ars CHGRUS

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Comparison of three-dimensional motion of bacteria with
and without wall accumulation
Md Elius, Kenneth Boyle, Wei-Shun Chang, Pia H. Moisander, and Hangjian Ling
Phys. Rev. E 108, 014409 — Published 28 July 2023
DOI: 10.1103/PhysRevE.108.014409


https://dx.doi.org/10.1103/PhysRevE.108.014409

Comparison of 3D motion of bacteria with and without wall accumulation

Md Elius', Kenneth Boyle?, Wei-Shun Chang?, Pia H. Moisander?, Hangjian Ling'*

! Department of Mechanical Engineering, University of Massachusetts Dartmouth, Dartmouth, MA, 02747
2 Department of Biology, University of Massachusetts Dartmouth, Dartmouth, MA, 02747
3 Department of Chemistry & Biochemistry, University of Massachusetts Dartmouth, Dartmouth, MA, 02747

*Corresponding: hlingl@umassd.edu

Abstract: A comparison of the movement characteristics between bacteria with and without wall
accumulation could potentially elucidate the mechanisms of biofilm formation. However, previous studies
have mostly focused on the motion of bacteria that exhibit wall accumulation. Here, we applied digital
holographic microscopy to compare the three-dimensional (3D) motions of two bacterial strains
(Shewanella japonica UMDC19 and Shewanella sp. UMDC1): one exhibiting higher concentrations near
the solid surfaces, and the other showing similar concentrations in near-wall and bulk regions. We found
that the movement characteristics of the two strains are similar in the near-wall region, but are distinct in
the bulk region. Near the wall, both strains have small velocities and mostly perform sub-diffusive motions.
In the bulk, however, the bacteria exhibiting wall accumulation have significantly higher motility (including
faster swimming speeds and longer movement trajectories) compared to the one showing no wall
accumulation. Furthermore, we found that bacteria exhibiting wall accumulation slowly migrate from the
bulk region to the near-wall region, and the hydrodynamic effect alone is insufficient to generate this
migration speed. Future studies are required to test if the current findings apply to other bacterial species
and strains.
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Introduction

Numerous bacterial species show initial accumulation near solid surfaces prior to the formation of a biofilm
[1], a matrix-enclosed bacterial population adherent to each other and/or to surfaces [2]. Biofilms impact
human activities via issues such as marine biofouling [3]-[8], persistence of pathogenic infections [9]-[13],
and food contamination [14]-[17], therefore, it is crucial to understand the mechanisms of biofilm
formation and resilience. Wall accumulation of bacteria serves as an initial, important step to biofilm
formation but the mechanisms are currently not well constrained. In the past several decades, the
understanding of wall accumulation has been greatly improved by experimental and theoretical studies of
bacterial movement near solid surfaces. Early microscopy imaging showed a strong increase of cell
concentration near solid surfaces [18]-[20]. Later, three-dimensional bacterial tracking, by techniques such
as digital holography microscopy [21]-[23], revealed that when approaching a wall, bacteria may reduce
their swimming speed [24]-[26], switch to circular motion [27], [28], change body orientation [25], [27],
[29], and reduce the tumble rate [26]. Furthermore, various theoretical models, based on disparate physical
factors such as hydrodynamic interactions [30]-[33], Brownian motion [34]-[37], electrostatic and van der
Waals interactions [18], [19], [38], or stochastic run-tumbling motions [39], [40], have been developed and
successfully predicted the wall accumulation. For example, models based on hydrodynamic interactions
showed that swimming microorganisms near a no-slip solid boundary creates a flow field that re-orientates
and attracts cells to the wall [29], [41]. Recently, some studies have revealed that near-wall behaviors of
bacteria and biofilm growth can be regulated by changing surface properties (e.g., surface stiffness)[42]-
[48], by introducing flow shear [49]-[51] or an electric field [52]-[56].

