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ABSTRACT: Cell size control and homeostasis are
fundamental features of bacterial metabolism. Recent work
suggests that cells add a constant size between birth and
division (“adder” model). However, it is not known how cell
size homeostasis is inﬂuenced by the existence of
heterogeneous microenvironments, such as those during
bioﬁlm formation. Shewanella oneidensis MR-1 can use
diverse energy sources on a range of surfaces via
extracellular electron transport (EET), which can impact
growth, metabolism, and size diversity. Here, we track
bacterial surface communities at single-cell resolution to show that not only do bacterial motility appendages inﬂuence the
transition from two- to three-dimensional bioﬁlm growth and control postdivisional cell fates, they strongly impact cell size
homeostasis. For every generation, we ﬁnd that the average growth rate for cells that stay on the surface and continue to
divide (nondetaching population) and that for cells that detach before their next division (detaching population) are
roughly constant. However, the growth rate distribution is narrow for the nondetaching population, but broad for the
detaching population in each generation. Interestingly, the appendage deletion mutants (ΔpilA, ΔmshA-D, Δflg) have
signiﬁcantly broader growth rate distributions than that of the wild type for both detaching and nondetaching populations,
which suggests that Shewanella appendages are important for sensing and integrating environmental inputs that contribute
to size homeostasis. Moreover, our results suggest multiplexing of appendages for sensing and motility functions
contributes to cell size dysregulation. These results can potentially provide a framework for generating metabolic diversity
in S. oneidensis populations to optimize EET in heterogeneous environments.
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division, independent of their various birth sizes.1 At present,
however, it is not known how cell size homeostasis and
associated cellular metabolism are inﬂuenced by the existence
of heterogeneous microenvironments, such as those during
bioﬁlm formation, where each individual bacterium can
experience diﬀerent stimuli and have diﬀerential access to
nutrients. Shewanella oneidensis MR-1 interacts with various
surfaces and can utilize diverse energy sources via extracellular
electron transport (EET). Recent research has led to proposals

ell size control and homeostasis are fundamental
features of bacterial development and metabolic
pathways. Historically, the ﬁeld of cell size homeostasis
has largely depended on single-cell measurements of cellular
growth from microscopy images. Recently the advent of
microﬂuidics-based “mother machines” has been able to
generate data with the throughput and spatiotemporal
resolution required to test previously proposed hypotheses
rigorously.1 These data do not appear to support models in
which microbes measure a critical size (“sizer”) or a speciﬁc
time elapsed during the cell cycle (“timer”) to trigger division.1
The emerging picture for homeostasis is based on the “adder”
principle of size homeostasis, where all cells under steady-state
growth conditions add a nearly constant size between birth and
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RESULTS AND DISCUSSION
Appendages Impact Transition from 2-D to 3-D
Structural Development in Early S. oneidensis MR-1
Bioﬁlms. Metabolic behavior of bioﬁlm development depends
on both population-level and single-cell-level eﬀects. For
population-level eﬀects, it is important to diﬀerentiate between
metabolic outcomes that stem from the bioﬁlm morphology,
such as changes that occur when cells evolve from 2-D growth
(where a monolayer of cells covers progressively more of the
surface) to 3-D growth (where cells start to overlap with one
another), and those that originate from the process of surface
sensing and adaptation, such as changes that occur even during
purely 2-D growth. For example, we expect the transition from
2-D to 3-D growth to have a signiﬁcant baseline inﬂuence on
the metabolisms of individual cells within the bioﬁlm. As 3-D
structures are formed, cells on the inside of the bioﬁlm will have
decreased access to nutrients, such as oxygen, in their
microenvironment compared to cells on the outside of the
bioﬁlm.20 Moreover, for S. oneidensis, it is known that diﬀerent
appendages can contribute diﬀerently to the various structural
stages of bioﬁlm growth.9 We examine three types of
appendages important for S. oneidensis development with
their respective structural subunit genetic knockout strains:
type IV pili (TFP) with ΔpilA, mannose-sensitive hemagglutinin (MSH) pili, with ΔmshA-D, and a single polar
ﬂagellum with Δflg. Pili appendages are typically used for
surface attachment and motility, while ﬂagellum appendages are
typically used for swimming, but both appendages can aﬀect
surface motility and behavior.21 These long protein ﬁlaments
are extremely thin, with their diameters orders of magnitude
smaller than their lengths (typical TFP diameter ∼5 nm, typical
ﬂagellum diameter ∼20 nm, and length ∼10 μm22−26), and
cannot be visualized with conventional light microscopy.
Previous studies showed that, compared to wild type (WT),
cells lacking pili were unable to cover the surface and instead
formed towering, densely packed 3-D structures, while cells
lacking ﬂagella were unable to form any 3-D structures.9 Here,
we examine how appendages impact the 2-D to 3-D structural
development of early stage bioﬁlms.
Figure 1a qualitatively shows the eﬀects of appendage
deletion on the transition from 2-D to 3-D growth, and our
observations from the recordings are consistent with previous
studies of these mutants.9 To correlate these observations with
more quantitative comparisons, we plotted the 2-D surface
covered as a function of the number of cells in our ﬁeld of view
and found that these two variables were linearly related while
the cells were mostly undergoing 2-D growth (see Figure 1b).
Within this linear regime, we could easily compare the eﬀects of
appendage deletion on the transition seen in Figure 1a. We
deﬁned eﬀective surface coverage as the projected lengths of
the ﬁtted lines in Figure 1b onto the x-axis (shown as dotted
lines), and we reported the value using the number of cells and
the calculated surface cell density (number of cells divided by
the ﬁeld of view area). The pili knockouts had much lower
eﬀective surface coverage compared to wild type and the
ﬂagellum knockout and started forming 3-D structures with
much fewer cells. ΔpilA had the lowest, with the eﬀective
surface coverage at 164 cells or 0.0365 cells/μm2, which was
consistent with our observations of this mutant forming dense
3-D clusters consisting of chains of dividing cells that tended to
fold on top of each other. ΔmshA-D was slightly higher (208
cells or 0.0463 cells/μm2), and we observed fewer of those 3-D

