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ABSTRACT

Digital holographic microscopy (DHM) has extensive applications in measuring the movement/dynamics of various
particles (e.g., tracer particles and biological samples). Specifically, inline DHM has been used for different types of
bacteria, but few have explored its application to soil bacteria, whose participation in metabolic processes and interaction
with plant tissues affect plant growth in the rhizosphere. In the present study, we have developed a DHM instrument and
GPU-enabled hologram processing software to retrieve three-dimensional (3D) motility data of free-swimming
Azospirillum brasilense, a model soil bacterium. The dimensions of the sample volume are 0.69 mm x 0.59 mm in the in-
plane directions and 1.00 mm in the depth direction, respectively. With a 20X magnification and a 12 frames per second
imaging rate, the moving bacteria are spatiotemporally resolved. Firstly, the raw holograms are preprocessed to enhance
the interference fringes of the bacteria. Subsequently, by volumetric reconstruction, thresholding, and segmentation, the
3D coordinates of each bacterium recorded in the hologram are extracted. Finally, the coordinates determined in sequential
holograms are linked using particle tracking to form the trajectories. The characteristics extracted from the 3D trajectories
quantitatively revealed the differences in the motility patterns of the wildtype and mutant strains of the bacteria, providing
unique insights on the dominant motility patterns, which are otherwise unavailable from conventional microscopy.
Therefore, we have demonstrated the capabilities of our DHM system as a powerful tool for studying the chemotaxis of
soil bacteria involved in the interaction with plant roots.

Keywords: digital holographic microscopy (DHM), particle tracking, bacterial motility, microbiology, instrumentation,
software, GPU computing

1. INTRODUCTION

The rhizosphere, the region around the roots of plants, hosts diverse dynamic biochemical processes involving microbes,
fungi, roots, and chemicals with extensive spatiotemporal scales, and is one of the most active research areas in plant
microbiology. The understanding and leveraging of the processes and mechanisms in the rhizosphere is beneficial for
maintaining plant health and food productivity. The interaction between plant roots and bacteria, e.g., through bacterial
colonization of root surfaces, is an important process which affects plant health and crop production. The root surface
colonization by soil bacteria is driven by chemotaxis, in which motile bacteria swim towards / away from the root in
response to chemical gradients established by exudation of compounds from roots. Quantitative imaging instruments are
sought after by biologists for characterizing the bacterial motility patterns and investigating the interaction between
microbes and plant roots through chemotaxis. Conventional video microscopy along with particle tracking has been widely
adopted to measure the swimming patterns of different bacterial species [1, 2]. However, considering the three-dimensional
(3D) nature of bacterial swimming, such methods are insufficient in that the shallow depth-of-field of conventional
microscopy constrains the bacteria to a quasi-2D sample space. Consequently, the trajectory data obtained are often subject
to shorter tracks due to bacteria swimming out-of-focus, behavioral changes due to the tight confinement, and thus
potentially biased results based on assumptions that are not always experimentally validated. Furthermore, tracking
parameters have to be adjusted for different bacterial species, making the approach particularly tedious to characterize
diverse locomotor behaviors. Therefore, 3D methods intrinsically possess advantages over conventional 2D methods.

In-line digital holographic microscopy (DHM) is a label-free, volumetric, 3D measurement technique [3], having a record
of applications that characterize the 3D movement of a variety of organisms including bacteria [4] and algae [5], to name
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a few. DHM has extended depth-of-fields and can simultaneously track large numbers of particles in the sample volume,
and hence is also a high-throughput approach, ideal for producing robust statistics of bacterial motility. Despite the
advantages of DHM, barriers exist that prohibit wider adoption of the technique by biologists for characterizing the
movement of microorganisms. Although experimentally the in-line configuration is relatively simple to construct, the
processing of hologram sequences requires sophisticated multi-step 2D/3D image processing and involves extremely large
intermediate data volume and intensive computations, especially in the case of long sequences of holograms having large
amounts of pixels per frame. As a result, it is difficult for biologists to use DHM as a research tool independently, and
“reinventing the wheel” or collaboration with specialists in DHM is often the approach. This hampers the broader
application and adoption of DHM in pressing research frontiers, such as those related to bacterial locomotor behaviors in
diverse environments, including the rhizosphere of plants where motility patterns relate to colonization potentials.

