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Accurate detection and segmentation of single cells in three-dimensional (3D) fluorescence time-lapse images is essential for
observing individual cell behaviors in large bacterial communities called biofilms. Recent progress in machine-learning-based
image analysis is providing this capability with ever-increasing accuracy. Leveraging the capabilities of deep convolutional neural
networks (CNNs), we recently developed bacterial cell morphometry in 3D (BCM3D), an integrated image analysis pipeline that
combines deep learning with conventional image analysis to detect and segment single biofilm-dwelling cells in 3D fluorescence
images. While the first release of BCM3D (BCM3D 1.0) achieved state-of-the-art 3D bacterial cell segmentation accuracies, low signal-
to-background ratios (SBRs) and images of very dense biofilms remained challenging. Here, we present BCM3D 2.0 to address this
challenge. BCM3D 2.0 is entirely complementary to the approach utilized in BCM3D 1.0. Instead of training CNNs to perform voxel
classification, we trained CNNs to translate 3D fluorescence images into intermediate 3D image representations that are, when
combined appropriately, more amenable to conventional mathematical image processing than a single experimental image. Using
this approach, improved segmentation results are obtained even for very low SBRs and/or high cell density biofilm images. The
improved cell segmentation accuracies in turn enable improved accuracies of tracking individual cells through 3D space and time.
This capability opens the door to investigating time-dependent phenomena in bacterial biofilms at the cellular level.
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INTRODUCTION

Most terrestrial bacteria live in extended three-dimensional (3D)
tissue-like communities, named biofilms. As multicellular commu-
nities, bacteria can successfully colonize various biotic and abiotic
surfaces. Biofilm-dwelling bacteria interact intimately not only
with each other and the surface they reside on, but also with a
self-produced extracellular matrix (ECM) that consists of proteins,
DNA, and polysaccharides'=3. The sum total of these interactions
helps biofilms develop emergent capabilities beyond those of
isolated cells'>*°, Most notably, biofilms are more tolerant
towards physical, chemical, and biological stressors®~’. Under-
standing how such capabilities emerge from the cooperative or
antagonistic behaviors among individual cells requires live-cell
compatible imaging technologies that are capable of resolving
and tracking single cells within dense 3D biofilms.

Recently developed light sheet-based fluorescence imaging
modalities combine high resolution with fast imaging speed and
low phototoxicity at levels that cannot be matched by confocal
microscopy®'°. Light sheet-based microscopy modalities are
therefore increasingly used for non-invasive time-lapse imaging
of eukaryotic cells and tissues'’"'® as well as bacterial bio-
films'4~'®. Depending on the type of biofilm, the cell density may
however be too high to clearly resolve the gaps between cells
with diffraction-limited microscopy. Super-resolution imaging
modalities, such as structured illumination microscopy'”'8,
improve the spatial resolution, but experimental improvements
in spatial resolution come at the cost of decreased temporal
resolution and increased light exposure to the specimen, which
again raises photobleaching and phototoxicity concerns'®2%, An

additional challenge arises for cell tracking studies. Tracking
motile cells may require high-frame-rate imaging to achieve
sufficient temporal resolution. Higher frame rates need to be
accompanied by a proportional decrease in excitation laser
intensities to mitigate photobleaching and phototoxicity. The
decreased excitation laser intensities then result in lower signal-to-
background ratios (SBRs) and signal-to-noise ratios (SNRs) in the
individual images. The inherent trade-offs between spatial and
temporal resolution, SBR/SNR, and photobleaching and photo-
toxicity are driving the continued development of new and
improved image processing approaches that extract ever-
increasing amounts of useful information from the available
experimental images.

Image processing pipelines based on supervised training of
deep convolutional neural networks (CNNs) have been shown to
outperform conventional image processing approaches for a
variety of tasks in biomedical image analysis?'?2. For 3D biofilm
image segmentation, we have recently developed Bacterial Cell
Morphometry 3D (BCM3D 1.0), which achieved state-of-the-art
performance for bacterial cell counting and cell shape estima-
tion?3. BCM3D 1.0 does not rely on manually annotated training
data, but instead combines in silico-trained CNNs for voxel
classification with graph-theoretical linear clustering (mLCuts*) to
post-process the thresholded CNNs outputs (i.e., the confidence
maps for voxel-level classification). Using this approach, BCM3D 1.0
automatically identifies individual cells in 3D images of 3D
bacterial biofilms, reports their 3D shape and orientation, and
classifies cell types with different morphologies. However,
processing images with low SBRs and high cell densities remains
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challenging. Specifically, over- and under-segmentation errors
increase in frequency for low SBR and high cell density images.
Cellpose?® StarDist?%, and the work by Scherr et al.?’, are CNN-
based approaches that create intermediate image representations
for better segmentation. We reasoned that solving an image-to-
image translation task may prove to be a more robust strategy for
handling extreme imaging conditions than the voxel classification
approach implemented in BCM3D 1.0 or, at least, yield comple-
mentary segmentation results to BCM3D 1.0. Two different
intermediate image representations are generally employed. The
first representation is used to locate objects and the second
representation is used to highlight the boundaries of objects. In
previous work?>=?7, the CNN-predicted Euclidean distance to the
nearest background pixel/voxel or the CNN-predicted object/
background probability map was used to locate objects. Genera-
tion of boundary representations varies more widely: StarDist and
Cellpose use star-convex polygons and spatial gradients separately
to give complete boundaries, which can be used for object shape
estimation. Scherr et al. instead enhance boundary regions that
are close to other objects to prevent them from merging. Inspired
by these approaches, we expanded the BCM3D workflow with a
complementary CNN-based processing pipeline that translates the
raw 3D fluorescence images into two distinct intermediate image
representations that, in combination, are more amenable to
conventional mathematical image processing, namely seeded
watershed?® and Otsu thresholding?®. For object localization, we
adapted the approach used by StarDist*® and Scherr et al.’. For
boundary information, however, we generated a new intermedi-
ate image representation that provides a complete 3D boundary
of an object and additionally highlights whether the boundary is
near other objects. We establish that, when combined and
processed appropriately, these intermediate image representa-
tions provide biofilm segmentation results with higher accuracy
than BCM3D 1.0. Importantly and in contrast to BCM3D 1.0, the
generation of intermediate image representations does not
require image deconvolution as a pre-processing step. Deconvo-
lution can lead to noise amplification®' which then leads to false
positive object segmentation with physiologically unreasonable
shapes. We show that, using intermediate image representations,
experimentally acquired biofilm images can be successfully
segmented using CNNs trained with computationally simulated
biofilm images—a feature shared with BCM3D 1.0 that provides
the flexibility to segment a wide variety of different cell shapes?.
The segmentation performance of this new approach, which we
term BCM3D 2.0, is superior to Omnipose and Cellpose 2.0, two
recently developed, state-of-the-art, CNN-based cell segmentation
approaches, especially for dense biofilms imaged at low SBRs. The
improvements in segmentation accuracy of BCM3D 2.0 enables
accurate multi-cell tracking, which is demonstrated using 3D
simulated and experimental time-lapse biofilm images.