of a few strategies for how EET is mediated in these microbial
systems, including soluble redox mediators (e.g., ﬂavins) to
shuttle electrons via diﬀusion, direct contact with membrane
cytochromes to the solid surface, and production of bacterial
nanowires to bridge the gap between the cell body and
surface.2−8 These interactions and strategies, which are driven
by stress and local scarcity of nutrients in their microenvironment, can aﬀect their growth, metabolism, size diversity,
behavior, and the EET process.
In our work, we show that growth rate diversity and
dysregulation of cell size homeostasis are inﬂuenced by
structural features of S. oneidensis surface adaptation and
sensing via its nanoscopic appendages (pili and ﬂagellum).
Previous bioﬁlm studies have implicated the importance of
appendages in S. oneidensis bioﬁlm formation and development.9−11 Recent work has shown that bacterial appendages
can be both eﬀectors and sensors and integrate over
environmental inputs.12−18 However, it is not well known
how appendage-related inputs (e.g., sensing) and outputs (e.g.,
motility) can impact the observed size and behavior diversity of
a bioﬁlm population. The ability to monitor the longitudinal
evolution of cell size in bacterial communities that develop
freely on surfaces and identify factors that inﬂuence such
evolution requires tools that do not just measure cell size but
also capture entire histories of all cells across all generations
(motility, division, appendage usage). We use recently
developed methods for tracking entire bacterial surface
communities with single-cell resolution (a total of up to
1 000 000 snapshots of single bacteria) to show that not only
do appendages impact bioﬁlm growth and metabolic behavior
through the transition from two-dimensional (2-D) to threedimensional (3-D) bioﬁlm growth and postdivision cell fates,
they strongly impact cell size homeostasis, growth rate, and
motility. For every generation, we ﬁnd that the average growth
rates for cells that continue to divide and cells that detach
before division (nondetaching population) are roughly
constant, consistent with the “adder” model. However, for
cells that detach in a given generation (detaching population),
the preparation for surface detachment in that generation
seems to generate diverse growth rates: the distribution of
growth rates is narrow for the cells that continue to divide, but
approximately 3× broader for cells that detach. To examine the
origins of this eﬀect, we investigate appendage deletion mutants
(ΔpilA, ΔmshA-D, Δf lg), which ablate both their motility and
sensing functions. The results for the mutants show that the
detaching population exhibits a broad range of growth rates as
expected, but the nondetaching population surprisingly also
exhibits a broad range of growth rates (approximately 2−4×
broader). By correlating these growth rate observations with
motility measurements from the same cells, we suggest that the
multiplexing of sensing and motility functions in appendages
contributes to cell size dysregulation. These results provide a
framework for understanding diversity of S. oneidensis
populations during bioﬁlm formation and EET in heterogeneous environments. Moreover, the process of surface sensing
in S. oneidensis via appendages can inherently drive cell size
diversity during bioﬁlm formation and in principle lead to
subpopulations with diﬀerential EET output, with consequences for bioremediation, electricity generation, and biofuel
production.19
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concomitant increase in surface adhesion enable this transition.
There is an implicit analogy to epitaxial systems in this model.
Bacteria, however, are active particles with appendages capable
of both sensing and motility. We investigate the initial 2-D
growth of bacterial cells, how such growth depends on speciﬁc
motility appendages, and when cells begin to accumulate on
surfaces. In previous work, we showed that the daughter cells’
behaviors after a division event can strongly impact microcolony formation.27 In fact, the postdivision cell fate can impact
bioﬁlm development and metabolic behavior at the earliest
stages, since surface detachment decreases the surface cell
density and is antithetical to bioﬁlm growth. If either one or
both of the daughter cells detach from the surface, then the
number of surface bacteria that came from division either
remains constant or decreases. Previous work has shown that
appendages can aﬀect surface detachment.9,21 Here, we
investigated with single-cell resolution precisely how appendages would aﬀect postdivision cell fates and subsequent
bioﬁlm development in S. oneidensis (see Figure 2).
After a cell divides, its two daughter cells will each have one
of two outcomes: the daughter cell will either detach or not
detach from the surface during that generation, deﬁned as the
time between consecutive division events. (In cases where the
recording ends before a given generation of cells divides again,
we analyze the time period between the previous division and
the end of the recording instead.) We label these two categories
as “detaching cells” and “nondetaching cells”, respectively.
Because we do not diﬀerentiate between the two daughter cells,
this results in three possible cases of postdivision cell fates:
either no daughter cells detaching (n = 0), one daughter cell
detaching (n = 1), or both daughter cells detaching (n = 2),
where n is the number of daughter cells detaching. We
estimated the errors of these proportions using relative error
(indicated as the error bars in Figure 2 and calculated as p/√N,
where p is the proportion and N is the number of division
events), and we considered any proportion whose error bar did
not overlap with any other error bars a signiﬁcantly diﬀerent
case. The denominator of the relative error (1/√N) gives an
estimate on what is considered an unlikely case, which for our
data sets are proportions of ≤10%. For all strains, we noticed a
small proportion (≤10%) of both daughter cells detaching (n =
2), so this case was unlikely for all strains. We observed that for
WT there were two dominant cases (∼50% each): no daughter
cells detaching (n = 0) and one daughter cell detaching (n = 1).
We also saw that both ΔpilA and ΔmshA-D behaved similarly
to WT (same two dominant cases with statistically similar
proportions), which indicated that the pili did not signiﬁcantly
impact postdivision cell fates. ΔmshA-D had a slightly smaller
proportion (∼40%) of no daughter cells detaching (n = 0), but
the error bar for this value still touched the error bars for WT
and ΔpilA, so we treated it as statistically similar. However, for
Δf lg, we observed a majority (∼80%) of no daughter cells
detaching (n = 0) and a small proportion (∼10%) of the other
two cases (n = 1 and n = 2), which indicated that if there were
no ﬂagella, the majority of cells remained adhered to the surface
and that detachments were unlikely. We tested whether any of
the four strains were statistically similar or signiﬁcantly diﬀerent
in terms of the number of daughter cells detaching (n) using
unbalanced one-way ANOVA (Kruskal−Wallis test for
distribution medians) and multiple comparison tests using
Tukey’s honest signiﬁcant diﬀerence criterion with a 0.05
signiﬁcance value. The test showed that WT, ΔpilA, and
ΔmshA-D were statistically similar, while Δf lg was statistically

