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Abstract

Flagella occur on many prokaryotes, which primarily propel cells to move from detrimental to favorable environments. A
variety of species-specific flagellation patterns have been identified. Although it is presumed that for each of these flagellated
microorganisms, an evolutionarily fixed flagellation pattern is favored under the normal living conditions, direct evidence is
lacking. Here, we use Shewanella oneidensis, a rod-shaped Gram-negative bacterium with a monotrichous polar flagellum
(MR-1, the wild-type), as a research model. The investigation has been enabled by multiple mutants with diverse flagellation
patterns that had been generated by removing FIhF and FIhG proteins that control flagellar location and number, respectively.
Growth assays, as a measure of fitness, revealed that the wild-type strain predominated in spreading on swim plates and in
pellicles which form at the air-liquid interface. However, under the pellicles where oxygen is limited, both aflagellated and
monotrichous lateral strains showed similar increase in fitness, whereas strains with multiple flagella were less competitive.
Moreover, under shaking culturing conditions, the aflagellated strain outcompeted all other strains, including the wild-type,
suggesting that cells devoid of flagella would be more likely enriched upon agitation. Overall, these data support the pre-
sumption that the monotrichous polar flagellum, as evolutionarily fixed in the wild-type strain, is optimal for the growth
fitness of S. oneidensis over any other mutants under most test conditions. However, upon specific changes of environmental
conditions, another form could come to predominate. These findings provide insight into the impacts of flagellation patterns
and function on bacterial adaptation to differing environments.

Introduction are motile by means of flagella. Flagella can also play other

critical roles relating to adhesion, biofilm (cell community)

For many prokaryotes, the ability to actively move from det-
rimental to favorable niches confers an important advantage
for survival and fitness in their varied habitats [1, 2]. The
surface appendages that prokaryotic cells have evolved for
locomotion are highly varied and include flagella, pili, and
mycoplasma “legs” [3]. Among them, flagella/flagellum,
semi-rigid filamentous structures which extrude through the
cell wall, are probably the most effective for bacteria. By
rotation, they are able to propel cells in liquid medium as fast
as 60 pm/s for some species [4, 5]. Many bacterial species
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formation, and host invasion [6, 7].

In bacteria, the flagellation pattern is usually species-spe-
cific, whilst many interspecies variations in flagellar location
and number occur [8]. For each isolate, the flagellation pat-
tern appears to be fairly fixed and alternatives to the domi-
nant pattern are rare occurrences in the wild-type [9]. The
major flagellation patterns that have been characterized are
monotrichous (a single flagellum, often polar; e.g., Vibrio
cholerae, Pseudomonas aeruginosa); amphitrichous (a sin-
gle or multiple flagellum at both ends; e.g., Campylobac-
ter jejuni); lophotrichous (a tuft of flagella at one end; e.g.,
Helicobacter pylori); and peritrichous (flagella distributed
along the length of a rod-shaped cell; e.g., Escherichia coli)
[10-12]. In addition, some bacteria with multiple flagella
occurring near the midpoint of the cell body are known as
lateral (e.g., Selenomonas ruminantium) [13].

As a complex molecular machine, a typical bacterial fla-
gellum is composed of over 20 different structural proteins
assembled to form a basal body (including MS ring, P ring,


http://crossmark.crossref.org/dialog/?doi=10.1007/s00284-020-01999-0&domain=pdf
https://doi.org/10.1007/s00284-020-01999-0

Flagellation of Shewanella oneidensis Impacts Bacterial Fitness in Different Environments 1791

L ring, and export apparatus), a motor, a switch, a hook,
and a filament [14, 15]. The energy cost for flagellar syn-
thesis is enormous, consuming up to 2% of a cell’s meta-
bolic resources [16]. Among flagellar proteins, the flagellin
accounts for most of the energy consumption as it requires
the synthesis of up to 20,000 units for filament construction
[15]. In addition to the cost of synthesis, flagellar rotation
spends on ion motive forces, ~ 10*~10° protons per second in
the case of E. coli [17]. Because of the high-energy invest-
ment on motility, flagellar synthesis, assembly and rotation
are tightly regulated at multiple levels [18].