RESULTS

Cell segmentation using intermediate image representations
High cell density and low SBR datasets are encountered often in
biofilm research, especially when cells touch each other and
biofilms extend farther into the vertical (z-) dimension, so that
light scattering becomes a pronounced background contribu-
tion®2. We, therefore, sought to specifically improve bacterial cell
segmentation accuracy for high cell density and low SBR biofilm
images. Our previous approach (BCM3D 1.0) relied on deconvolu-
tion as a pre-processing step to sharpen the image and to increase
the SBR. However, deconvolution can introduce artifacts into an
image, such as ringing®, and noise amplification®*, and thereby
introduce errors into the segmentation results. The segmentation
pipeline of BCM3D 2.0, in contrast, works on the raw image data
directly without the need for deconvolution.
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We compared two commonly used cell labeling approaches,
namely cell interior labeling through expression of cytosolic
fluorescent proteins and cell membrane staining with membrane-
embedded fluorescent dyes. For cell interior labeling (Fig. 1a, b),
BCM3D 2.0 consistently produces cell counting accuracies of >95%
for SBRs >1.3 and cell densities < 65%. A clear drop-off in cell
counting accuracy is observed for SBRs of 1.19 but cell counting
accuracies of >70% are still achieved even for high cell densities of
65%. Importantly, the performance of BCM3D 2.0 on low SBR
datasets represents a substantial improvement (>20%) over the
performance of BCM3D 1.0. Membrane staining (Fig. 1c, d)
produces even more challenging images for segmentation, due
to the less pronounced fluorescence intensity minima between
cells (red arrow in Fig. 1b, d). We again observe a drop in cell
counting accuracy for SBRs of 1.19. This drop-off is however much
less pronounced than for the previous results obtained with
BCM3D 1.0, and represents an even larger (>29%) improvement
over BCM3D 1.0 for such extremely low SBR datasets. Visual
inspection of slices through the image volumes (Fig. 1b, d) reveals
that even for SBR = 1.3, the cell bodies are difficult to distinguish
for expert human annotators, especially for membrane-stained
cells. Despite the low contrast in the SBR = 1.3 datasets, BCM3D
2.0 is still able to achieve >90% cell counting accuracies, which,
depending on cell density, represents a 6-26% increase over the
performance of BCM3D 1.0.

To determine the improvement in cell shape estimation, we
evaluated the cell counting accuracies as a function of loU
matching threshold for a SBR of 1.3 and a cell density of 62% (the
loU matching threshold is a quantitative measure of cell shape
similarity relative to the ground truth). The cell counting
accuracies obtained by BCM3D 2.0 are consistently higher than
BCM3D 1.0 (CNN + LCuts) and substantially higher than Omnipose
and Cellpose 2, especially for loU matching thresholds larger than
0.5, indicating that cell shapes in this high density, low SBR dataset
are most accurately estimated by BCM3D 2.0 (Fig. 1e, f). A similar
trend is observed for single-cell segmentation accuracy and
single-cell boundary F1 score®*>—two additional metrics for
segmentation accuracy (Table 1). We note that we trained
Omnipose, Cellpose 2, and BCM3D 2.0 using the same simulated
training data for this comparison. Consistent with previous
findings3®, Cellpose, the precursor algorithm to Omnipose, did
not produce physiologically reasonable cell shapes (Supplemen-
tary Fig. 7). Taken together, these results establish that more
robust cell segmentation can be achieved using the BCM3D 2.0
image processing pipeline, which uses CNNs to generate two
distinct intermediate image representations for subsequent
mathematical processing.