Figure 1. Appendages impact transition from 2-D to 3-D structural
development in early S. oneidensis MR-1 bioﬁlms. (a) We track the
eﬀective surface coverage, or how well the surface is spatially
covered, of S. oneidensis wild-type and appendage mutants.
Representative microscope pictures (ﬁeld of view is 67 × 67
μm2) at the end of each data set for each strain: 18.75 h (16 875
frames) for WT, 35 h (31 500 frames) for ΔpilA, 37.5 h (33 750
frames) for ΔmshA-D, and 35 h (31 500 frames) for Δf lg. Scale bar
indicates 10 μm. (b) Plot of percent ﬁeld of view covered vs
number of cells in ﬁeld of view. Here, the terminus of each plotted
curve indicates the surface cell density and number of cells where
the proportion of 2-D surface growth (where a monolayer of cells
covers progressively more of the surface) to 3-D growth (where
cells start to overlap with one another) decreases below a
threshold. Curves represent the mean percent ﬁeld of view covered
for a given number of cells on the surface, shaded areas around the
curves indicate ±1 standard deviation (SD), and dashed lines are
linear ﬁts of the curves through the origin ([slope, R2, p-value]: WT
[0.05735%/cell or 2.574 μm 2 /cell, 0.9989, <10−4 ]; ΔpilA
[0.03822%/cell or 1.716 μm2/cell, 0.9954, <10−4]; ΔmshA-D
[0.07226%/cell or 3.244 μm 2 /cell, 0.9934, <10 −4 ]; Δf lg
[0.05434%/cell or 2.439 μm2/cell, 0.9970, <10−4]). Eﬀective
surface coverage is deﬁned as the projected lengths of the ﬁtted
lines onto the x-axis and is shown as dotted lines (WT [549 cells or
0.122 cells/μm2]; ΔpilA [164 cells or 0.0365 cells/μm2]; ΔmshA-D
[208 cells or 0.0463 cells/μm2]; Δflg [528 cells or 0.118 cells/
μm2]). Both axes are parametrized by time, but when plotting
either axis vs time, we found it diﬃcult to compare between runs
and between strains because cells had a variable lag phase in growth
and attached to and detached from the surface throughout the
recording.

clusters. WT (549 cells or 0.122 cells/μm2) and Δflg (528 cells
or 0.118 cells/μm2) both had high eﬀective surface coverage,
and 3-D clusters were not observed. Δf lg had slightly lower
eﬀective surface coverage than WT, and we observed tightly
packed clusters of cells that had expanded radially via division
from a few cells. These tightly packed clusters are also
consistent with the fact that Δf lg had higher local nematic
liquid crystal order (the nematic order parameter S is on the
order of ∼0.5 vs ∼0.3 for the other strains; see Supplementary
Figure S1), which indicated that the cells had more ordered,
liquid crystalline packing. These results show that, even at the
earliest stages of bioﬁlm development, the appendages impact
the transition from 2-D to 3-D growth, with the pili having a
stronger eﬀect than the ﬂagellum.
Flagella but Not Pili Signiﬁcantly Impact Postdivision
Cell Fates during the First Several Generations on the
Surface. Surface sensing is a pivotal event in the developmental trajectory of a bioﬁlm.18 It is known that cells can
attach and detach from a surface, but at present it is not known
what events facilitate the net increase of biomass necessary for
forming a bioﬁlm on the surface. The prevailing assumption is
that bacterial secretion of exopolysaccharides and the
9185

DOI: 10.1021/acsnano.6b05123
ACS Nano 2016, 10, 9183−9192

ACS Nano

Article

Figure 2. Flagella but not pili signiﬁcantly impact postdivision cell fates during the ﬁrst several generations on the surface. Left column shows
postdivision observations for each of the studied strains. In WT, ΔpilA, and ΔmshA-D, most division scenarios result in none (n = 0) or one (n
= 1) of the two daughter cells detaching, with nearly an equal distribution of each. Moreover, the scenario where both daughter cells detach is
unlikely. In contrast, the complement is true for the Δf lg mutant; both daughter cells remain adhered to the surface, and detachments are
unlikely. Control of ﬂagellum activity is critical for regulating the overall population and density of bioﬁlm cells that remain on the surface.
Postdivision cell fate is deﬁned as how many of the two daughter cells coming from a division will detach from the surface during that
generation. Error bars indicate ±1 relative error (calculated as p/√N, where p is the proportion and N is the number of division events).
Right column shows the proposed model to rationalize the observations. The daughter cell that inherits the fully developed ﬂagellum from the
mother cell detaches from the surface after division, while the daughter cell without the ﬂagellum remains adhered to the surface.