Shewanella spp. comprise a highly diverse group of
y-proteobacteria that are widely distributed in marine and
freshwater environments [19]. Shewanella spp. are most
usually motile by means of a polar flagellum. The species
considered as representative of the genus, S. oneidensis, is
typical in this regard. However, some atypical Shewanella
strains have an accessory peritrichous lateral flagellar system
that is conditionally synthesized [9, 20]. Most of the cur-
rent understanding of the flagellar assembly and regulation
of Shewanella strains have been derived from studies on S.
oneidensis [21-30].

S. oneidensis carries a set of genes for a single polar fla-
gellum [23]. The flagellar assembly and the regulatory hier-
archy for the expression of flagellar genes in S. oneidensis
has been shown to be similar to those of other well studied
polar flagellates, such as V. cholerae [24, 30]. In this way,
S. oneidensis has been accepted as a primary model species
for polar flagella related studies. Despite this, a variety of
mutant strains of S. oneidensis have also been previously
created displaying all of the other main flagellation patterns
(except amphitrichous) [23, 27, 28]. These variations have
been achieved by deleting the flhF and flhG genes which, as
a cognate pair, are responsible for the spatial and numerical
control of flagella. FIhF and FlhG, encoded by genes in a
flagellar cluster, have been generally found in polar flagel-
lates as well as occasionally in peritrichous bacteria such as
Bacillus subtilis [12]. FIhF, a signal-recognition particle-like
(SRP-like) GTPase, binds GTP (not necessarily hydrolysis)
to localize the basal body protein FliF to the membrane at
the cell pole [28, 31, 32]. In polar flagellates, FIhG, resem-
bling the ParA/MinD superfamily of ATPases, regulates the
flagellar number by cycling between two distinct states: a
membrane-associated, ATP-bound homodimer and an ADP-
bound monomer soluble in the cytoplasm [33]. Loss of FIhG
in V. cholerae and P. aeruginosa consistently results in a
multi-flagella phenotype, leading to substantially reduced
motility [34, 35].

As a consequence, flagellation patterns may affect bacte-
rial environmental fitness. This aspect has been little studied,
presumably due to the lack of strains with different flagella-
tion patterns that can be derived from a single bacterial spe-
cies/isolate. In the present study, the wild-type and mutant

strains, the latter displaying diverse flagellation patterns,
were used to test growth fitness in three different conditions:
swim plates, shaking, and static liquid cultures. Results
showed that the wild-type strain held great advantages over
the other mutants in swim plates and static liquid condi-
tions where motility remains critical. However, in agitated
liquid conditions, the aflagellated mutant strain outcompeted
all other tested strains, including the wild-type. This study
not only provides insight into the mechanism through which
the polar flagellum is advantageous over other flagellation
patterns in most environments, and is thus evolutionarily
conserved in Shewanella, but also demonstrates how another
pattern could come to predominate given specific changes in
environmental conditions.

Materials and Methods
Bacterial Strains and Culture Conditions

Shewanella oneidensis MR-1 strain (the wild-type, ATCC
700550) and the AflaAAflaB, AflhF, AfIhG, and AflhFAfIhG
derivatives [23, 27, 28] were used in this study. Their rel-
evant features are shown in Fig. 1 including flagellation dia-
grams created according to transmission electron microscope
photos [27, 28], where the quantities of flagellin subunits
were also shown in these references, and motility. The aflag-
ellated strain was AflaAAflaB, in which both flagellin genes
flaA and flaB had been removed [23, 27]. The two strains
with multiple flagella were AflhG and AflhFAflhG, which
were lophotrichous-like and peritrichous-like, respectively
[28]. Additionally, the strain devoid of the fIhF’ gene carried
a single flagellum randomly located anywhere around the
periphery of the cell [28].

With respect to motility, the AflaA AflaB strain had been
previously noted as non-motile on swim plates, whereas
the AflhF, AflhFAfIhG, and AflhG strains retained approxi-
mately 30%, 10%, and < 5% of the motility relative to that
of the wild-type, respectively [27, 28]. Multiple lines of evi-
dence suggest that all of the flagellated strains had assem-
bled normal flagella [27, 28, 30]. This was as expected as
the changes in genes and in their levels of expression had
been restricted to the proteins where their only known func-
tion relates to the location and numeric control of flagella.
Thus, any motility differences among them could be clearly
attributable to the altered flagellation patterns.