Segmentation of experimentally obtained biofilm images

To test the performance of BCM3D 2.0 on experimental data, we
first tested BCM3D 2.0 on a previously published E.coli biofilm
image, for which manual annotation masks are available?>. For this
dataset, which features a relatively low cell density, BCM3D 2.0
performed on par with BCM3D 1.0 (CNN + LCuts), but again
outperformed Omnipose and Cellpose 2 (Supplementary Fig. 8).
(We only considered recently developed 3D instance segmenta-
tion approaches for these comparisons. In previous work?3, we
established that BCM3D 1.0 (CNN + LCuts) outperformed both
Cellpose and the segmentation algorithm developed by Hartmann
et al) To further demonstrate the versatility of BCM3D 2.0, we
acquired images of a thick S. oneidensis biofilm expressing GFP
that has an order of magnitude more cells. Visual inspection of the
segmentation results obtained by applying BCM3D 2.0, showed
physiologically reasonable cell shapes for a majority of segmented
objects (Fig. 2). For this biofilm image, which has a good SBR,
BCM3D 2.0 outperforms all other approaches, including Omnipose,
BCM3D 1.0 (CNN + LCuts) and Cellpose 2.0 (Supplementary Fig. 9).
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Fig. 1 Performance of BCM3D 2.0 on previously unseen simulated biofilm images. a Cell counting accuracy (using an Intersection-over-
Union (loU) matching threshold of 0.5 for each segmented object) averaged over N = 10 replicate datasets for cells labeled with cytosolic
fluorophores. loU is a well-documented metric?>3%6° quantifying the amount of overlap between predicted cell and actual cell volumes.
b Example image of cells labeled with cytosolic fluorophores (Cell density =62.2%, SBR = 1.34, indicated by white rectangle in a. a Cell
counting accuracy (using an loU matching threshold of 0.5 for each segmented object) averaged over N =10 replicate datasets for cells
labeled with membrane-localized fluorophores. d Example image of cells labeled with membrane-localized fluorophores (Cell density =
62.2%, SBR = 1.34, indicated by white rectangles in c). The red arrow indicates a close cell-to-cell contact. e, f Comparison of segmentation
accuracies achieved by BCM3D 1.0 (CNN + LCuts), Omnipose trained from scratch, Cellpose 2 fine-tuned and BCM3D 2.0 for cytosolic and
membrane labeling, respectively (SBR = 1.34, cell density = 62.2%). Segmentation accuracy is parameterized in terms of cell counting accuracy
(y axis) and loU matching threshold (x axis). Each data point is the average of N = 10 independent biofilm images. Data are presented as mean
values + one standard deviation. Scale bars are 2 ym.
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Table 1.

Quantitative comparison of single-cell level segmentation accuracy between BCM3D 1.0 and BCM3D 2.0.

Cytosolic labeling

Membrane labeling

SSA* SBF1** SSA* SBF1**
BCM3D 1.0 (CNN + LCuts) 0.796 + 0.021 0.983 +0.008 0.756 + 0.009 0.961 +0.007
BCM3D 2.0 0.791 + 0.004 0.995 +0.001 0.773 +0.005 0.988 + 0.002
Omnipose 0.599+0.011 0.868 +0.017 0.615+0.021 0.824 +0.025
Cellpose 2 0.566 +0.016 0.825+0.016 0.572+0.008 0.820 +0.009

performance (if different within error) is marked in bold.

*SSA and **SBF1 estimate how accurately the shape of a matched object compare with it of the corresponding ground truth. Here, the loU threshold is 0.5 and
the distance error tolerance for SBF1 is /3 voxels. (See Methods for details). Data are presented as mean values £ one standard deviation, the best

The above quantitative comparisons were made with reference
to manual annotation results made in selected 2D slices. Manual
annotation of 3D biofilm images is however too time-consuming
for thousands of cells distributed in 3D space?3. We, therefore,
chose to additionally assess the segmentation accuracy using
representative morphological observables that are available after
segmentation, namely object volume, object solidity (volume
fraction of the object as compared to the smallest convex polygon
that encloses it), major axis length, longer minor axis length, and
the ratio of the two minor axes lengths (longer minor axis divided
by the shorter one). We performed principal component analysis
(PCA) using these morphological observables and project each
segmented object onto a plane spanned by the first two principal
components. For simulated data (for which the ground truth is
known) this approach shows a distribution for which the correctly
segmented objects are concentrated near the origin, whereas the
incorrectly segmented objects are predominantly located at the
periphery (Fig. 2a inset).

We applied the same PCA approach to experimental segmenta-
tion results obtained for a S. oneidensis biofilm containing ~3000
cells. Similar to simulated data, most of the segmentation objects
cluster near the origin of the two principal component axes (Fig.
2a). However, several segmented objects are asymmetrically
scattered around the periphery of the distribution. Inspecting
the 3D shapes of a few manually selected objects revealed that,
consistent with simulated data, physiologically reasonable cell
shapes cluster near the center of the distribution, while oddly
shaped objects predominantly localize at the periphery. To
automatically separate oddly shaped objects from the physiolo-
gically reasonable, rod-shape shaped objects, we trained a 3D
CNN (independent of BCM3D) with manually validated segmenta-
tion objects (obtained from experimental data, see methods). The
trained network efficiently (accuracy of 97% on the validation set)
separates rod-shaped objects (~82% of total) from oddly shaped
objects (~18% of total). This classification enables the display of
both subpopulations separately even though they are completely
intermixed in 3D space (Fig. 2b, c). In contrast, Omnipose and
Cellpose 2.0 have 40% and 5% rod-shaped objects respectively
identified by the shape classifier on this dataset.