average growth rate and other related parameters of single cells
on the surface and how detachment and appendages modulated
these parameters. We parametrized cell size using the length,
since changes in width are negligible from our measurements.
To ensure consistent results, we used a single measurement
method based on microscopy for all comparisons. Moreover,
we calibrated all cell size measurements by imaging S. oneidensis
WT p519nGFP cells using scanning electron microscopy
(SEM) in addition to bright ﬁeld (BF) light microscopy (see
Supplementary Figures S3, S5). This comparison eﬀectively
gives us a measurement and error estimate without the typical
pixilation-derived sources of error for optical microscopy. As
expected, we observed a small diﬀerence between the two
measurement methods. The mean cell width was 1.10 ± 0.05
μm for cells imaged using BF and 0.92 ± 0.09 μm for cells
imaged using SEM. Discrepancies in mean cell width can be
attributed to errors in cell size measurements due to the pixel
size of the cameras and the image ﬁltering and segmentation
process. Due to the inherently diﬀerent growth conditions for
the two measurement techniques and the sensitivity of S.
oneidensis metabolism to such conditions, we did not attempt to
compare the cell lengths using the two techniques. (BF images
were taken for cells growing under bioﬁlm conditions on the
surface, while SEM images were taken for cells growing under
liquid culture conditions.)
To measure growth metrics accurately, we avoid truncation
eﬀects by including only bacteria that had their entire lifetime
tracked from a division event to either a detachment or

signiﬁcantly diﬀerent, which agreed with our observations.
These results and the fact that S. oneidensis has a single polar
ﬂagellum28 lead us to hypothesize that the ﬂagellum is
important for surface detachment.
To test this hypothesis, we used a high-speed camera to
capture the detachment sequence of WT S. oneidensis (see
movie in the Supporting Information). The results in
Supplementary Figure S2 show that the cell body of S.
oneidensis rotates with its long axis normal to the surface at a
frequency consistent with the ﬂagellar motor (∼20 Hz)26,29 and
culminates in the surface detachment of the cell. The results
presented in this section show that the control of ﬂagellum
activity can be important for regulating the early 2-D density of
bioﬁlm cells that remain on the surface and thereby indirectly
aﬀect the landscape for competition. The impact of the
ﬂagellum on S. oneidensis bioﬁlm development contrasts with
that from pili, which do not appreciably impact postdivision cell
fates but have a stronger eﬀect on the transition from 2‑D to
3‑D growth and consequently on diﬀerential access of
individual cells to nutrients. Interestingly, we ﬁnd that the
largest determinant of individual growth rates is the use of
appendages, as described in the next section.
Cells That Detach in a Given Generation Exhibit
Diverse Average Growth Rates during That Generation,
and Appendage Deletion Mutants Exhibit Dysregulation of Growth Rates. We examine how the use of
appendages impacts growth rates of individual cells and cell
size homeostasis. To make this determination, we measured
9186
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Figure 3. Cells that detach in a given generation exhibit diverse average growth rates during that generation, and appendage deletion mutants
exhibit dysregulation of growth rates. (a) Deﬁnitions of the single-cell size and growth metrics and their surface behavior categories. These
categories, which classify single bacteria, are diﬀerent from the postdivision cell fates categories, which classify division events. Supplementary
Figure S7 shows the relative proportion of bacteria in each of the single-cell categories for each strain. We parametrized cell size using the
length, since changes in width are negligible from our measurements. “Lifetime” is deﬁned as the time from birth to either a detachment or
division event. “Birth size” is deﬁned as the larger value between the cell size at the frame right after birth and the ﬁrst percentile of the size
distribution during the lifetime. “End size” is deﬁned as the larger value between the cell size at the frame right before the event and the 99th
percentile of the size distribution during the lifetime. “Size gain” is deﬁned as end size minus birth size. “Average growth rate” is deﬁned as
size gain divided by lifetime. (b) Histograms of size metrics. (c) Histogram box plots of growth metrics. Marker areas are proportional to the
probability of events in their respective bins. Boxes indicate 25th (left), 50th (center), and 75th (right) percentiles.

subsequent division event in our categories of “detaching cells”
and “nondetaching cells”. We tested whether any two categories
were statistically similar or signiﬁcantly diﬀerent using
unbalanced one-way ANOVA (Kruskal−Wallis test for
distribution medians) and multiple comparison tests using
Tukey’s honest signiﬁcant diﬀerence criterion with a 0.05
signiﬁcance value, the results of which are in Supplementary
Tables S1 and S2. We quantiﬁed distribution width using
interquartile range (IQR), which is deﬁned as the diﬀerence
between the 75th and 25th percentiles of a distribution, and

these values (medians and IQRs) are tabulated in Supplementary Table S3. Note that our deﬁnition of average growth
rate, which is deﬁned as the size gain divided by the lifetime, is
diﬀerent from the other deﬁnition of growth rate, which is
deﬁned as the exponent of the length vs time function for
exponentially growing cells. Finally, we note that the increased
motility of detaching cell populations is still quite low and did
not contribute signiﬁcantly to our measurement error. The
typical surface speeds of S. oneidensis are ∼10 nm/s.
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Figure 4. Detaching populations exhibit higher motility than nondetaching populations. Histogram box plots of motility metrics. Marker areas
are proportional to the probability of events in their respective bins. Boxes indicate 25th (left), 50th (center), and 75th (right) percentiles.
Motility metrics characterize a single cell’s trajectory as follows. “Mean squared displacement (MSD) slope” is the slope of the MSD vs time
delay on a log−log plot and characterizes the directionality of a given trajectory as subdiﬀusive/immobile motion, diﬀusive/random motion,
or superdiﬀusive/active motion when the value is less than 1, approximately 1, or greater than 1, respectively. “Radius of gyration” measures
the spatial extent of a trajectory and characterizes how much of the surface a given cell traverses laterally. “Mean surface speed” is the total
distance traveled (contour length) on the surface divided by the lifetime for a given trajectory.