We have developed an in-line DHM instrument (MetroDHM) and the associated software (HoloPro) for high-throughput,
volumetric, 3D characterization of freely swimming bacteria. The instrument is easy to operate and accommodates upright
sample containers (e.g., cuvettes) for data acquisition. The design facilitates replacement of the microscope objective and
the camera, offering flexibility in terms of magnification, field of view (FOV), and imaging speed. The software is created
with a user-friendly graphical user interface (GUI) and minimizes requirements for the user to tune the parameters.
Particularly, besides execution on the CPU, the software provides the option to execute the computationally intensive
processing procedures (e.g., denoising, image filtering, particle detection, and tracking) on the graphical processing unit
(GPU) and therefore enables a (GPU-capable) personal computer to process large datasets within a reasonable amount of
time, which otherwise has to be accomplished using expensive computational resources, such as high performance
computing (HPC) clusters. Additionally, the software can be used as a standalone software to process holograms acquired
from custom-made holographic systems. The developed system is applied to wildtype and mutant strains of Azospirillum
brasilense (A. brasilense), a model soil bacterium. Quantitative motility differences are determined from the measured 3D
trajectories, demonstrating the capability of our DHM system as a viable research tool for biologists to study bacterial
motility.
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Figure 1. (a) Schematic and (b) drawing of the inline DHM instrument (MetroDHM).

2. DHM INSTRUMENT

A schematic of the DHM instrument is shown in Figure 1(a). The beam from a diode laser emitting at 650 nm is spatially
filtered and collimated before illuminating the objects of interest, which are freely swimming bacteria in their living
medium contained in an optically transparent cuvette. In the present paper, the bacteria are 4. brasilense bacteria, motile
in the MMAB-N (minimal medium for A. brasilense without nitrogen) solution contained in 2-mm thick cuvette. As shown
in Figure 1(b), the cuvette is fixated on a 3-axis micron-precision translation stage for position adjustment. The light
scattered by each bacterium interferes with the undisturbed part of the illumination light, forming the interference pattern,
which is then magnified by the microscope objective (MO), projected on the imaging sensor plane, and recorded as a
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digital hologram. The 3D information of each bacterium is encoded in the interference fringes and can be retrieved by
hologram processing algorithms. With the 20X MO, the resolution of the imaging system is estimated to be around 0.6
um, sufficient to resolve the bacterium of interest, whose nominal size is 0.5-4 um. A CMOS camera, with 5320 x 4600
pixels and 2.74 um pixel size, is used to acquire sequential holograms at 12 fps. The calibrated magnification is 21.19,
corresponding to an effective pixel size 0f 0.129 pm and a FOV size of 690 pm X 590 um. The extended depth-of-field is
up to 1 mm in the axial direction. The instrument has a relatively small footprint and is less than 0.5 m long.

% HoloPro [m] x

File Image Display Processing Post-processing Batch Processing Data Visualization View System About

BT amim ®

G Batch Processing Batch 2, Ready ~ RUNNING...
I : BATCH 2 STEP 1 STEP 2 » STEP 3 STEP 4 STEP 5 STEP & Copy settings
= Enable Background removal Image fitering Particle detection Refinement - particles Particle tracking Refinement - trajectories Paste settings
/STEP1\/sTEP 2\ STERIBN / STEP 4\ / STEP 5\ /STEP 6,

Prev STEP| \Next STEP| Ready up STEP 3 (Particle detection)
Input output directories

Hologram folder: | D#/Sp7/bgdrmd_avga_sub/filtered hp_10 Input hologram file name

1079

! Open Leading zero Number of indexing digits: 4 =~ Starting index: |0 +| Ending index:

Output folder: |particle Name prefix Suffix: | 4if
Reconstruction range: Hologram parameters: Parameters for particle detection:
# of planes Starting z 0.000 mm + Wavelength: |632.80 nm - n-focus apperance: © Bright © Dark  Brightness threshold: |5.50 -
1601 Ending z: |0.800 mm ~| || Effective pixel size: |0.126747 pm - Min. # of pixels on each page per particle: 13
z step: 0.5 pm : Medium refractive index: |1.33450 z Min. # of pages per particle: 10 *
Base folder: |Di/Sp7 Ready up A% STEPs (4
Progress log: Information log:
| [E3ten ZSTEP Z (image Titermg ) Prepanng... -
Batch 2: Started... Batch 2 STEP 2 (image filtering): Filtering..
Batch 2: Processing STEP 1 Batch 2 STEP 2 (image filtering): Completed! Results saved to folder *D:/Sp7/bgdrmd_avga_sub/filtered_hp_10"
Batch 2: Processing STEP 2 Batch 2 STEP 3 (particle detection): Preparing...
Batch 2: Processing STEP 3 « || Batch 2 STEP 3 (particle detection): Detecting particles v
1080 FILEs [ 5%
ster 3 /6 | 0%
BatcH 2 /3 | 6%
Processing...

Figure 2. A snapshot of the HoloPro software in the course of batch processing.

3. HOLOGRAM PROCESSING

The HoloPro software integrates a series of processing procedures that take the raw holograms as inputs and yield 3D
trajectories as results. The procedures mainly include hologram preprocessing, particle detection, and particle tracking.
Figure 2 shows the batch processing panel of the software that includes a series of processing steps.

3.1 Hologram preprocessing

The objective of hologram preprocessing is denoising, i.e., to improve the signal-to-noise ratio (SNR) of the interference
patterns of interest. Many biological samples, e.g., bacteria, are weak scatters and their interference patterns intrinsically
have low contrasts. Aggravating the situation is the noisy background in the raw hologram which further buries the useful
fringes, making them barely distinguishable from the background patterns. This is illustrated by the sample raw hologram
shown in Figure 3(a). Therefore, preprocessing is an indispensable step in hologram processing, especially for semi-
transparent or transparent samples. The primary operation in this step is background removal. For a sequence (video) of
holograms, the background image, generally denoted as I, needs to be determined and subtracted from raw holograms.

Most commonly, I can be calculated as the average of all holograms in the sequence, i.e.,

Tan (6, y) = 20 [ (0, 9), (1)

where Ir(,?w (x,y) denotes the intensity/grayscale map of a raw hologram, recorded at the i** time instant, N, is the total
number of holograms in the sequence, and (x,y) denote the coordinates in the horizontal and vertical directions,
respectively. The raw hologram is Figure 3(a) is the 300" hologram in a sequence of 600 holograms (i.e., N, = 600)
captured at 12 fps. The background-removed hologram obtained by subtracting I;; is shown in Figure 3(b). The fringes
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Figure 3. (a) Sample raw hologram of 4. brasilense bacteria and the corresponding background-removed holograms
obtained by subtracting (b) I, (¢) l;ocai> and (d) I... The scale bar in the full image represents 100 um and the one in the
zoomed-in image represents 10 pum.

of moving bacteria are significantly enhanced, as indicated by the zoomed-in image. However, residual patterns are still
easy to observe in Figure 3(b), because the method of subtracting I, is less effective when the background pattern is
unstable, presumably due to vibration.

We have implemented two methods to improve the effectiveness of removing unsteady background. The first method is
based on the idea that slowly varying background can be considered stable during a small portion of the recording period.
Accordingly, for each time instant, a background image can be calculated from the temporally close (local) raw holograms.
This can be expressed as

[0 (6 y) = s T Ko (o), @)
where I_z(gzaz is the background image determined for the j** hologram and N, defines the temporal range in which the
background is considered stationary. Figure 3(c) shows the background-removed hologram for j = 300 using N; = 25.
Clearly, the residual fringes are significantly reduced compared to Figure 3(b). The other method is based on the idea of
picking up the raw holograms which have the most similar background patterns for calculating the background image [6].
The similarity is quantified by correlation coefficient (CC). The CC between the jt" and i*" holograms, Cji, is calculated
by

N1 Ny—=1p (i .
_ leNy z:mjiol ZnZo [Ir("{l)w(m'n)_”j] [Iﬁa)w(m'n)_”i]

CJ“ - 0']'0',: ’ (3)

where m, N, and n, N,, are the pixel coordinate, the number of pixels in the horizonal and vertical directions, respectively.