Despite the extensive studies on the bacteria-wall interactions, previous studies mostly focused on the
movement characteristics of bacteria that exhibit wall accumulation. Few studies directly compared the 3D
movement of different bacterial species or strains that show different degrees of wall accumulation [57]. A



direct comparison of the movement statistic of bacteria with and without wall accumulation could provide
insights into the mechanistic or behavioral processes proceeding biofilm formation. Here we employ digital
holographic microscopy (DHM) and study the 3D movement of two Shewanella sp. strains: one showing
higher density distribution near solid walls compared to the bulk region, and the other having similar density
distribution in near wall and bulk regions. We analyze and compare the movement velocity and mean square
displacement between the two bacterial species, and investigate which movement characteristics are
correlated to the wall accumulation. In particular, we will test the hypothesis that bacteria exhibiting wall
accumulation have larger swimming velocities and longer movement trajectories, according to previous
studies which demonstrate the importance of motility on the biofilm formation [58]-[60]. Our results and
approach are useful for the development and validation of new theoretical models for understanding the
mechanisms of bacterial wall accumulation.

Material and Methods

The optical configuration of DHM for recording the growth and 3D motion of bacteria is shown in Fig.
1(a). A continuous He-Ne laser with a wavelength of 4=633 nm (Thorlab, model #HNL100RB, 10 mW)
was used as a light source. The laser beam was attenuated by a neutral density filter, filtered by a spatial
filter made up of a 25 pum pinhole and a 10x objective, and collimated into a 5 mm diameter before
illuminating the bacterial sample. The bacterial sample was placed in a closed glass cuvette (FireflySci,
lightpath 200 um). The light scattered from the sample as well as the unscattered light were recorded by a
CMOS camera (FLIR, model #GS3-U3-41C6M-C, 2048x2048 pixels, 5.5 um pixel size). To achieve high
magnification, a 10x objective (Edmund, model #46-144, infinity-corrected) and a 2x tube lens (Edmund,
model #56-863, focal length 400 mm) were inserted before the camera. The calibrated magnification of the
imaging system was 19.2x. By precisely translating the glass cuvette along the optical axis, the focal plane
of the imaging system (i.e., hologram plane) was located at 30 um away from the inner wall of the cuvette.
Thus, all bacteria were located on one side of the hologram plane. We used a Cartesian coordinate system
where x and y stand for the two in-plane directions and z for the out-of-plane direction. We defined z=0 at
the inner wall of the glass container, and the bacterial cells are distributed at 0<z<200 um. The sample
volume had a size of 590 pm x 590 pum x 200 um (or 0.07 mm?).

Two strains of marine bacteria Shewanella sp. (strains UMDC1 and UMDC19) were used in this study. The
bacteria were originally isolated from marine biofilms in Northwestern Atlantic Ocean. For determining
the 16S rRNA gene sequence, the culture were grown overnight, and the DNA was extracted using a phenol-
chloroform method [61]. The amplification was conducted using 341F/785R primers [62], and the PCR
conditions were as previously described [63]. The amplification products were cloned using pPGEM-T in E.
coli and sequenced at the Massachusetts General Hospital sequencing core. The primers were trimmed off
from the sequences, and Blastn search was conducted on the NCBI database to identify the sequences. The
best NCBI database matches for the strain UMDC1 were Shewanella basaltis and S. ulleungensis (99.77-
100% nucleotide identity); here we refer to this strain as Shewanella sp., while the strain UMDC19 has a
100% nucleotide identity with S. japonica. Pairwise alignment of the 16S rRNA gene of UMDC1 and
UMDC19 showed a nucleotide identity of 94.64%. Based on this dissimilarity, the two strains represent
different species of the Shewanella genus. The 16S rRNA gene sequences are under NCBI accession
numbers 0Q034696-0Q034698.

To prepare the bacterial suspension for DHM experiments, a monoclonal culture was aseptically inoculated
from a glycerol stock into sterile, 0.2 um filtered Marine Broth (Difco Laboratories) and grown for 24h at
27°C in slow motion. The culture was diluted to a concentration where the optical density (OD) at 600 nm
was approximately 0.05. The diluted bacterial suspension was then transferred into the glass cuvette for
observations. We recorded data at 50 fps in the first 40 s at each hour, and ran the experiments for a duration
of 4 hours. A total of 10,000 holograms were collected for each bacterial strain. The number of bacteria
increased by 4 to 12 times during the 4-h experiments.