All strains were grown in lysogeny broth (LB) medium
at 30 °C under aerobic conditions. A single colony on over-
night solid LB plates for each of the five strains under testing
was used to inoculate 3 mL LB. After an overnight growth
period, these cultures were used to inoculate 3 mL fresh LB
with a 100-fold dilution. Growth of S. oneidensis strains in
liquid LB medium was then measured by recording optical
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Fig. 1 Flagellar and motile characteristics of the five strains used in
this study. a The diagram depicting the flagellation patterns of the
indicated strains is drawn according to the published reports [27,
28]. b Identification of the five strains by their motility and PCR. The
wild-type and the AfIhF strains were identified due to their colony
sizes on swim plates, which were larger than 1.5 cm and 0.5 cm in
diameter, respectively. Scale bar=0.5 cm. However, the AflaAAflaB,
AflhG and AfIhFAflhG strains formed colonies all smaller than

densities at 600 nm (ODg,) under aerobic conditions, and
converted to colony-forming units per milliliter (CFU/mL).
When cultures grew to approximately 1.4 x 108 CFU/mL,
medium of each strain were collected and any difference in
cell densities among the strains was eliminated with fresh
LB, thus providing the startup cultures for use in the com-
petition assay.

Pellicle Formation Assay

The cultures for each strain were collected and adjusted
to 108 CFU/mL with fresh LB. Twenty microliters of the
resulting cultures were inoculated into 2 mL LB in 24-well
plates as before [36]. After static cultivation, the plank-
tonic biomass was removed from the bottom of the well
with a syringe for optical density measurement. This was
conducted even before the pellicles were formed. The total
bacterial biomass was evaluated using the ODy, reading of
the entire biomass in the well (mixing the pellicle cells with
cultures underneath by vigorously shaking). The difference
between the ODg, readings for planktonic and total biomass
was taken as the pellicle biomass.
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0.5 cm in diameter. As for strain identification, the AflaAAflaB,
AflhG and AfIhFAfIhG strains were identified using PCR analysis
(bottom). The products of amplified DNA measuring approximately
2.5 Kb, 1.8 Kb and 0.8 Kb in length indicate the AflaAAflaB, AflhG
and AfIhFAfIhG strains, respectively. The lengths of the amplified
DNA fragments are shown on the left. Experiments were performed
at least three times, and similar results were obtained

Growth Competition of S. oneidensis Strains

Two hundred microliters of CFU/mL-adjusted cultures
for each strain were transferred to a new tube to create an
equally-mixed culture. This was used for the following com-
petition experiments. (i) Motility. Motility competition was
performed by spotting 2.5 pL. of the mixed cultures on swim
LB plates. Samples from 3 different areas (center, radial
midpoint and edge of the droplet) were taken after 24 h incu-
bation at 30 °C. (ii) Growth competition under shaking con-
ditions. The mixed culture was inoculated with 10 mL LB
by 100-fold dilution and incubated in a flask on a shaker at
250 rpm. Samples were taken and assayed at ~2 x 10% CFU/
mL. (iii) Growth competition under static conditions. A 50
pL of the mixed culture was inoculated with 2 mL LB in
24-well plates. Samples were taken from pellicles and cul-
tures underneath after incubation for 20 h.

Analysis of Population Composition
To determine the population composition of the compet-

ing cultures, the samples from the cultures were collected,
properly diluted, and applied onto fresh solid LB plates (agar



Flagellation of Shewanella oneidensis Impacts Bacterial Fitness in Different Environments 1793

concentration, 1.5% w/v, on which all test strains were per-
mitted to grow equally) to form separated colonies. From
each plate, 36 colonies were chosen randomly for analy-
sis of population composition. All colonies chosen were
transferred onto swim LB plates to test their motility (to
facilitate comparison, the non-motile AflaAAflaB strain was
always included at the center of the same plate). After 18 h
incubation at 30 °C, colonies over 1.5 cm in diameter were
assigned as the wild-type strain, and colonies between 0.5
and 1.5 cm in diameter were assigned as the AflhF strain, in
accordance with previous reports [27, 28].