both detaching and nondetaching populations and the slopes of
the growth curves are similar for cells in a given generation.
However, there is currently no paradigm for explaining the
dysregulation of growth rate for the detaching population.
Broader average growth rate distribution widths suggest
several possibilities. One is an eﬀective dysregulation of growth
rate that comes from heterogeneous transitions between steadystate surface growth and steady-state planktonic growth.
Another is a dysregulation in growth rate and thus cell size
homeostasis. In our case, the detaching population suﬀers a
greater degree of such dysregulation than the nondetaching
population. We hypothesize that the dysregulation in growth
rate for the detaching population is related to sensory input to
their appendages, which can be operative in both possibilities.
To test this hypothesis, we isolated the eﬀect of detachment
and repeated the above comparisons of distribution widths
using only the nondetaching population for WT vs the
appendage deletion mutants (ΔpilA, ΔmshA-D, Δflg), which
impact both their motility and sensing functions. Consistent
with our hypothesis, all three of these mutants showed broader
average growth rate distribution widths (∼2× broader)
compared to the WT (see Figure 3c). For the nondetaching
population (rows 5−8), the average growth rate distribution
IQRs for the four strains (WT, ΔpilA, ΔmshA-D, Δf lg) were
0.13, 0.20, 0.35, and 0.28 μm/h, respectively. These results
show that, compared to the WT nondetaching population, the
corresponding appendage deletion mutants have signiﬁcantly
broader distribution widths.
When we compared the detaching and nondetaching
populations for the appendage deletion mutants (ΔpilA,
ΔmshA-D, Δf lg), our data showed that the birth size and
average growth rate distributions were statistically similar (see
Supplementary Table S1), but the average growth rate
distribution widths were approximately 3−4× broader in the
detaching population compared to the nondetaching population. This diﬀerence is also consistent with our hypothesis on
the impact of appendages on size homeostasis. As shown in
Figure 3b, the birth size distribution medians for the detaching
and nondetaching populations for ΔpilA were 2.23 and 2.19
μm, respectively (column 2); for ΔmshA-D, 2.59 and 2.75 μm,
respectively (column 3); and for Δf lg, 3.10 and 3.04 μm,

For a given generation, nondetaching cells were, in general,
larger in size at the end of their lifetime and exhibited more size
gain. This result was expected because, by deﬁnition, they spent
more time growing as they stay on the surface until the next
division event, whereas detaching cells depart from the surface
prematurely before the next division event. Moreover, our
measurements show that the birth size and average growth rate
distributions for both detaching and nondetaching populations
were statistically similar (see Supplementary Table S1). The
birth size distribution medians for the detaching and nondetaching populations for WT were 2.43 and 2.45 μm,
respectively (Figure 3b column 1), and the average growth
rate distribution medians for the detaching and nondetaching
populations for WT were 0.76 and 0.89 μm/h, respectively
(Figure 3c rows 1 and 5).
Despite the fact that the average growth rate distributions
were similar for S. oneidensis, we found that the distribution
widths were approximately 3× broader in the detaching
population compared to the nondetaching population. The
average growth rate distribution IQRs for the detaching and
nondetaching populations for WT were 0.44 and 0.13 μm/h,
respectively (Figure 3c rows 1 and 5). These results show that,
compared to the nondetaching population, the detaching
population has statistically similar average growth rate
distributions, but signiﬁcantly broader distribution widths.
Even though growth rates, lifetimes, and cell sizes were
similar, slight variations in these metrics, as seen by the
distribution widths, resulted in desynchronization of cell growth
cycles as time progressed and cells divided and thus an
observed diversity in cell sizes at any given time point. We
illustrate this phenomenon by plotting a growth curve of a
representative WT family in Supplementary Figure S6. As time
progressed and cells divided, the cell sizes at any given time
point (vertical slice through the plot), became more varied, and
the growth curves of cells in the next generation diverged
further. For example, at the 9 h time point (generation 3), the
cell sizes ranged between 2.2 and 2.3 μm. At the 12 h time
point (generation 4), the range of cell sizes increased by an
order of magnitude (between 2.1 and 3.1 μm). Note that these
results are consistent with the “adder” model of cell size
homeostasis, since the average growth rates are the same for
9188
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and motility functions in the appendages leads to such
dysregulation. For the appendage deletion mutants, the
nondetaching population had similar low levels of motility
compared to WT. The nondetaching population radius of
gyration distribution medians for the three appendage deletion
mutants (ΔpilA, ΔmshA-D, Δf lg) were 0.38, 0.33, and 0.30 μm,
respectively; mean surface speed distribution medians were
7.85, 5.10, and 5.96 nm/s, respectively (Figure 4 rows 6−8).
Consistent with our hypothesis that multiplexing between
motility and sensing leads to growth rate dysregulation, we
found that the nondetaching mutants had similarly narrow
distributions of growth rates compared to WT, presumably due
to the low levels of motility activity required for these
appendages. On the other hand, the detaching population for
the appendage deletion mutants was more varied in the motility
metrics. With radius of gyration, the detaching population
distribution medians for ΔpilA (0.23 μm) and ΔmshA-D (0.49
μm) were similar to WT, but Δf lg had an order of magnitude
greater value (1.50 μm) and a much broader distribution width
(3.77 μm vs 0.2 to 0.8 μm) (Figure 4 rows 2−4). The detaching
population for ΔpilA and Δf lg had greater mean surface speed
distribution medians and widths (ΔpilA [median: 14.75 nm/s,
IQR: 21.56 nm/s]; Δf lg [median: 25.14 nm/s, IQR: 36.32 nm/
s]) than ΔmshA-D and WT, which were quite similar
(ΔmshA‑D [median: 11.38 nm/s, IQR: 9.79 nm/s]; WT
[median: 7.73 nm/s, IQR: 10.44 nm/s]).
Interestingly, speciﬁc appendage deletions increased both the
mean surface speed distribution medians and widths when
comparing the detaching population to the nondetaching
population for each of the four strains. This result suggests that
some of the appendages have partially antagonistic functions
(e.g., adhesion vs motility). The mean surface speed distribution
medians in Figure 4 for the detaching and nondetaching
populations for WT were 7.73 and 5.18 nm/s, respectively
(rows 1 and 5); for ΔpilA, 14.75 and 7.85 nm/s, respectively
(rows 2 and 6); for ΔmshA-D, 11.38 and 5.10 nm/s,
respectively (rows 3 and 7); and for Δf lg, 25.14 and 5.96
nm/s, respectively (rows 4 and 8). The mean surface speed
distribution IQRs in Figure 4 for the detaching and
nondetaching populations for WT were 10.44 and 3.48 nm/s,
respectively (rows 1 and 5); for ΔpilA, 21.56 and 7.50 nm/s,
respectively (rows 2 and 6); for ΔmshA-D, 9.79 and 1.63 nm/s,
respectively (rows 3 and 7); and for Δf lg, 36.32 and 1.72 nm/s,
respectively (rows 4 and 8).
We note, however, that translational speeds on the surface do
not seem to determine detachment behavior, at least for WT,
ΔpilA, and ΔmshA-D. From our postdivision cell fate data, all
three strains have similar detachment behavior and small radii
of gyration (∼0.3 μm), but the translational speeds for the
detaching population are diﬀerent (7.73, 14.75, and 11.38 nm/s
for WT, ΔpilA, and ΔmshA-D). We hypothesize that this
similarity is at least in part due to the strong role of the
ﬂagellum in determining detachment events. On the other
hand, Δflg has a diﬀerent detachment behavior and signiﬁcantly
higher radius of gyration (1.5 μm vs ∼0.3 μm) and mean
surface speed (∼25 nm/s vs ∼10 nm/s) compared to the other
strains. Since the ﬂagellum appears to be used for the vast
majority of detachment events, this result likely indicates an
alternate detachment mechanism. Consistent with the above,
the detaching population is much smaller for Δf lg (10−20% of
cells and events) than the other strains (30−50% of cells and
events) (see Figures 2 and S7).