We next compared the distributions of solidity and minor axis
ratio between rod-shaped and oddly shaped populations. Rod-
shaped objects are characterized high values of solidity and minor
axis ratio (Fig. 2d, e). In contrast, solidity and minor axis ratio for
oddly shaped objects take on values less than one and thus show
a much broader distribution (Fig. 2d, e insets). These results show
that, when using BCM3D 2.0, ~82% of cells are segmented with
physiologically reasonable cell shapes. The remaining 18% of cells
can then be subjected to further processing to identify and correct
the remaining segmentation errors>>2*3> and/or be subjected to
further scrutiny to determine whether they are due to aberrant
cell shapes exhibited by sick or intoxicated cells®®.
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Accurate BCM3D 2.0 segmentation enables multi-cell tracking
in biofilms

Simultaneous multi-cell tracking and lineage tracing are critical for
analyzing single-cell behaviors in bacterial biofilms. We asked
whether the cell segmentation performance of BCM3D 2.0 was
sufficient to enable accurate tracking of individual cells in biofilms.
To address this question, we employed a tracking-by-detection
approached using simulated biofilm images of different SBRs (Fig.
3a). We evaluated tracking accuracy, as a function of SBR, using
the widely used TRA metrics based on Acyclic Oriented Graph
Matching (AOGM)*. In acyclic-oriented graphs, cells in different
time frame are represented as vertices, and linkages between cells
from frame to frame are represented as edges. When the cells
(vertices) are placed at their actual (x,y,z) spatial coordinates, then
the cell linkages (edges) represent the branches of a spatially
resolved lineage tree (Fig. 3b). The TRA metrics quantify the
minimum number of elementary graph operations that are
needed to transform an estimated graph into a ground truth
graph. TRA_edge considers three edge operations only, while
TRA_full considers all six graph operations®”.

To link the same cells across two different time points, we used
a nearest-neighbor algorithm. When using spatial distance as the
sole metric for cell linking, the AOGM tracking accuracy has a
positive correlation with SBR (Fig. 3c), which highlights the
importance of accurate cell segmentation in multi-object tracking-
by-detection®®. BCM3D 2.0 enables a tracking accuracy that is
similar to the ground truth tracking accuracy (same nearest
neighbor tracking algorithm applied to the ground truth
segmentation masks) for SBRs of 1.65 and higher. We note that,
given the high cell density in this test dataset, the ground truth
tracking accuracy does not reach the optimum (100%) even with
error-free segmentation. This is due to inherent limitations in how
mother-daughter relationships are assigned. At SBR's >1.65,
tracking accuracy decreases rapidly due to the lack of consistent
segmentation results. The importance of accurate segmentation is
clearly evidenced by the linear dependence of TRA as a function of
cell counting accuracy (Fig. 3d).

Another key factor for simultaneous multi-object tracking is the
time resolution®®, The relative movement (RM) of objects from
frame-to frame is therefore a useful metric to quantify the level of
difficulty for cell tracking. The relative movement (RM;) in time
frame i, for a given cell j is defined as the ratio between the
distance of cell j to itself between frame i and i+ 1 and the
distance of cell j in frame i to its closest neighbor at frame j+ 1.
The <RM > metric is then the average RM;; of all cells for each
frame3°. A dataset with <RM > values of 1 or more means that any
tracking method that considers only distance (and distance-
related features) is likely to fail, whereas a dataset with a
<RM > value of less than 0.5 is considered challenging®®. For the
simulated biofilm images here, RM~0.2, which indicates that the
time resolution may be good enough for single-cell tracking using
the nearest neighbor algorithm. Indeed, under these conditions,
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Fig. 2 Performance of BCM3D 2.0 on experimental biofilm images. a Principal component analysis of the segmentation objects (obtained
from experimentally acquired images) that were classified by a pre-trained 3D CNN as either physiologically reasonable rod-shaped cells or
oddly shaped (not-rod-shaped) cells. Three examples cell shapes of each class are shown to the right and left, respectively. Inset: same analysis
on simulated biofilm images. Scale bars are 0.6 um. b 3D segmentation results for objects classified as physiologically reasonable rod-shaped
cells. Scale bar is 5 ym. ¢ 3D segmentation results for objects classified as oddly shaped. Scale bar is 5 ym. d, @ Comparison of the solidity and
minor axis ratio distributions of rod-shaped and oddly shaped objects.
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images are ~1.65. Contours are color-coded based on segmentation and tracking results. Scale bars are 2 pm. b An example of 3D tracking
and lineage tracing for simulated biofilm images. For clarity, spatial trajectories and lineages originating from only a single ancestor cell are
displayed. The estimated graph is shown in blue and the corresponding ground truth graph is shown in red. The entire biofilm contains over
sixty graphs of this type. ¢ Two AOGM metrics calculated as TRA_edge and TRA_full are plotted against image SBR. The gray dashed line
indicates tracking of the GT segmentation using the same tracking algorithm. d Same data as in ¢ plotted as a function of cell counting
accuracy at loU = 0.5, a segmentation accuracy metric that increases for increasing SBR in the raw images?3. e Doubling cycle distribution of
simulated data and corresponding tracking results. A completed cell cycle is defined as a track in which the parent cell is able to split twice.
This threshold results in a lower count numbers of estimated cell division, but does not alter the shape of the distribution. f TRA_edge (left axis)
and edge-correction (EC) percentage (right axis) for different temporal sampling rates. EC percentage indicates how many parent-daughter
relationships are misassigned based on the tracking results.

many cells can be tracked for several generations (Fig. 3b). consider these parameters, when single-cell resolved observables,
However, even at RM~0.2, some cell division events are missed, so such as cell trajectories, single-cell volume increases, and single-
that a few branches of the lineage tree are not successfully traced. cell doubling times, need to be measured.