Colonies of less than 0.5 cm in diameter were further
tested by polymerase chain reaction (PCR). The cultures
were used as templates for amplification of the FIhFG gene
locus (all cultures had been preconditioned at 100 °C for
5 min for the disruption of cells and the release of genomic
DNA). For PCR, amplification was primed using a pair of
oligonucleotides (FIhFG-F: 5'-CCTAATCTCAGAGTG
ATTTC-3'; and FIhFG-R: 5'-GGTAATCTGGCAAGC
AAGTG-3') derived from the FIhFG sequence. The PCR
program consisted of following steps: denaturing at 95 °C
for 10 min, 25 cycles of 95 °C for 30 s, 56 °C for 30 s,
and 72 °C for 2 min 10 s, then polymerization at 72 °C for
10 min. PCR products were then analyzed using 1% agarose
gel electrophoresis. Products of amplified DNA measuring
approximately 2.5 Kb, 1.8 Kb and 0.8 Kb in length indicated
the AflaAAflaB, AflhG and AflhFAflhG strains, respectively.

Statistical Analyses

Data are given as means + SEM from three independent rep-
licates. In the growth competition experiments of five strains
under shaking conditions, analysis of the statistical signifi-
cance of frequencies of strains against the uniform distribu-
tion was performed using y? test. In the growth competition
experiments between two strains (the wild-type strain verses
the aflagellated AflaAAflaB mutant strain), analysis of the
statistical significance of frequencies of strains against the
uniform distribution was performed using binomial test on
untransformed proportions.

Results
Motility Dictates Fitness on Swim Plates

To investigate the influence of flagellation patterns on fit-
ness of S. oneidensis strains, we used competition assays
to measure their fitness. All strains used in the study were
grown in liquid LB medium and adjusted to ~ 10 CFU/
mL with fresh LB. For competition experiments, an evenly

mixed culture was deliberately prepared to be composed
of the same volume of cultures with identical CFU/mL
(~10%) for each of the five strains under testing (wild-
type, AflhF, AflaAAflaB, AflhG, and AflhFAflhG). A 2.5
pL mixed culture was then dropped on swim plates for
evaluating fitness associated with motility.

The diameter of the droplet was about 1 mm. After
incubation for 24 h at 30 °C, the droplet grew to approxi-
mately 2.5 cm in diameter (Fig. 2a). To examine the strain
composition of the droplet, cells were collected from 3
different areas of the droplet: center (blue circle), radial
midpoint (green circle), and edge (yellow circle) (Fig. 2a).
Collection was conducted using pipette tips (Fig. 2a), with
the sample properly diluted (to form 100 to 300 colonies
per plate), and applied onto fresh solid LB plates for col-
ony development. In respect to their size, colonies formed
on these solid plates appeared indistinguishable from one
another (data not shown). This suggests that any differing
motility or energy costs for strains with different flagel-
lation patterns had failed to result in any significant dif-
ferences of colony size on solid LB plates. Subsequently,
36 colonies were randomly chosen from each plate and
transferred onto swim LB plates for strain identification
according to significant motility differences between the
wild-type, AflhF, and other strains. Results from samples
taken from the droplet center, radial midpoint and edge
are shown in Fig. 2b.

Among the 36 colonies separated from the droplet
center, 33 were of the wild-type strain, based on their
motility capable of forming colonies larger than 1.5 cm in
diameter on swim LB plates (Fig. 2b). One colony (pur-
ple arrow) was assigned as AflhF, due to its intermedia
colony size (larger than 0.5 cm, but smaller than 1.5 cm in
diameter). The remaining two colonies with significantly
impaired motility showed no obvious visual differences
on colony size and had to be determined by PCR. Using
primers specific for the mutation regions, we were able to
demonstrate that they were AflaAAflaB (red arrow) and
AfIhFAflhG (black arrow) (Fig. 2b, ¢). In the case of cells
from the radial midpoint and edge areas, all 36 colonies
were shown to be of the wild-type, based on their motility
on swim LB plates (Fig. 2b).