respectively (column 4). As shown in Figure 3c, the average
growth rate distribution medians for the detaching and
nondetaching populations for ΔpilA were 0.65 and 0.70 μm/
h, respectively (rows 2 and 6); for ΔmshA-D, 1.05 and 1.04
μm/h, respectively (rows 3 and 7); and for Δf lg, 0.95 and 1.01
μm/h, respectively (rows 4 and 8). As shown in Figure 3c, the
average growth rate distribution IQRs for the detaching and
nondetaching populations for ΔpilA were 0.75 and 0.20 μm/h,
respectively (rows 2 and 6); for ΔmshA-D, 1.03 and 0.35 μm/h,
respectively (rows 3 and 7); and for Δf lg, 0.96 and 0.28 μm/h,
respectively (rows 4 and 8). Also, our comparison of WT vs the
appendage deletion mutants using the detaching population
shows a drastic broadening of the growth rate distribution
widths for the mutants, an observation that also agreed with our
hypothesis. For the detaching population (rows 1−4), the
average growth rate distribution IQRs for the four strains (WT,
ΔpilA, ΔmshA-D, Δf lg) were 0.44, 0.75, 1.03, and 0.96 μm/h,
respectively. It is interesting to note that ΔmshA-D has the
broadest distribution width in both detaching and nondetaching populations, but all three appendage deletion
mutants are similar in terms of their broad distribution widths.
Detaching Populations Exhibit Higher Motility than
Nondetaching Populations. Appendage usage for surface
motility and/or for sensing heterogeneous environments can in
principle impact metabolic behavior. For example, motile cells
in principle use metabolic overhead to run the ﬂagellum
motor30 and to retract and extend their pili.14 Cells also use
their appendages as the sensors to detect and react to changes
in local nutrient availability in their microenvironment.15,22,31 In
this context, we hypothesize that multiplexing used by
appendages for sensing and motility contributed to diverse
average growth rates. To test this idea, we measured the singlecell surface motility of the diﬀerent appendage mutants and
correlated these metrics to cell size, growth, and detachment
metrics for the same corresponding cells for all the cells that we
tracked (∼100 cells).
We observed that in general S. oneidensis cells on the surface
were not very motile, as characterized by several diﬀerent
motility metrics that we use (see Figure 4, Supplementary
Tables S1−S3). The general trend was observed for both the
detaching and nondetaching populations for WT. Both
populations had mean squared displacement (MSD) slope
distribution medians less than 1, which indicated that cells
moved subdiﬀusively and did not have any directional
preference for lateral movement. Moreover, both populations
had radii of gyration smaller than their average cell size by an
order of magnitude, which indicated that cells did not exhibit
much lateral movement on the surface. Compared to the mean
cell length of 3.4 μm, the radius of gyration distribution
medians for the detaching and nondetaching populations for
WT were 0.22 and 0.30 μm, respectively (Figure 4 rows 1 and
5). The mean surface speed distribution medians for the
detaching and nondetaching populations for WT were 7.73 and
5.18 nm/s, respectively (Figure 4 rows 1 and 5). These speeds
were ∼5× smaller than that of Pseudomonas aeruginosa, a
species known to use their appendages for surface motility
(∼25 nm/s for WT P. aeruginosa).21
Having noted the generally low level of motility, we found
that the detaching population exhibited signiﬁcantly more
motility than the nondetaching population. We note that this is
the same detaching population that shows the greatest
dysregulation of growth rates and that this observation is
consistent with the hypothesis that the multiplexing of sensing
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study. All chemicals were purchased from Sigma-Aldrich unless
otherwise stated. Strains were cultured in LB broth overnight to
stationary phase under shaking (200 rpm) at 30 °C. For cultures with
the p519nGFP plasmid, the LB media was supplemented with 50 μg/
mL kanamycin. The cells from this culture were pelleted via
centrifugation at 2300g for 5 min, washed twice, and ﬁnally
resuspended in a chemically deﬁned medium. This medium contained
(per liter of deionized water) 15.1 g of PIPES buﬀer, 3.4 g of sodium
hydroxide, 1.5 g of ammonium chloride, 0.1 g of potassium chloride,
0.6 g of sodium phosphate monobasic monohydrate, 18 mM of either
sodium L-lactate or sodium DL-lactate as an electron donor, 10 mL of
100× amino acids stock solution, 10 mL of 100× minerals stock
solution, and 1 mL of 1000× vitamins stock solution. The 100× amino
acids stock solution contained (per liter of deionized water) 2 g of Lglutamic acid, 2 g of L-arginine, and 2 g of DL-serine. The 100×
minerals stock solution contained (per liter of deionized water) 1.5 g
of nitrilotriacetic acid, 3 g of magnesium sulfate heptahydrate, 0.5 g of
manganese sulfate monohydrate, 1 g of sodium chloride, 0.1 g of
ferrous sulfate heptahydrate, 0.1 g of calcium chloride dihydrate, 0.1 g
of cobalt chloride hexahydrate, 0.13 g of zinc chloride, 10 mg of cupric
sulfate pentahydrate, 10 mg of aluminum potassium disulfate
dodecahydrate, 10 mg of boric acid, 25 mg of sodium molybdate
dihydrate, 24 mg of nickel chloride hexahydrate, and 25 mg of sodium
tungstate. The 1000× vitamins stock solution contained (per liter of
deionized water) 20 mg of biotin, 20 mg of folic acid, 100 mg of
pyridoxine hydrochloride, 50 mg of riboﬂavin, 50 mg of thiamine
hydrochloride, 50 mg of nicotinic acid, 50 mg of D-pantothenic acid
hemicalcium salt, 1 mg of vitamin B12, 50 mg of p-aminobenzoic acid,
and 50 mg of DL-lipoic acid. The medium was adjusted to an initial pH
of 7.0 using HCl and NaOH. The culture in this chemically deﬁned
medium was grown again overnight to stationary phase (OD600 ≈ 1.0)
under shaking at 30 °C. The culture was then diluted to OD600 ≈ 0.01
and injected into a sterile ﬂow cell containing the same chemically
deﬁned medium.
Bright Field Microscopy Imaging and Data Acquisition. Flow
cells were assembled as previously described40 and used for all bright
ﬁeld microscopy imaging experiments. After injection into the ﬂow
cell, the ﬂow cell was attached to a heating stage set to 30 °C. For time
lapse movies, bacteria were incubated without ﬂow for about 10−20
min before starting ﬂow at a volumetric rate of 3 mL/h, and then
images were recorded every 4 s per frame using an Andor Neo
sCMOS camera, collecting bright ﬁeld images (image size of 67 × 67
μm2 or 2048 × 2048 pixels) with a 100× oil objective and a 2×
multiplier lens on an Olympus IX83 microscope equipped with a zero
drift correction autofocus system. For high-speed movies, no ﬂow was
started, and images were recorded immediately after injection at 200
frames per second using a Phantom V12.1 high-speed camera (Vision
Research) with an image size of 512 × 512 pixels (0.1 μm/pixel size)
using the same microscope setup.
As previously described, oxygen becomes limited at the ﬂow cell
coverslip surface, even with aerobic medium, above a threshold surface
cell density and distance from the inlet.7 This is due to laminar ﬂow
(no mixing between adjacent ﬂuid layers) and the no-slip boundary
condition (zero ﬂuid velocity at the surface). We adapt the calculation
performed previously7 and replace their reported conditions with our
relevant conditions. Flow cell channel dimensions are length L = 40
mm, width w = 4 mm, and height d = 1 mm. Volumetric ﬂow rate is Q
= 3 mL/h or 0.833 μL/s, and average ﬂuid velocity is v ̅ = 0.625 μm/s
at a surface ﬂuid layer thickness h = 1 μm. Reynolds number (based on
channel dimensions and ﬂuid ﬂow of a rectangular cross-sectional
pipe) is Re = 0.3745, which is in the laminar ﬂow regime. Oxygen
consumption rate is α = 7.694 × 10−2 mg/L/s at a surface cell density
of 10 cells per 67 × 67 μm2 ﬁeld of view (lower limit estimate) and an
estimated cellular electron transfer rate of 2.6 × 106 e−/cell/s.4 Inlet
oxygen concentration remains unchanged from their reported value.
With these values, our calculations show that the surface ﬂuid layer
should start being oxygen limited at a distance of 65 μm from the inlet,
which is orders of magnitude closer to the inlet than our imaging
location (∼20 mm from the inlet). Oxygen limitation has been
previously reported to occur within 2 h after bacteria injection,7 and