The symbols y; and o; denote the mean and standard deviation of the grayscale map of the i*" hologram, respectively. A
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CC matrix, Cj;, can be calculated for all the holograms in the sequence. Note, this is a symmetric matrix with size Ny X N,
and diagonal elements equal to 1. Then, the background image for the j* raw hologram can be calculated by

I, y) = Zhes 150D (x, y), )

where Idx is the index function for sorting the j th row of C ;i in descending order, i.e., Idx (k) is the index of the hologram
whose CC with the j** raw hologram is the k" highest. The background-removed hologram obtained by subtracting I,
is shown in Figure 3(d), for which N.. = 51, which is equal to the number of holograms used for Figure 3(c). Figures
3(b)-(d) clearly show that the CC-based subtraction performs the best among the three methods, and hence it is adopted
for background removal in the present paper, but still the HoloPro software offers all three methods for users to choose.
Finally, the preprocessing is concluded by high-pass filtering applied to background-removed holograms for further
flattening the image.

(a)

Z, <
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Figure 4. (a) A schematic illustrating the reconstruction distance, z,, and (b-e) sample amplitude images obtained by
reconstruction of the hologram in Figure 3 at z,= (b) 0, (c) 32.7 um, (d) 48.0 um, and (e) 115.4 pm. The images correspond
to the zoomed-in area in Figure 3. The scale bar in (b) represents 10 pm.

3.2 Particle detection

The particle detection involves numerical reconstruction of the preprocessed hologram on a sequence of planes covering
the sample volume and segmenting the reconstructed light field to extract the particles of interest.

The reconstruction is performed at different distances from the hologram plane, i.e., the z, = 0 plane (z, denotes the
reconstruction distance), which is the focal plane of the MO, as illustrated in Figure 4(a). The complex amplitude, E,
reconstructed at z,- can be expressed as

. ;.2 , 211/2
E(,q,2,) = FFT1 {FFT{I(m, n)}exp {% [1 — () () ] }} (5)

Here, FFT and FFT ! denote forward and inverse fast Fourier transforms, respectively; I(m,n), the grayscale map of the
preprocessed hologram; A, the wavelength of the illuminating light; m’ and n’, the discrete coordinates in the spatial
frequency domain; A¢ and An, the effective pixel size in the horizontal and vertical directions, respectively; p and q,
discrete coordinates in the horizontal and vertical directions in the reconstructed spatial domain; n,, the refractive index
of the medium where the objects are immersed. For the current version of MetroDHM, A = 650 nm, N,, = 5320, N,, =
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4600, A = An = 0.129 um, and the refractive index of the MMAB-N solution, n,, is equal to 1.3345. The reconstructed
field is visualized by the amplitude, A = |E|. Figures 4(b)-(e) show reconstructed amplitude images (cropped from the full
image) at different planes, where distinct bacteria are numerically refocused, and the in-focus bacterium images appear as
bright dots.

Our method of particle extraction is based on numerical refocusing which utilizes the characteristics of the in-focus particle
image. Here, the brightness of a voxel is used as the criterion for deciding whether it belongs to a particle, and the distance
at which the reconstructed particle image is brightest is determined as the in-focus location (i.e., out-of-plane coordinate)
of the particle. The detection of particle voxels is realized by thresholding the normalized amplitude, 4,,, at each plane,
which is determined from the reconstructed amplitude, expressed as

A,(p,q,2,) = [A(p' q,z;) — ,u(zr)]/a(zr), (6)