To calculate the 3D movement trajectories of bacteria from the recorded holograms, we used the following
data analysis procedure. First, the background noise (e.g., signals from the dirt particles on glass windows
and optical lenses) was removed by subtracting a background image obtained when there were no bacteria
presented in the sample volume. The intensity distribution on the holograms after the background
subtraction is denoted as In. Then, following previous work [64], [65], a 3D intensity field, denoted as I(x,
Y, z), was reconstructed from the hologram by using the following equation:

I(x,y,2) = || I = IRIF] @ h(x, y, 2) Il M)

where ||R|? is the amplitude of the reference wave (here, ||R||? is a constant since the reference wave is a
plane wave), h=zexp{ik(x*+y?+z?)* }[iA(x>+y*+z?)] is the Rayleigh-Sommerfeld diffraction kernel,
k=2m/A, and ® represents a convolution. Since the intensity of the scattered light from the bacteria is much
smaller compared to that of the reference light, we approximated ||R||? using the average intensity of In.
Figure 1(b) shows a sample hologram of one bacterium, and Figures 1(c-d) are the intensity distributions
reconstructed from this hologram. Consistent to our previous work [64], [65] the bacterium appears to be
an axially-elongated bright trace in the 3D intensity field reconstructed based on Eqg. (1). The elongation in
axial direction (i.e., z-direction) is known as the depth-of-focus issue in inline digital holography [66].

After obtaining the 3D intensity field, we detected the position of bacteria in 3D space following a 3D
image segmentation technique used in our previous works [67], [68]. We first chose a global intensity
threshold based on the intensities of the in-focus bacteria to discriminate between the background and the
bacteria. Although a local threshold based on local standard deviation [69] could be used to improve the
detection of cells with relatively low intensity, we found a global threshold was sufficient to detect more
than 90% of the cells. After individual cell features were identified from the 3D volume, the cell position
was calculated based on the intensity-weighted centroid of the 3D trace. Finally, we linked the 3D locations
belonging to the same cell across different time frames based on a three-frame predictive particle tracking
algorithm [70]. We applied a Gaussian smoothing and differentiating kernel [71] to the 3D trajectories to
obtain accurate velocities and accelerations. The three velocity components were denoted as (uy, Uy, ;). For
each bacterium, we also calculated the magnitude of the velocity component parallel to the wall as: uy=(u?
+ 1,25, By definition, u, was always positive. The velocity component normal to the wall was u,, which
can be either positive or negative. Symbol <> was used to denote an ensemble average over all bacteria.

Figure 2 shows sample trajectories for UMDC1 and UMC19 obtained by the above data analysis procedure.
The average observation time of cell trajectories was 2.7 s and 1.7 s for UMDC1 and UMDC19,
respectively, much shorter than the observation time (40 s). This is partially because individual bacteria
were not successfully detected at every frame. Due to the small size and nearly transparent nature of
bacterial cells, the signal generated by bacteria on the holograms was very weak. As a result, detecting
bacteria at every frame in DHM is a challenge, especially in a dense solution. One potential method to solve
this challenge is by using dye to color the cells [72].

Results and Discussion

First, we examined the time-variation of the number of bacteria (i.e., growth of bacteria) in the sample
volume. Figures 3(a-b) and 4(a-b) shows sample holograms at the beginning (t=0) and end (t=4 h) of the
experiments for the two bacterial strains, UMDC1 and UMDC19, respectively. Clearly, for both species,
the number of bacteria observed on the holograms increases over time, indicating the growth of bacterial
populations via cell division. Figures 3(c) and 4(c) show the time-variations of number of bacteria obtained
by processing the holograms. For both species, the number of bacteria in the 0.07 mm?® sample volume
remains nearly constant until the first two hours of the experiment and subsequently experiences an
exponential increase. At t=4 h, the number of bacteria had increased by about 4 times for UMDCL1 (from
90 to 360 cells), and 12 times for UMDC19 (from 40 to 500 cells). Based on the growth curves in Figures



3(c) and 4(c), we found a doubling time of 0.57 h and 0.70 h at the fast-growing stage (3 h<t<4 h) for
UMDC19 and UMDC1, respectively.