Taken together, these intersecting lines of evidence support
our hypothesis that multiplexing the appendages for both
sensing and motility contribute to diverse growth rates.
Engineering S. oneidensis Environmental Sensor
Responses to Optimize Extracellular Electron Transport.
In the S. oneidensis literature, microenvironments and associated
micronutrient distributions are thought to be major drivers of
EET-related metabolism. Examples of microenvironments and
important micronutrients encountered by S. oneidensis include
oxygen and ﬂavins in bioﬁlm conditions. Oxygen concentration
can vary dramatically in bioﬁlms32 and is likely variable in these
systems based on diﬀerent gradients driven by microbial
consumption and replenishment from diﬀusion of the media.33
Moreover, ﬂavins have been highlighted as an important
microbial metabolite, implicated in respiration34 and movement,35 and can likely vary under bioﬁlm conditions as well.
The results in this article suggest a complementary approach.
By manipulating sensor appendages (exempliﬁed by our
deletion mutants), we can alter how S. oneidensis senses and
metabolically responds to its environment. Results here show
that sensor appendage deletion leads to increases in diversity of
growth rates with possible metabolic implications. We
hypothesize that combining traditional microenvironment
manipulation with control of the S. oneidensis environmental
sensor suite will allow us to engineer communities that have
more cells devoted to optimal EET. Interestingly, our
hypothesis is consistent with the recent empirical observation
that appendage deletion under some conditions leads to
increased EET.36