where p(z,) and 0(z,) are the mean and standard deviation of the reconstructed amplitude across the z, plane. For A.
brasilense, it is found that a value of 5.5 is an appropriate threshold for identifying the particle voxels while being
sufficiently stringent for rejecting noises. Figure 5 shows a stack of normalized amplitude images and the corresponding
thresholded images. To identify individual particles, 3D segmentation is performed to connect the voxels that belong to
the same particle. The connected voxels together reveal the shape of a reconstructed particle, which is elongated in the
axial direction, as depicted by the gray shapes drawn in Figure 5(b). The elongation is attributed to the depth-of-focus
(DOF) problem of digital holography [6], which results in the inferior accuracy in the out-of-plane direction compared to
the in-plane directions of DHM measurements. Further, given a priori knowledge of the particle size, refinement based on
the size/shape of the segmented particle can be applied to remove false detections. Finally, the 3D coordinates of each
particle are calculated by averaging the amplitude-weighted coordinates of all the voxels that compose the particle (i.e.,
amplitude-weighted centroid location) and the size (area-equivalent diameter) is evaluated from the composing voxels as
well. In our processing, the reconstruction distance, z,., ranges from 0 to 1067.6 um with an increment of 0.66725 um (i.e.,
0.5 um x n,). Therefore, for each hologram, normalized amplitude images on 1601 planes are reconstructed according to
Equations (5) and (6), generating a volume of 5320 X 4600 X 1601 voxels. Figure 6(a) shows a 3D visualization of the
741 particles detected from one hologram, which are distributed in a volume with the depth range up to 1 mm. The origin
of the coordinate system is located at the center of the field-of-view in the x and y directions, and on the inner wall of the
cuvette in the depth direction (i.e., the inner cuvette wall is located on the z = 0 plane).
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Figure 5. Illustration of particle detection. (a) normalized amplitude images and (b) the binary images obtained by
thresholding the images in (a).
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3.3 Particle tracking

The temporal evolutions of particle position are extracted from the particle detection results obtained from a time series of
holograms. The particle tracking procedure determines the correspondence of particles detected in consecutive holograms,
links each particle’s position through time, and yields trajectories. We have adopted the Hungarian algorithm for particle
tracking [7]. The pairing between adjacent frames is based on minimizing the overall distance between particle pairs. In
our implementation, a threshold on the maximum displacement during one frame period is imposed, which is based on a
speed cap of 70 um/s for the bacteria. The particle detection and tracking are performed on 1080 sequential holograms
acquired at 12 fps, and the obtained trajectories whose duration is longer than 5 seconds are plotted in Figure 6(b). Putting
a duration threshold on the determined trajectories has the refining effect that removes erroneous results, as it is unlikely
for random noises to form long tracks. In Figure 6(b), it is also noticeable that the distribution of the trajectories has a
“corn” shape, with the narrower end located farther from the hologram plane. When a particle is located farther away from
the hologram plane, its fringes spread more extensively from the particle center in the in-plane directions. Hence, for the
particles located far from the hologram plane and near the boundaries of the hologram, their fringes could fall out of the
FOV, causing difficulties in the detection and tracking of such particles. This explains the reduction of trajectories near
the boundaries of the FOV as z increases.
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Figure 6. (a) Spatial distribution and size of 741 bacteria determined from one hologram and (b) 1885 bacterial trajectories
of duration greater than 5 seconds, determined from a sequence of 1080 holograms acquired at 12fps.

3.4 Processing time and measurement accuracy

Hologram processing using GPU-enabled HoloPro has been conducted on a workstation laptop equipped with an Intel 19-
10885H CPU and a Nvidia Quadro RTX 4000 GPU (2306 CUDA cores). The processing, starting from the raw holograms
and ending with the trajectories, takes 44.6 seconds per hologram for a sequence of 1080 holograms. Specifically, for each
hologram, 3.2 seconds are spent on the CC-based background removal, 0.8 seconds on high-pass filtering, 40.1 seconds
on particle detection, and 0.5 seconds on particle tracking. As a comparison, it takes 75 seconds for a 256-CPU HPC
cluster to complete the particle detection procedure on a 2Kx2K hologram [6]. With the hologram size difference taking
into account, our software demonstrates orders of magnitude speed-up compared with the HPC cluster. In addition, the
processing speed can be further improved thanks to the fast advancement of GPU devices.