The strain identification from center areas showed that
the highly non-motile mutants were similar in general,
though with slight variations (Fig. 2d). Although the wild-
type strain predominated in the population at the center
of the droplet, the other strains still could be found here.
In contrast, all colonies from both the radial midpoint
and edge areas of the culture droplet were identified to be
of the wild-type. These results collectively indicate that
the monotrichous polar flagellum of the wild-type strain
offers an overwhelming competitive advantage in situa-
tions where motility matters.

@ Springer



1794

R.-S.Yang, Y.-T. Chen

Center

©
=
(]
“
[}
[0}
=)
o}
I
[
@
O
—
[}
o

Fig.2 Growth competition of the five strains on swim plate. a A sin-
gle droplet composed of the evenly mixed cultures of the five strains
was applied onto the swim plate and incubated until the droplet grew
to approximately 2.5 cm in diameter. Samples from the center (blue),
radial midpoint (green) and edge (yellow) were picked up for the
determination of population composition. Scale bar=1 cm. b Motil-
ity of 36 colonies from cells collected at the center, radial midpoint
and edge as shown in (a), respectively. Colonies larger than 1.5 cm
in diameter were identified to be the wild-type strain. The colony
(purple arrow) larger than 0.5 cm in diameter was identified to be the
AflhF strain. Colonies (red and black arrows) smaller than 0.5 cm in

Loss of Flagellum Confers S. oneidensis a Fitness
Gain in Shaking Liquid Culture

Since the flagellar filament consists of a large number of
flagellins, this may impose an energy burden on flagellated
cells. In a previous study [28], the flagellin amount in each
of the strain used here was tested. The study showed that the
strain with the highest flagellin production was AflhFAfIhG
(in which flagellin protein amount was elevated by 19-fold
compared to the wild-type), whereas the strain with the
lowest flagellin production was AflaAAflaB (in which no
flagellin was detectable). To analyze the impact of different
expression levels of flagellin on the growth of these strains,
we measured the growth of the AflhFAflhG strain and the
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Center Radial midpoint

diameter were unidentified. To facilitate comparison, the non-motile
AflaAAflaB strain was always included at the center of each plate.
Scale bar=1 cm. ¢ Identification of the two colonies indicated by red
and black arrows in (b) using PCR analysis. The lengths of the ampli-
fied DNA fragments are shown on the left. Asterisk indicates non-
specific amplification. d The distribution of each strain in the center,
radial midpoint, and edge of the single droplet. Experiments in the
center area were performed in triplicate, a—c¢ only show the represent-
ative data. Data are shown as means with error bars representing the
standard error of the mean (SEM) (Color figure online)

AflaAAflaB strain in contrast to the wild-type. Under shak-
ing (250 rpm) liquid LB aerobic conditions, although the
aflagellated AflaAAflaB strain grew slightly faster than the
wild-type at the early stages of the cultivation, the overall
growths of the mutants were similar to those of the wild-
type, especially as the cultivation continued (Fig. S1).

As conventional characterization is unable to reveal sub-
tle differences in the influence of the individual mutations
on growth, competition experiments were also conducted. A
volume of 100 uL of evenly mixed cultures of the five strains
under test was inoculated into 10 mL LB in a flask and then
grown to~2 x 108 CFU/mL on a shaker at 250 rpm, from
which samples were taken. The strain composition of the
samples was then determined as described above (Fig. S2a,
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b). As summarized in Fig. 3a, the share of the AflaAAflaB
strain increased from the initial, ~20%, to~37%, as com-
pared to~ 18% of the wild-type, implying that the aflagel-
lated strain has a competitive growth advantage over others,
even including the wild-type, in shaking liquid culture. Since
motilities were no longer required under such conditions,
we presume it is the differences of the expression levels of
flagellin, and thus the energy expenditures, that caused their
competitive differences. As revealed before [28], the AflhF
mutant only produced 46% of the flagellin relative to that of
the wild-type, whereas the flagellin protein amounts in the
AflhG and AflhFAflhG mutants were elevated by 14- and
19-fold compared to the wild-type, respectively. In addition,
the AflaA AflaB strain, previously noted as the flagellin-free
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Fig. 3 Growth competition of the strains under shaking liquid condi-
tions. a Growth competition of the five strains under 250 rpm shak-
ing condition. The culture, composed of an evenly mixed culture of
the five strains under test, was grown to~2 X 10® CFU/mL. The strain
composition of the culture was then determined according to motility
and PCR analysis. Experiments were performed three times, and data
are given as means with error bars representing SEM. Analysis of the
statistical significance of frequencies of strains against the uniform
distribution was performed using Chi-squared test. b Growth com-
petition of wild-type and aflagellated AflaAAflaB strains under 100
and 300 rpm shaking conditions in contrast to static culture. Experi-
ments were performed three times, and data are given as means with
error bars representing SEM. Statistical significance of frequencies of
strains against the uniform distribution was performed using binomial
test on untransformed proportions