Even so, the subset of correctly detected cell division events

allows for the estimation single-cell doubling cycles in the biofilm  Multi-cell tracking in the initial phase of S. oneidensis biofilm
(Fig. 3e). To quantify these trends, we tested how time resolution  Ce|| segmentation and subsequent multi-cell tracking in experi-
affects tracking accuracy. When the time resolution is decreased mentally acquired 3D images presents additional challenges that
by a factor of two and three, the TRA_edge metrics decrease from  \yere not modeled in the computationally simulated data. These
91% to 87% and 81%, respectively. The percentage of the parent-  challenges include optical aberrations in the imaging system,
daughter misassignment error, quantified as the edge-correction  proader cell shape distributions in experimental biofilms, cell
(EC) error over the number of total errors, increases from 1.4% to  motility, and association and dissociation dynamics of individual
3.6 and to 5.2 % (Fig. 3f). Taken together, these results show that cells to and from the biofilm. To determine whether the BCM3D 2.0
segmentation based multi-object tracking accuracy is highly  segmentation results enable improved multi-cell tracking using
dependent on segmentation accuracy (which depends on image the nearest neighbor algorithm, we manually traced a subset of
SBR and cell density?), as well as time resolution. It is critical to ancestor cells over the course of a 15-min 3D biofilm movie
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acquired with a time resolution of 30s (Fig. 4a, b). Manual
determination of cell-to-cell correspondences in consecutive
image volumes generated 583 cell-cell and 3 parent-daughter
linkages. Taking this manual annotation as the reference graph,
the RM metric was determined to be ~0.2 and the TRA_edge
metric was determined to be 93.5%. Steadily increasing single-cell
volumes for four selected cells allowed us to measure growth rates
of 74x1073,38x1073,34%x 1073, and 0.6 x 103 um3/min (Fig.
4c). Cell division events are also readily detected by the algorithm
as a sudden decrease in cell volume. In two of the four selected
cases, cell division led to the dispersal of the daughter cell. We
found a high number of cell dispersion events resulting in the
termination of trajectories, most often right after cell division (Fig.
4q).

Although BCM3D 2.0 in combination with high-frame-rate
imaging enables accurate cell tracking, it may not be feasible to
maintain high-frame-rate volumetric imaging for extended
periods of time due to phototoxicity and photobleaching
concerns. To further test the limits of nearest neighbor tracking,
we tracked S. oneidensis biofilm growth for five hours at a time
resolution of 5min (Fig. 4d, e). During this time period, the
number of cells increases from ~300 to ~1400 cells. The relative
cell motion in this dataset, estimated by the distances between
manually tracked cell centroids, is 0.5+ 0.2 um (mean + standard
deviation, N = 5). The average spacing of the biofilm, as calculated
by the average distance of each cell to the nearest neighbor,
changes over time. The average spacing for the first frame,
estimated by the average distance to the nearest neighbor for
each cell, is 1.2+ 0.6 um (mean + standard deviation, N ~300), and
is 1.1£0.2 um (mean = standard deviation, N ~1400) for the last
frame. We manually traced a subset of founder cells over the
course of the experiment, generating 262 cell-cell and 17 parent-
daughter linkages. For this manually selected subset, the RM
metric was ~0.4 and TRA_edge metric was determined to be
80.0%. While the nearest neighbor tracking algorithm is capable of
making overall accurate cell-cell linkages for a few consecutive
frames, automated nearest neighbor tracking of the same cells for
long time periods and correctly detecting all cell division events is
not readily possible (Fig. 4f). It is, however, possible for human
annotators to track individual cells from the segmentation results
under such imaging conditions. Single-cell growth rates and
single-cell division times can then be readily extracted (Fig. 4f,
Supplementary Fig. 10, Supplementary Movie 1). The measured
growth rates are in excellent agreement with the values obtained
with high-time resolution imaging (Fig. 4c). A small number of
segmentation errors can be detected by manual tracking, as
indicated by the boxes in Fig. 4f, but these errors don't preclude
estimations of single-cell observables. These results indicate that
quantitate information about single-cell behaviors is contained
even in low-time resolution 3D movies of bacterial biofilms. Future
work will need to focus on extracting the information as
accurately as, but faster than, a human annotator.

DISCUSSION

We expanded the BCM3D workflow with a complementary CNN-
based processing pipeline, named BCM3D 2.0, which transfers raw
3D fluorescence images to intermediate image representations
that are more amenable to conventional mathematical image
processing (specifically, seeded watershed and single- and multi-
level Otsu thresholding). Using the BCM3D 2.0 image processing
pipeline, unprecedented segmentation results are obtained,
especially for challenging datasets characterized by low SBRs
and high cell densities. BCM3D 2.0 consistently achieves better
segmentation accuracy than Cellpose 2.0 and Omnipose, as well as
our predecessor algorithm, BCM3D 1.0, which represented the
previous state-of-the-art for 3D cell segmentation in bacterial
biofilms.
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We used the segmentation results provided by BCM3D 2.0 as
the input to a nearest neighbor tracking algorithm to explore the
possibility of simultaneous multi-cell tracking in 3D biofilms. We
found that accurate, automated multi-cell tracking in 3D time-
lapse movies is possible with a nearest neighbor tracking
algorithm, if the relative cell movement (RM) between consecutive
frames is small. Depending on the type of biofilm and the bacterial
species, small RM values can be achieved using moderate time
resolutions of 1-5 min. However, for the motile S. oneidensis cells
imaged here, a time resolution of 5min was insufficient for
automated nearest neighbor cell tracking in dense biofilm regions.
Tracking accuracy is reduced especially if cells undergo large and
unpredictable displacements within the biofilm, and when cells
associate or dissociate to and from the biofilm. Even so, single-cell
observables, such as growth rates and cell division times can still
be extracted based on manual tracking establishing that such
information is in fact contained in movies acquired with a time
resolution of 5 min. Because manual cell tracking is not feasible for
biofilms containing thousands of cells, future work will have to
focus on extracting this information in an automated manner,
efficiently and accurately. Machine-learning-based solutions will
likely prove to be useful in this context.