The measurement uncertainty is quantified using synthetic holograms (data not shown here). Using the Mie scattering
theory, a sequence of holograms is simulated for a cloud of transparent spherical particles, which have similar size and
refractive index with the bacteria in the experiment and move with constant speeds along randomly orientated straight
paths in the FOV. Trajectories are determined from the synthetic holograms using the previously mentioned procedures
and are compared with the ground truth used for generating the synthetic data. About 90% of the trajectories are recovered
in the measurements and the missed detection is primarily due to the lack of fringes near the FOV boundaries, as described
in Section 3.2. The uncertainty in determining the in-plane coordinates is ~0.08 pm, about 60% of the effective pixel size,
while that in the depth direction is ~0.9 pm, about 40% of the synthetic particle size.
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4. DATA ANALYSYS

The trajectories are smoothed to mitigate the effects of measurement uncertainties, which could cause extremes in the time
derivatives of positions (e.g., velocity and acceleration). The smoothing method is based on local regression using a 2™
degree polynomial model. The span of the filter for the z coordinate is larger than that for the x-y coordinates, due to the
higher uncertainty in the depth direction.

The velocity and the other parameters are determined from smoothed positions. The instantaneous velocity vector, ¥ =
(vx, Vy, V), is calculated using the central difference method. For example, the x velocity component at time ¢, v,(t), is
calculated by [x(t + At) — x(t — At)]/2At, where At = 83.33 ms. The speed is then evaluated by v = |¥|. Further, a
minimum average speed of 20 um/s is applied to each trajectory to exclude dead or slow-moving bacteria for motility
analysis. A sample segment of a longer trajectory is shown in Figure 7(a), and its speed profile is shown in Figure 7(b).
The motility pattern of the 4. brasilense bacteria features frequent speed variations and turnings [2]. To quantify these, as
a first step, the speed profile of each trajectory is analyzed to detect the “deceleration” event, which is defined as when the
speed decreases to 50% of the nearest maximum speed. Specifically, for a local minimum, v (t,,), if V(tmm) < 0.5, a
deceleration event is identified at t,,;,. Here, v’ is the greater of v(t;) and v(t,), which are the nearest local maxima
before and after t,,;,, respectively. The detected deceleration events are labeled with letters A-D in Figure 7 and the
definition and quantification of the deceleration and run events are illustrated in Figure 7(d). The duration of a deceleration
event (deceleration time, Ty ) is calculated by t; — t;, where t; and t; are determined by interpolation at v(t;) =
(W(tmin) + v(t2))/2 and v(t;) = (W(tmin) + v(t1))/2, respectively. The section between deceleration events is then
identified as the “run” event, and its duration (run time, T;.) is calculated by subtracting the t; of the preceding deceleration
from the t; of the following deceleration, as illustrated in Figure 7(d). The angle turned at each instant, ¢(t), is calculated
from the directional difference of velocity vectors. Specifically, ¢(t) = acos (£[¥(t + At), ¥(t — At)] and 2[¥(t +
At), 7(t — At)] = v(t + At) - D(t — At) /v(t + At) /v(t — At). The profile of ¢(t) for the example trajectory is shown
in Figure 7(c). The turning event is highly correlated with the deceleration event, as demonstrated in Figures 7(b) and (c)
by the correspondence between the significant speed reduction and large turn angles.

v (umfs)

60
i

gl S J i i

(d)

o
&)

-
Y] S
| ~

—

[e+]

T~

-

min t (S) min
Figure 7. (a) A sample trajectory color-coded with the instantaneous speed and the corresponding temporal profiles of (b)

instantaneous speed, v, and (c) turn angle, ¢. (d) The zoomed-in section of (b) covering “B” and “C”, showing the
identification and temporal range of the deceleration and run events.
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Figure 8. Representative trajectories of (a) the wildtype and (b) ch44 mutant bacteria.

5. RESULTS AND DISCUSSION

The swimming of an A. brasilense bacterium is propelled by a single polar flagellum. When the flagellum rotates in the
counterclockwise (CCW) direction, the cell moves forward being pushed by the flagellar motor, whereas when it rotates
in the clockwise (CW) direction, the cell moves backward being pulled. The bacterial movement is characterized by
frequent pauses and reorientations. Most frequently, the bacterium reverses its course, i.e., makes large angle turns close
to 180° [2]. The swimming reversal is realized by changing the flagellar rotation direction from CCW to CW, the
frequency/probability of which is controlled by chemotaxis signaling. The motile characteristics of the wildtype (Sp7) and
a non-chemotaxis mutant strain (cheA4) are investigated using our DHM system. The pathway associated with che44
regulates the probability of swimming reversals.