mutant (FFM) [28], could not synthesize flagellin proteins.
After the mixed culture, the distribution of the strains
showed significant imbalance from the initial status of uni-
form distribution (P <0.05), and the average percentage
of each tested strain indicated a negative trend with their
expression levels of flagellin. It therefore seems that the
flagellin protein level, and thus the energy expenditure, is a
critical factor affecting growth.

The observation that the AflaAAflaB mutant strain
appears to have higher fitness than the flagellated wild-
type strain under shaking conditions was somewhat as
expected. For confirmation, we performed head-to-head
growth competition experiments with the AflaAAflaB and
the wild-type strains under 100 rpm and 300 rpm agitated
conditions in contrast to static condition. When the culture
grew to~2x 103 CFU/mL, samples were taken and their
strain composition was determined (Fig. S3). As shown in
Fig. 3b, the major portion of the population was made up of
the aflagellated AflaA AflaB mutant strain, 66.7% and 77.8%
in 100-rpm and 300-rpm cultures, respectively. These results
thus confirmed that the aflagellated strain has a significant
advantage over the polarly flagellated wild-type when cul-
tured under shaking liquid conditions and that the higher the
rotation speed, the greater the advantage for the aflagellated
AflaAAflaB strain.

The Wild-Type Strain is Advantageous When
Cultivated Under Static Conditions

As bacterial cells grow, they commonly exist in the form of
assemblages, which are composed of both living cells and an
adhesive matrix secreted by the cells [37]. A typical assem-
blage that S. oneidensis develops is known as pellicle, a type
of biofilm formed at the air-liquid interface [36, 38, 39]. We
therefore continued to investigate the roles of motility and
the locomotive device per se related to pellicle formation. To
this end, the pellicle formation of the five above-mentioned
strains was assessed. For each strain, 20 uL cultures were
grown to~ 108 CFU/mL, inoculated into 2 mL liquid LB in
24-well plates and incubated under static conditions.

To quantify the differences of these strains in pellicle
formation, we measured the density of planktonic cells and
cells in pellicles. Consistent with the previous findings of
the wild-type [38], the density of planktonic cells increased
with time before the initiation of pellicle formation but
remained relatively stable beyond this point (Fig. 4a). How-
ever, among mutants, AflaAAflaB grew almost exclusively
in the planktonic form. All other mutants retained the ability
of pellicle formation to a certain extent, although the times
of the initiation of the process differed significantly. AflhG,
as a flagellated non-motile strain, was slower to form pel-
licles, and exhibited slower growth rates than did the other
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Fig.4 Growth comparison of the five strains in the pellicle formation
under static liquid condition. a Growth dynamics of the five strains
under static liquid condition. The values of ODg, were measured in
the total biomass including pellicle and planktonic portions (blue,
combined) and planktonic only (black) at 0, 4, 8, 12, 16 and 20 h cul-
ture. The difference between the ODygy, for planktonic and total bio-
mass was taken as the pellicle biomass (orange). Experiments were

strains during the planktonic phase. This implied that motil-
ity facilities growth under static conditions.