We then analyzed the spatial distributions of the bacteria in the chamber to determine the presence of wall
accumulation. Figures 3(d-e) and 4(d-e) show the spatial distribution of bacteria in the chamber at t=0 and
4 hours for the two species, respectively. Figures 3(f) and 4(f) show the histogram of the bacterial
abundance with respect to distance from the wall at t=4 hours. Interestingly, for UMDCL, the densities of
bacteria in the near-wall region and in the free-swimming region were very similar. In contrast, for
UMDC19 at t=4 hours, the density of bacteria was much higher in the near-wall region than in the free-
swimming region. The density of UMDC19 cells at t=3 hours (when the number of bacteria increased by
same ratio compared to UMDCL at t=4 hours) was also higher at the near-wall region compared to bulk
region (see Supplemental Material, Fig. S1 [73]). Furthermore, as shown in Figure 5, we found the density
distributions of UMDC19 has a good agreement with the model proposed by Berke et al. [29]. These results
indicate that UMDC19 exhibits wall accumulation, while UMDC1 growth occurs uniformly across the
entire chamber.

To understand which movement behavior contributes to the wall accumulation, we next analyzed the
movement statistics. First, we compared the swimming velocities of the two bacterial species. Figures 6(a)
and (b) plot the magnitudes of velocities in the direction parallel to the solid walls (<u,>) and in the direction
normal to the wall (<|u;>), respectively. Clearly, for both bacterial species, the magnitudes of <u,> and
<|u,|> were on the same order, indicating that the bacterial motions were not confined in one particular
direction. In the bulk region (20<z<180 pm), the magnitudes of <u,> and <|u,|> for bacteria with wall
accumulation were much larger than these for the bacteria without wall accumulation (average swimming
speed of 55 um/s for UMDC19 vs. average swimming speed of 14 um/s for UMDCZ1). This result suggests
a correlation between wall accumulation and swimming speed, consistent with the previous studies which
showed that bacteria with a higher motility are more likely to create biofilm [58]-[60]. However, our work
did not prove a causal relationship between wall accumulation and swimming speed since the data were
collected from two different bacterial strains. A future study comparing bacteria with and without
movement pathways (such as flagellum synthesis) mutagenetically impaired will be informative in testing
whether the wall accumulation is directly caused by large swimming velocity or whether other mechanisms
are involved. Moreover, for bacteria with wall accumulation (UMDC19), both <u,> and <|u,|> significantly
reduced when the cells approached the wall (0<z<20 um and 180<z<200 pm), indicating the wall
entrapment. The reduction of bacterial swimming speed when approaching the wall is consistent to previous
experimental [18], [20], [25] and theoretical [30] studies.

Figure 6(c) compares the velocity components normal to the solid walls (<u,>) between the two bacterial
species. Since U, can be either positive or negative, once averaged over all bacteria, the magnitude of <u,>
is much smaller compared to <u;> and <|u,|>. For bacteria showing no wall accumulation (UMDC1), <u,>
is nearly a constant zero across the entire chamber. However, for bacteria exhibiting wall accumulation
(UMDC19), <u > is negative on left-half of the chamber (0<z<100 pm) and positive on the right-half of the
chamber (100<z<200 pm). The magnitude of <u,> has a maximum of 1.2 pum/s at about 20 pum away from
the solid surfaces, and reduces to zero near the walls and the center of the chamber. This result indicates
that there exists a long-range attraction force between the highly mobile bacteria and the solid walls. This
attraction force might depend on or influence the swimming speed and appears bacterial strain specific: it
is very weak for UMDC1 which swims slowly, and stronger for UMDC19 which swims faster. Moreover,
this result implies that the wall accumulation is because of the migration of cells from the bulk region to
the near-wall region, rather than faster cell growth in near-wall region.