CONCLUSIONS AND PROSPECTS
Recently developed methods for tracking entire bacterial
surface communities with single-cell resolution have been
used to investigate the origins of S. oneidensis growth rate
diversity and dysregulation of cell size homeostasis. For every
generation, we ﬁnd that while the average growth rate for cells
that stay on the surface and continue to divide and that of cells
that detach before their next division are roughly constant. The
range of observed growth rates is tightly distributed for the cells
that continue to divide, but broadly distributed for cells that
detach. Further, we ﬁnd that such diversity in growth rates is
strongly inﬂuenced by its pili and ﬂagellum appendages.
Intersecting lines of evidence support our hypothesis that the
multiplexing of sensing and motility functions in appendages
contributes to cell size dysregulation. These results provide a
framework for controlling and monitoring growth rate and cell
size diversity of S. oneidensis populations during bioﬁlm
formation in heterogeneous environments. It may be possible
to control S. oneidensis environmental sensor responses (rather
than just control the microenvironments) to yield larger
subpopulations with optimal EET activity, which in turn can
improve their capacity for bioremediation, electricity generation, and biofuel production.19,37
METHODS
Strains and Growth Conditions. Shewanella oneidensis MR-1
strains wild type with GFP-containing plasmid p519nGFP,38 pili
knockout mutants ΔpilA (gene number SO_0417; the gene
responsible for encoding pilin A major structural subunit7) and
ΔmshA-D (gene number SO_4103-SO_4105; the gene responsible for
encoding MSH pilin structural subunit39), and ﬂagellum knockout
mutant Δf lg (gene number SO_3237-SO_3238; the genes responsible
for encoding FliC ﬂagellin structural subunits36) were used in this
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we record for an order of magnitude longer (12−36 h). Also, the
laminar ﬂow condition should hold as long as the cells are mostly
undergoing 2-D growth, which is our analysis window. Therefore, we
assume that the microenvironment for cells on the surface is oxygen
limited during our recordings.
Scanning Electron Microscopy Imaging. MR-1 p519nGFP cells
were cultured using the same conditions for LB. The centrifugation
step was the same, except the chemically deﬁned medium was also
supplemented with FM 4-64FX membrane stain and 30 mM dibasic
sodium fumarate. The washed cells were incubated at 32 °C in closed
containers for 2.5 h under shaking. Cells were centrifuged one time,
the medium was replaced with 2.5% glutaraldehyde in phosphatebuﬀered saline (pH 7.2, 155.17 mM NaCl, 1.54 mM KH2PO4, 2.71
mM Na2HPO4 7H2O), and the cells were incubated in the
glutaraldehyde solution for 2.5 h. Then, cells were centrifuged twice
and resuspended in deionized water. The ﬁxed cells were suspended
above a ﬂame-annealed 100 nm gold surface (gold was supported on a
silicon chip with a 5 nm thick titanium adhesion layer) for 2 h. The
substrate was removed and submerged in fresh deionized water. The
sample was then removed from the water and dried with a stream of
N2. A JEOL JSM-6700F ﬁeld emission SEM was used to image cells
with an SEI secondary electron detector. A 15 kV accelerating voltage
was applied at 10 μA emission. Working distance was set to 8 mm.
Image and Data Analysis. Analyses of these recordings start
when cells start moving or growing on the surface, which can be either
the actual recording start time or later depending on whether the cells
on the surface have a lag phase. Analyses end (15 000−35 000 frames)
when either the area covered by cells is overlapping or growing in the
direction normal to the surface, which greatly reduces accuracy in
segmentation, tracking, and determining single cell metrics, is greater
than a determined proportion of the total population surface coverage
(see Figure 1b) or the total number of tracked cells gets too large. As a
result, each data set can have a variable amount of images analyzed
with a total of up to 1 000 000 snapshots of single bacteria. Images
were analyzed using a combination of software and algorithms adapted
from the methods described12,27,41 and written in MATLAB R2015a
(Mathworks). Supplementary Figure S4 summarizes the image
processing and analysis steps. Before generating the binary image via
Otsu thresholding, the images were further preprocessed and ﬁltered
using two edge detection ﬁlters, one to re-enhance the bacteria septa
and edges between adjacent bacteria and one to re-enhance the bright
inner part of bacteria, and then, for bright ﬁeld images, resized from
2048 × 2048 to 1024 × 1024 pixels, such that the pixel size was 0.065
μm/pixel. For bright ﬁeld images, the true cell boundaries and sizes are
underestimated by image ﬁltering and segmentation because only the
inside of the cell is captured. To account for this, the binary image of a
single cell was dilated using a disk of radius 5 pixels. After that, the
resulting shape was ﬁt to a spherocylinder (union of rectangle and two
semicircles). For a spherocylinder, the perimeter was the perimeter
calculated from the dilated pixels, the width was the mean value for a
single identity calculated by the minor axis of the best-ﬁt ellipse to the
dilated pixels, and the length was calculated from the perimeter and
width using the geometry formula (see Supplementary Figure S4).
Because cell widths were relatively constant for all strains (see
Supplementary Figure S3a,b), between imaging modalities (see
Supplementary Figure S5), and had greater relative error due to
ﬁxed pixel noise, cell sizes were represented by the length. The dilation
step added a ﬁxed amount to all calculated widths and lengths, but the
calculated size gains and average growth rates were independent of the
amount added. For all cells, the growth rates were relatively constant
throughout the majority of their lifetimes (see Supplementary Figure
S3c), so growth rates could be summarized with just the mean. Mean
squared displacement calculations were done using a third-party
downloaded MATLAB toolbox.42 Built-in MATLAB statistical test
functions from the Statistics and Machine Learning Toolbox were used
for linear ﬁts, unbalanced one-way ANOVA (Kruskal−Wallis test for
distribution medians), and multiple comparison tests using Tukey’s
honest signiﬁcant diﬀerence criterion. p-Values for the linear ﬁts were
calculated using Monte Carlo bootstrapping methods in MATLAB
with random sampling of the data (10 000 iterations, 1000 random

sample number, 0.05 signiﬁcance value). Local nematic order was
calculated as previously described,43 except in 2-D. The local vicinity is
deﬁned as a circle, not a sphere, of radius r, with a radius of 50 μm
corresponding to global order.
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