A clear experimental solution would be to image biofilms at
high time resolutions. However, every fluorescence imaging
modality is subject to trade-offs between the achievable spatial
and temporal resolution, image contrast (SBR), and phototoxicity
and photodamage. If reducing the total radiation dose delivered
to the cells is an experimental necessity, light sheet-based
microscopy approaches offer substantial advantages over confocal
microscopy>2.

While BCM3D 2.0 is capable of segmenting biofilm datasets of
lower SBR than previous methods, further modifications to the
image processing pipeline may be needed to enable the tracking
of extremely light-sensitive or highly motile bacterial species.
Additional modifications could be made to further improve
segmentation accuracy for datasets with even lower SBRs than
those successfully segmented here. On the other hand, more
sophisticated tracking algorithms could be employed that
consider additional features beyond the Euclidian distances
between objects. Recently developed deep learning-based cell
trackers for both 2D and 3D data*®*' are primarily designed for
mammalian cells with unique cell shapes. These approaches utilize
additional similarity features that inform cell linking across
different frames. To what extent such approaches would improve
tracking of bacterial cells that have more homogeneous cell
shapes remains to be explored. Further benefits may also be
gained by utilizing punctate cell labeling schemes' or adaptive
microscopy approaches, in which higher illumination intensity
frames are interspersed with lower illumination intensity frames
and the segmentation results in lower SBR frames are informed by
the more accurate results obtained in the higher SBR frames.

In summary, the ability to accurately identify and track
individual cells in dense 3D biofilms over long periods of time
will require the combination of non-invasive fluorescence micro-
scopy approaches for long-term time-lapse imaging and sophis-
ticated image analysis and multi-object tracking tools that provide
robust results even for datasets with a limited spatial and
temporal resolution and SBR. Here, we have presented an image
processing pipeline that enables improved segmentation of dense
biofilm-dwelling cells based on 3D fluorescence images of low
SBR. The feasibility of simultaneous, automated multi-cell tracking
using a simple nearest neighbor tracking algorithm was demon-
strated on high-time resolution datasets, while manual tracking
was possible on lower-time-resolution datasets. The tools devel-
oped here can thus be leveraged to improve our understanding of
how coordinated behaviors among biofilm-dwelling cells even-
tually produce the macroscopic properties of bacterial biofilms.
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Fig. 4 Multi-cell tracking of experimentally acquired S. oneidensis biofilm images. a Experimentally acquired fluorescence time-lapse
images of a growing S. oneidensis biofilm with overlaid single-cell segmentation contours. Images were acquired every 30s for 15 min.
Corresponding cells in different frames are displayed in the same color. Scale bar is 2 um. b Individual cell trajectories in the biofilm shown in
a. Cells move very little during the short 15-min imaging time. Scale bar is 1 um. ¢ Cell volumes over time for four example cells. Cell division
and dispersion events are indicated for each trajectory. Single-cell growth rate was measured by calculating the slope of linearly fitted line for
each curve. d Experimentally acquired fluorescence time-lapse images of a growing S. oneidensis biofilm with overlaid single-cell segmentation
contours. Images were acquired every five minutes for five hours. Corresponding cells in different frames are displayed in the same color. Scale
bar is 2 ym. e Individual cell trajectories in the biofilm shown in a. Cell displacements are more pronounced over the 5-h imaging time. Scale
bar is 1 um. f Evolution of cell volumes over time for a single selected cell. The solid line represents a manually annotated trajectory, and the
dashed line represents the nearest neighbor tracking trajectory of the same initial cell. Cell division and dispersion events are indicated on
each trajectory. The single-cell growth rate was measured by calculating the slope of the trajectory segment between consecutive cell division
events. The red arrow and the boxes indicate periodic underestimation of the cell volume due to oversegmentation.
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METHODS

Lattice light sheet microscope imaging of bacterial biofilms
Fluorescence images of bacterial biofilms were acquired on a
home-built lattice light sheet microscope (LLSM). LLSM enables
specimen illumination with a thin light sheet derived from a 2D
optical lattice***; here, an intensity uniform light sheet was
produced by dithering a square lattice. The average illumination
intensity across the light sheet was less than 1 W/cm?2. The sub-
micrometer thickness of the light sheet is maintained over a
propagation distance of ~30 um to achieve high resolution, high
contrast imaging of 3D specimens comparable to confocal
microscopy but with lower concomitant photobleaching and
phototoxicity. Widefield fluorescence images of illuminated planes
in the specimen are recorded on an sCMOS detector (Hamamatsu
ORCA Flash v2). 3D biofilm images were acquired by translating
the specimen through the light sheet in 200 nm step sizes using a
piezo nano-positioning stage (Mad City Labs, NanoOP100HS). The
data acquisition program is written in LabVIEW 2013 (National
Instruments).

