, ** P < 0.01 for H683-pC2(−) versus -pY, * P < 0.05 for H683-
pTP2cfaB(−) versus -pY, ¶¶¶ P < 0.001 for H683-pC2 versus -pC2(−), ††† P < 0.001 for
H683-pC2 versus -pTP2cfaB(−) and ‡ P < 0.05 for -pC2(−) versus -pTP2cfaB(−). Values are
the mean ± SEM (n = 3). (b) Growth rates of the non-fimbriated strains versus control. The
OD600 was recorded and the statistical differences were evaluated and are indicated as * P <
0.05, ** P < 0.01 and *** P < 0.001 for H683-pC2(−) versus -pY, ¶ P < 0.05, ¶¶ P < 0.01
and ¶¶¶ P < 0.001 for -pTP2cfaB(−) versus -pY. Values are the mean ± SEM (n = 3).
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Table 1

Bacterial strains, plasmids and primers used in this study.

Strains Characteristics Sources

E. coli H681 Δasd (Wu et al 1995)

S. Typhimurium H683 ΔasdΔaroA (Wu et al 1995)

Plasmids Characteristics and derivation Sources

pC pJGX15C-asd+, cfaABCE under control of PtetA (Wu et al 1995)

pC2 asd+, cfaABCE under control of PtetA~PphoP, derived from pC This study

pY asd+, cfa/I−, derived from pC (Yang et al 2012)

pTP2cfaB(−) asd+, cfaA+cfaB−cfaC+cfaE+, derived from pC2 This study

pC2(−) asd+, cfaA+cfaB−cfaC+cfaE−, derived from pTP2cfaB(−) This study

Primers Oligonucleotide sequencesa Enzyme sitesb

cfA-F GAGGCGGTAAAACCAGATAGC XbaI

cfB-R GGATCCCATTGTGGTCAGAGCCATTGC KpnI

cfC-F TTATGAAGGAAGTCTGAAATGG EcoRI

cfC-R CTCGAGTTATCCTTTATCATTCTTTGCCAG XhoI

Note:

a
The sequences in bold print are the integrated restriction enzyme sites.

b
The restriction enzyme sites for XbaI and EcoRI are not designed in primers but contained in the template DNA sequence downstream of the

primers.
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