To assess the fitness of flagellar patterns upon pellicle
formation, 50 pL cultures, consisting of these five strains
mixed evenly, were inoculated into 2 mL liquid LB in
24-well plates and incubated under static conditions. Sam-
ples were collected in the pellicle and underneath of the
medium (planktonic) at 20 h after the inoculation when the
wild-type had begun to grow predominantly in the pellicle
and the planktonic biomass accumulation had started to slow
down. The proportion of each strain was determined using
the same method as described above to quantify their fitness.
Thirty-six colonies were obtained from each of the pellicle
and planktonic population (72 in total) and were subjected
to identification. Data are presented in Fig. 4b, with repre-
sentative results shown in Fig. S4a (pellicle) and Fig. S4b, c
(underneath, planktonic). From the planktonic population,
59%, 17%, and 22% were identified to be the wild-type,
AflaAAflaB, and AflhF, respectively. In contrast, strains with
multiple flagella (AflhG and AflhFAflhG) were not detected
in the population, with only one exception. These data indi-
cate that the impacts of motility on planktonic growth under
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performed three times, and data are given as means with error bars
representing SEM. b Growth competition of the five strains in pel-
licle and planktonic portions under static liquid condition. The cul-
tures composed of an even mixture of the five strains under test were
grown statically for 20 h. Experiments were performed three times,
and data are given as means with error bars representing SEM (Color
figure online)

static conditions are critical. In the pellicles, 89%, 1%, and
10% were identified to be the wild-type, AflaAAflaB, and
AflhF, respectively, whereas the strains with multiple fla-
gella were absent (Fig. 4b). Our results indicate that the
wild-type with a polar flagellum existing in assemblages
is advantageous and this flagellation pattern has thus been
fixed during evolution in nature.

Discussion

In nature, bacteria have developed diverse flagellation pat-
terns as a highly conserved, species-specific feature. These
seem to have resulted during the process of evolution as a
response to their exposure to constantly changing environ-
ments. Despite the notion that each flagellated species has
an evolutionarily fixed flagellation pattern which is favored
under their normal living conditions, direct evidence is
lacking. With S. oneidensis as the research model, multiple
strains with distinct flagellation patterns have been previ-
ously reported [23-25, 27, 28]. In this study, we presented
data to illustrate that the above notion largely holds.
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Throughout the process of evolution, S. oneidensis
seemed to have been fine-tuned to possess a set of flagellar
genes for a monotrichous polar flagellum [23]. For the facili-
tation of motility, this wild-type flagellation pattern is over-
whelmingly superior to all other possible flagellar arrange-
ments found on S. oneidensis mutants, including aflagellated
(AflaA AflaB), monotrichous lateral (AflhF), lophotrichous-
like (AflhG), and peritrichous-like (AflhFAflhG). The
differences of these strains in motility can be confidently
attributed to the differing aspects of flagellation as it seems
that only the location and number of flagella are affected by
these mutations [27, 28, 30] with no other off-target effects
apparent. When the wild-type is grown on swim plates
together with other mutants (whose motility is significantly
impaired), the competition assays reveal that the wild-type
predominated in the central area of the droplet, where initial
inoculation occurred, and was also the only strain to spread
to the outer areas. While this observation further strengthens
the understanding that strong motility, as provided by the
wild-type flagellation, is critical for cells to move to unin-
habited habitat under such poorly-mixed conditions, it is
possible that the highly mobile wild-type cells quickly use
up nutrients in the area into which they spread, thus limiting
growth of other strains under the test by this means.

The monotrichous polar flagellum also confers a tremen-
dous fitness gain in pellicles under static culturing condi-
tions. In a medium with fully developed pellicles, oxygen is
accessible only to cells in the pellicles whereas those under-
neath are oxygen-starved. As a result, fast growth can be
only achieved at the air-liquid interface [36, 38]. As revealed
previously [38], cells need effective locomotive ability to
reach the air-liquid interface. The finding that approximately
89% of the cells in pellicles are of the wild-type strain indi-
cates that the polar flagellum is the best means for moving
away from the lower, low-oxygen environments to reach the
favorable niche of the interface. The importance of motility
in this case is also supported by the observation that AflhF
makes up~10% of the cells in the pellicles. In contrast,
motility appears to be dispensable for cells living under the
pellicles. This is probably due to the diminished difference
in growth rates between the highly motile and non-motile
strains because growth rates of all strains are substantially
reduced as a consequence of oxygen limitation [38].