To understand whether the long-range attraction between UMDC19 and solid walls is originated from the
hydrodynamic interaction, we next calculate the hydrodynamically induced wall-normal velocity u, by a
cell moving parallel to a no-slip solid wall as [29]:
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where p is the force dipole strength (the cell is approximated as a force dipole), p is the viscosity of the
liquid, and H is the distance between two parallel walls. The force dipole is on the order of the drag force
times the cell size, p~pUL?, where L is the cell size and U is the swimming speed. For UMDC19, we
estimate p=1.4 pN pm, by assuming p=1x10" kg/m/s (viscosity of water), U=55 um/s and L=5 um. Figure
6(c) also plots u, predicted by Equ. (2) with p=1.4 pN pm. The result shows that in the bulk region the
velocity induced by the hydrodynamic interactions is much smaller than the observed velocity for
UMDC19. Therefore, in addition to the hydrodynamic effect, there are other mechanisms (e.g., the
stochastic run-tumbling behavior) that drive the cells to migrate from the bulk region to the near-wall
region. Further studies are required to understand which mechanisms contribute to this large migration
speed.

To further seek evidence on cell migration from the bulk region to the near-wall regions, we plotted the
time-variations of z-position for a few bacteria UMDCL19, as shown in Figure 7. Clearly, some bacteria
initially located in the bulk region (50 um<z<150 um) migrated to one of the walls at z=0 and z=200 pum,
and remained on the walls for more than 2 s.

Lastly, we compared the 3D movement trajectories of the two strains of bacteria in the bulk (50<z<150 pum)
and near-wall (0<z<10 um and 190<z<200 um) regions. We classified the trajectories by first calculating
the mean-square-displacement (Ar?) and then fitting Ar? with respect to time lag (At) as Ar’=aAt, where K
is the power exponent and « is a constant. Based on the measured value of K, the trajectories were divided
into two categories: sub-diffusive (or in-active) motion for K<1, and super-diffusive (or active) motion for
K>1. Note, to obtain meaningful K, we only selected the trajectories whose length was longer than 1 s for
analysis. Changing this minimal length requirement from 1 s to 2 s did not alter the conclusion (see
Supplemental Material, Fig. S2 [73]). In addition, we calculated Ar? based on the bacterial displacements
in x and y directions, instead of the bacterial displacements in all three directions. The reason is that the
measurement uncertainty of z position of bacteria is relatively larger than that in x and y directions, due to
the inherent limitation of digital holography [65]. A comparison of Ar? based on bacterial displacement in
all three directions and bacterial displacement in x and y directions can be found in Supplemental Material,
Fig. S3 [73]. Sample profiles of Ar? based on the bacterial displacements in x and y directions and power-
law fittings can be found in Supplemental Material, Fig. S4 [73].

Figures 8(a) and (b) show sample bacteria trajectories in the bulk region for UMDC1 and UMDC19,
respectively. Figure 8(c) shows the probability density distributions of K in the bulk region. Clearly, for
bacteria exhibiting wall accumulation (UMDC19), K has a peak value close to K=2. However, for bacteria
showing no wall accumulation (UMDC1), K has two peaks located near K=1 and K=2 respectively. This
result further indicates that bacteria exhibiting wall accumulation have a higher motility. Figures 8(d) and
(e) show sample bacteria trajectories in the near-wall region for UMDC1 and UMDC19, respectively.
Figure 8(f) shows the probability density distributions of K in the near-wall region. For both bacterial
strains, the percentages of trajectories showing sub-diffusive motions were about 50%, larger than these in
the bulk region. The increase of sub-diffusive motions in near-wall regions is mainly due to the constrain
of solid walls, consistent to previous studies [24]-[26].

Conclusion

In summary, by using digital holographic microscopy, we tracked and compared the three-dimensional
motions of two bacterial species of the same genus (Shewanella sp. UMDC1 and Shewanella japonica
UMDC19). UMDC19 had higher density distribution near the walls, while UMDC1 showed similar density
distributions in the near-wall and the bulk regions. We found that the bacteria exhibiting wall accumulation
have much higher motility compared to the ones showing no wall accumulation. The high motility presents



in the forms of greater swimming speeds and distinct super-diffusive trajectories. Furthermore, we found
that bacteria exhibiting wall accumulation slowly migrate from the bulk region to the near-wall region, with
a velocity normal to the surface reaching to a maximum of 1.2 um/s at 20 um away from the walls. This
result suggests the existence of a long-range attraction force between the bacteria and the solid surface, and
that the wall accumulation is due to the migration of cells from bulk region to near-wall region. We also
found that the hydrodynamic interaction alone is insufficient to produce the migration speed, suggesting
the migration is due to active bacterial movement toward the inert surface. Future studies are required to
explain the origin of the long-range attraction force and the migration speed.