Kanamycin-resistant S. oneidensis MR-1, constitutively expres-
sing GFP, were cultured at 30 °C overnight in LB medium with
50 ug/ml Kanamycin. Overnight cultures were diluted 100 times
into the same culture medium, grown to an optical density at
600 nm (OD600) of 0.4—1.0, and then diluted to OD600 ~ 0.05
using M9 media with 0.05% (W/V) casamino acids. Poly-I-lysine-
coated round glass coverslips with a diameter of 5 mm were put
into a 24-well plate (Falcon) and 400 pL of diluted cell culture was
added to the well. Cells were allowed to settle to the bottom of
the well and adhere to the coverslip for 1h. After the settling
period, the coverslip was gently rinsed with M9 media to flush
away unattached cells. Then 400 pL of M9 media (0.05% casamino
acids) were added to ensure immersion of the coverslips. The well
plate was set in a 30 °C chamber for 72-96 h to allow dense
biofilms to develop. Media were exchanged every 24 h. Before
imaging, the coverslip was rinsed again with fresh M9 media. The
rinsed coverslip was then mounted onto a sample holder and
placed into the LLSM sample-basin filled with M9 media. GFP was
excited using 488 nm light sheet excitation. 3D biofilm stacks were
acquired by translating the specimen through the light sheet in
200 nm or 235 nm steps. Each 2D slice was acquired with an
exposure time of 5ms or 10 ms.

Samples for time-lapse images were prepared by the same
procedures, except imaging was started after either 24-h or 48-h
cell attachment period, and the imaging experiment was carried
out in LM medium (0.02% (W/V) yeast extract, 0.01% (W/V)
peptone, 10 mM HEPES (pH 7.4), 10 mM NaHCO;) with a lactate
concentration of 0.5mM*. Time-lapse images were recorded
every 30 s for 15 min or 5 min for 5 h for the two datasets shown in
Fig. 4 with the same imaging parameters as detailed above.

Raw data processing

Raw 3D stacks were deskewed and rotated as described
previously®, but the deconvolution step was omitted. If necessary,
background subtraction can be applied to reduce background
signal. 3D images were rendered using the 3D Viewer plugin in
Fiji*® or ChimeraX*’. Sample drift over the course of a time-lapse
imaging experiment was corrected by Correct 3D Drift*®, a Fiji
plugin that performs registration by phase correlation, a
computationally efficient method to determine translational shifts
between images at two different time points.

Generation of simulated biofilm images

Data for CNNs training was computationally generated as
described previously?3. Briefly, CellModeller*®, an individual-
based computational model of biofilm growth, was used to
simulate growth and division of individual rod-shaped cells in a
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population (Fig. 5a). A minimum distance criterion between cells is
imposed at each time point to alleviate cellular collisions that are
due to cell growth. We chose cell diameter and cell length (d, 1)
parameters consistent with the bacterial species under investiga-
tion, namely (1 um, 3 um) for E. coli*®, and (0.6 um, 2 pm) for S.
oneidensis®'. Training data should closely represent the experi-
mental data to ensure optimal segmentation results. Unrepresen-
tative cell diameter and cell length parameters can result in over-
or under-segmentation errors and the predictions of non-
physiological cell shapes (Supplementary Fig. 1). 3D fluorescence
intensity images (Fig. 5b) were generated by convolving randomly
positioned fluorophores in the cytoplasm or the membranes of
simulated cells (Fig. 5¢, d) with experimentally measured point
spread functions (PSFs), and then adding experimentally mea-
sured background and noise (Poisson detection noise, based on
the summed background and signal intensities, as well as
Gaussian read noise, experimentally calibrated for our detector
at 3.04 photons per pixel on average)®2.

The fluorescence signal intensity in the simulated images was
adjusted to match the SBRs of experimentally acquired data. To
estimate the SBRs of both simulated and experimental images, we
manually selected 10 ‘signal’ and 10 ‘background’ regions in the
images using the Oval tool in Fiji and calculated their means
respectively. A ‘signal’ region is defined to be any region that
contains only pixels within a cell (foreground) and a ‘background’
region contains only pixels outside cells, but in regions that are
close to the cells. These regions are judged by the researchers
rather than by any computer algorithm to ensure accuracy. The
SBR was then calculated by dividing the mean signal intensity by
the mean background intensity. Consistent with our previous
results (Zhang et al, Nature Communications, 2020), the SBR is a
good metric quantifying “difficulty to segment” in simulated data,
which has homogeneous cells densities and the exact same
biofilm architectures (i.e., cell positions). For heterogeneous cell
densities in experimental biofilms, the SBR can vary considerably
through space. We, therefore, quantify the SBR in experimental
images locally at regions of the highest cell density, but we note
that this metric should only be used qualitatively and we refrain
from making any direct, quantitative comparison of segmentation
performance between biofilms of different architectures. To
estimate the local density of a biofilm, the image was partitioned
into several 3D tiles 64 by 64 by 8 voxels in size, and the total cell
volume contained in each tile was divided by the tile volume. The
reported cell density was computed as the average of the 10
densest tiles for each dataset.