When cultivated in the agitated conditions, the aflagel-
lated AflaA AflaB mutant strain was found to have an advan-
tage over the other four strains, including the wild-type. To
validate this observation, the head-to-head comparison of
the wild-type and AflaAAflaB strains further revealed the
enhancement and advantage of the aflagellated strain upon
agitation. Clearly, environments become even upon agita-
tion: nutrition and oxygen become well-distributed, and cell
densities are consistent throughout the entire medium. In
such situations, means of active locomotion no long confer

a survival advantage for bacterial strains. As only the motil-
ity and the energy expenditure on flagellin synthesis were
altered in the mutants, we can therefore confidently attribute
the advantage of the aflagellated strain to its lower energy
consumption. This result may also predict that flagellated
bacterial strains may evolve towards aflagellation in agitated
environments. More studies in the natural environment may
be required to confirm this hypothesis. With shaking culti-
vation being the most-used culturing method for laboratory
works with microorganisms, the complete loss of flagella or
a declined ability to produce flagellar filaments, might also
be predicted to occur during long periods of domestication
under laboratory conditions. In the case of Bacillus subtilis,
while the undomesticated wild strain 3610 swarms across
agar surface, propelled by highly flagellated cells at the lead-
ing edge, strain 168 (a widely-used and long-domesticated
laboratory strain) fails to swarm [40]. The failure to pro-
duce hyperflagellated cells in strain 168 could contribute
to its swarming incapability. In nature, perhaps the energy
spent on the flagellar rotation, rather than on biosynthesis,
is the most substantial factor since the flagellar filament
may be involved in other physiological processes that affect
its growth as it also serves as a sensor for environmental
cues such as surface and wetness [41]. This merits further
investigation.

Although the lophotrichous-like AflhG strain and peri-
trichous-like AflhFAflhG strain require additional energy
and metabolic input for the biosynthesis of their multiple
flagella, as compared with a monotrichous flagellum of the
wild-type, they do not appear to exhibit corresponding nega-
tive aspects of growth or fitness when inter-strain competi-
tion is absent. On solid LB plates, all strains under testing
could form colonies that were indistinguishable in size. In
line with this, when independently measured, the growth of
all strains under testing was comparable under agitated con-
ditions. However, strains with multiple flagella were much
less competitive when growing as planktonic cells under the
pellicles. We speculate that additional energy and metabolic
input for biosynthesis of multiple flagella may be responsible
for their lowered fitness, at least partially. Given that growth
under pellicles is supported by respiration of non-oxygen
electron acceptors, which is extremely low in efficacy, any
extra energy cost such as in the production of multiple fla-
gella, could make a particular difference in growth fitness
in such conditions.

In summary, the data presented here illustrate the intrigu-
ing and previously underappreciated impact of flagellation
on ecophysiological fitness in bacteria. In nature, bacteria
evolve the best strategies to survive and to proliferate in their
respective niches. Apparently, multiple flagella, which are
commonly found on bacteria associated with solid surfaces
such as soil and intestinal tracts, do not provide fitness gain
for S. oneidensis. Instead, S. oneidensis, which lives in water
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bodies and sediments, adopts monotrichous polar flagella-
tion. This flagellation pattern confers a selective advantage
because motility and energy cost are elegantly balanced. The
findings of a recent study coincide with our conclusion [42].
In B. subtilis, the mutant with lower flagellar number (9
flagella) than the wild-type (26 flagella) was noted as more
efficient in long-distance transport and spread faster. On the
contrary, having more flagella (41 flagella) slows spread-
ing, and thus become beneficial for the formation of biofilm.
The flagellar number found on the wild-type cells is moder-
ate, which is optimal for efficient searching and exploring.
Finally, the data suggest that the monotrichous polar flagel-
lation of S. oneidensis may evolve towards aflagellation in
a constantly agitated environment such as vents, jet streams
and laboratory domestication, due to lower energy cost and
protein synthesis requirement that is no longer required for
the production of useless flagella.
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