The current study only considered two different bacterial strains. Future works are required to test if our
results can be generally applied to other bacterial species. In particular, our work only showed a correlation
not a causal relation between wall accumulation and motility. To prove the impact of motility on wall
accumulation, future work is required to compare the 3D motion of the same bacteria with and without
motility. Nevertheless, holographic microscopy as demonstrated here is a powerful tool in describing
bacterial swimming behavior and speed, as well as wall accumulation.

Data accessibility

We provide 10 movies showing sample holograms for two bacterial species UMDC1 and UMDC19, 5 for
each recorded at every 1 hour. We also provide 10 MATLAB data files that include the 3D tracking results
corresponding to the recorded holograms for two bacterial species and 5 time steps. These movies and
datafiles are available at figshare: https://figshare.com/s/c9ef39ac6e9a85c4cdOb. The bacterial strains are
available from the authors upon request.
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Figure 1. (a) Optical setup of DHM for imaging the 3D motion and growth of bacteria in a closed glass cuvette (the
inner walls of the cuvette are located at z=0 and 200 um, and bacteria are located at 0<z<200 um); (b) a sample
hologram of one bacteria located at 34 um away from the hologram plane; (c-d) intensity distributions in the center
of the bacteria in y-z plane (c) and x-y plane (d) obtained by reconstruction of the hologram shown in (b).

Figure 2. Sample 3D trajectories for UMDCL1 (a) and UMDC19 (b) obtained at t=4 hours. The number of trajectories
shown in (a) and (b) are 742 and 688 respectively.



(b)

0 50 100 150 200

z (um)

Figure 3. Growth statistics for bacteria UMDCL1 with no wall accumulation: (a-b) Sample holograms recorded at the
begin (a, t=0) and end (b, t=4 hours) of the experiments (only a small portion of the entire hologram is shown); (c)
Number of bacteria as a function of time; (d-e) Spatial distributions of bacteria in the chamber at the begin (d, t=0)
and end (e, t=4 hours) of the experiments (the two walls of the chamber are at z=0 and 200 pm); and (f) histogram of

bacteria position in z direction.
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Figure 4. Growth statistics for bacteria UMDC19 with wall accumulation: (a-b) Sample holograms recorded at the
begin (a, t=0) and end (b, t=4 hours) of the experiments (only a small portion of the entire hologram is shown); (c)
Number of bacteria as a function of time; (d-e) Spatial distributions of bacteria in the chamber at the begin (d, t=0)
and end (e, t=4 hours) of the experiments (the two walls of the chamber are at z=0 and 200 pm); and (f) histogram of

bacteria position in z direction.
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Figure 5. A comparison between the measured density distributions of bacteria and the prediction based on a model
proposed by Berke et al. [29].
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Figure 6. Spatial distributions of velocity as a function z for the two types of bacteria (UMDC1 and UMDC19). (a)
<u;>, (b) <Jug/>, and (c) <u,>. Results shown are based on the data recorded at t=4 hours. Induced velocity by
hydrodynamic interaction with p=1.4 pN pm is also plotted in (c) for comparison.
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Figure 7. Sample time-variations of z-position of UMDC19 showing cell migration from the bulk region to the walls
located at (a) z=0 and (b) z=200 um.
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Figure 8. (a-b) Sample movement trajectories of bacteria in the bulk region (50<z<150 um) (dots denote the position
of the bacteria, and lines are the trajectories, all the trajectories are projected to x-y plane); (c) Probability distribution
of K for bacteria in the bulk region; (d-e) Sample movement trajectories of bacteria in the near-wall region (0<z<10
pm and 190<z<200 pm); and (f) Probability distribution of K for bacteria in the near-wall region. (a) and (d)
correspond to UMDCL1. (b) and (e) correspond to UMDC19. Results shown are based on the data recorded at t=4
hours. The numbers of cells in (c) are 1041 for UMDC1 and 1398 for UMDC19. The numbers of cells in (f) are 149
for UMDC1 and 943 for UMDC19.