Figure 8 shows an intuitive comparison between the typical swimming patterns of the Sp7 and cheA4 strains, with the
former featuring the dominant run-reverse motility pattern [2] and the latter exhibiting few deceleration/turns. The
differences are also revealed in the mean characteristics calculated from the trajectory datasets, as tabulated in Table 1.
The trajectories are measured from 1080 sequential holograms for each strain, and those with duration longer than 5 s and
average speed greater than 20 um/s are retained for the calculation. For Sp7, there are 1808 such trajectories and for che44
there are 404. In this paper, we only showcase a very small portion of the total dataset. The subscript “r”” denotes the run
event and “d” denotes the deceleration event. Consistent with Figure 8, the wildtype decelerates (and makes turns) more
frequently, and the mean turn angle during a deceleration event is about 120°. In contrast, on average, the mutant changes
swimming direction by merely ~40° during a deceleration event.

Table 1. Means and standard deviations of deceleration frequency (f,), event duration (T, and Ty), speed (v, v, and vy),
and turn angle of deceleration event (¢4), calculated from the trajectory datasets of Sp7 and cheA4.

Sp7 cheA4

fa(s7h 0.59 % 0.30 0.10+0.22

T, (s) 1.04 £0.91 122+1.57

Ty (s) 0.18 +0.06 0.23 +£0.09

v (um/s) 39.84 +10.61 35.05+9.88

v (um/s) 42.53 £6.69 33.68 £9.08

vg (um/s) 17.80 +7.80 20.00 £ 6.67

$q (rad) 2.07+0.99 0.63 +0.54
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Besides the run-reverse pattern, the run-reverse-run-flick pattern, i.e., an ordered sequence of events in which the bacterium
runs, turns at about 180°, runs, and then turns at about 90°, is also observed as an important motility pattern of the wildtype
A. brasilense [2], as it is the dominant swimming pattern of Vibrio alginolyticus, a bacterial specie similarly having only
one flagellum like A. brasilense. Figure 7 shows consecutive occurrences of this pattern, with “B” and “D” being the flicks.
The prevalence of the run-reverse-run-flick pattern can be investigated using the joint probability density function (PDF)
of the proceeding turn angle, ¢(gl), and the following turn angle, qbéz), at consecutive deceleration events, as shown in
Figure 9. Clearly, for the wildtype (Figure 9a), a reversal (turn at ~180°) is most probably followed by a smaller angle turn
whose angle is broadly distributed but concentrates at an angle slightly smaller than 90°. This also holds true if the order
of the two types of turn flips. In contrast, the cheA4 strain doesn’t show any of this motility pattern due to its impaired
ability to make turns.
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Figure 9. Joint PDFs of the preceding turn angle, (/)él), and the following turned angle, qbéz), for the (a) Sp7 and (b) ched4
strains.

6. CONCLUSIONS

We have developed a small footprint in-line DHM instrument (MetroDHM) and used it for acquiring motility data of
model soil bacteria. The configuration of the instrument enables convenient insertion of bacterial samples into a cuvette
for imaging, where the bacteria can freely swim in a 3D space. The DHM instrument offers orders of magnitude increase
in the depth-of-field compared to conventional microscopy, while providing resolutions high enough to resolve micron-
size particles. The motility data, in the form of hologram sequences, are processed using HoloPro, a GPU-enabled GUI
software developed to retrieve 3D trajectories of particles of interest. The software integrates all procedures necessary for
hologram processing, essentially including hologram preprocessing, particle detection, particle tracking, and refinement.
The GPU algorithms offers enormous speed-up compared to CPU-based processing, enabling a personal computer to
accomplish batch processing tasks on large datasets in a short period of time. The characterization capability of our DHM
system is showcased by the 3D motility results determined from the wildtype and mutant strains of A. brasilense. The
characteristics are quantified, and the differences in motility are easily identified using various representative parameters
calculated from the trajectories, e.g., temporal profiles of swimming speed and turn angle. The DHM system measures
hundreds/thousands of particles per hologram sequence and is fast to process the data, and thus is an ideal tool to determine
convergent statistics. It is demonstrated that our DHM system provides a volumetric, 3D, quantitative characterization
solution for research where imaging and tracking of micro-particles are needed, e.g., bacterial motility study.
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