Generation of intermediate image representations

To generate ‘distance to nearest cell exterior’ images (Fig. 5e,
Supplementary Fig. 2) from ground truth data, the Euclidean
distance of each voxel inside a cell to the nearest voxel not
belonging to that cell was calculated. The so-obtained distances
were then normalized to the maximum value of that cell
(Supplementary Fig. 2c). In order to obtain a steeper gradient in
distance values, the distance values were additionally raised to the
third power (Supplementary Fig. 2d), so that the resulting images
show highly peaked intensity near the cell center. In the final step,
the ‘distance to nearest cell exterior’ images were smoothed by
Gaussian blurring (kernel size=5 voxels in each dimension)
(Supplementary Fig. 2e).

To help distinguish touching cells, we calculated a second
image representation, the ‘proximity enhanced cell boundary’
image (Fig. 5f, Supplementary Fig. 2). First, we subtracted the
normalized distances to the nearest voxel not belonging to this
cell (Supplementary Fig. 2¢) from the binary map (Supplementary
Fig. 2f). Second, we calculated the inverse of the Euclidean
distance of each voxel inside a cell to the nearest voxel belonging
to another cell, an intermediate image representation that has
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Fig. 5 Simulation of fluorescent biofilms images and intermediate image representations. a Cell arrangements obtained by CellModeller.
b Simulated 3D fluorescence image based on the cell arrangements in a. ¢ Ground truth information of a 2D slice. Different cells are shown in
different colors and intercellular spaces (background voxels) are displayed in black. d 2D slices of the simulated fluorescence image
corresponding to the ground truth shown in c. The upper panel shows cells containing cytosolic fluorophores, the lower panel shows cells
with fluorescently stained membranes. e, f Intermediate image representations generated from the ground truth information shown in c. See

text for details. Scale bars are 5 pm.

been proven useful to prevent objects merging in 2D%
(Supplementary Fig. 2g). These two intermediate images were
then multiplied together (Supplementary Fig. 2h) and small holes
in the resulting images (Supplementary Fig. 2h inset) were filled
using grayscale closing (Supplementary Fig. 2i inset). The resulting
intermediate images provide a complete boundary of an object
but also highlights whether the boundary is in close proximity to
any other objects. Compared to previous methods that only
provide a complete boundary or only provide boundary areas that
are close to any other objects, this new intermediate image
representation provides a more informative boundary representa-
tion. In a final step, the ‘proximity enhanced cell boundary’ images
were smoothed by Gaussian blurring (kernel size =5 voxels in
each dimension) (Supplementary Fig. 2i).
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Training the CNN

To generate the above-mentioned intermediate image represen-
tations from experimental data, we trained 3D U-Net-based CNNs
with residual blocks using the CSBDeep Python package'®.
Residual blocks allow the model to internally predict the residual
with regard to inputs for each layer during training. This strategy
provides better performance, because solvers are more efficient in
solving residual functions than unreferenced functions, and it
helps alleviate vanishing or exploding gradients problems for
deep neural networks®>. We employed a network architecture
depth of 2, a convolution kernel size of 3, 32 initial feature maps,
and a linear activation function in the last layer. Increasing U-Net
depth or numbers of initial features didn’t produce superior results
for our test cases (Supplementary Fig. 5). To achieve robust
performance, we trained this network using ten to twenty
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simulated biofilm images with randomly selected cell densities
and SBR. To ensure the broad applicability of these networks, half
of these images were biofilms containing cells expressing
cytosolic fluorescence and the other half were biofilms containing
membrane-stained cells (see Fig. 5d). The loss function was taken
as the mean absolute error (MAE) between the generated and the
target images. The networks were trained for 100 epochs with 100
parameter update steps per epoch and an initial learning rate
0.0004 (Supplementary Fig. 6). The learning rate is reduced by half
if the validation loss is not decreasing over 10 epochs. We selected
the best weights based on performances on validation set for all
the processing steps described below. Using these parameters, it
took approximately 1 h to train the CNNs on an NVIDIA Tesla V100
GPU with 32 GB memory.

To obtain instance segmentation results from intermediate
image representations predicted by trained CNNs, we applied
single- and multilevel Otsu thresholding®®**, and seeded
watershed?® (scikit-image Python library®>, Supplementary Figs.
3 and 4). The reader is referred to the Supplementary Methods for
detailed, step-by-step explanations.

To test whether segmentation objects have physiologically
reasonable cell shapes, we separately trained a 3D CNNs-based
classification model using tensorflow 2.0. We adapted a network
architecture from Zunair etal®®; mainly includes three 3D
convolutional layers, one global average pooling layer and a
sigmoid activation function in the last layer. To achieve robust
performance, we trained this network using 733 manually
confirmed segmentation objects from experimental data (411
reasonable shaped objects, 322 oddly shaped objects). Training
data were augmented by rotation and flip. The loss function was
taken as the binary cross entropy between the model output and
the corresponding target value. The networks were trained for 100
epochs with a batch size of 5 and an initial learning rate 0.0002.
The learning rate is reduced by a half if the validation loss is not
decreasing over 15 epochs. Using these parameters, it took
~17 mins to train the CNNs on a NVIDIA Tesla V100 GPU with 32
GB memory.

Tracking

Simpletracker in MATLAB was used to build tracking graphs and
spatially resolved lineage trees®. Simpletracker implements the
Hungarian algorithm and nearest neighbor trackers for particle
tracking that links particles between frames in 2D or 3D. We used
Tum and 1.5um as the maximum distance threshold for cell
linking for simulated and experimental data, respectively. We used
the nearest neighbor algorithm to associate the centroids of
segmented objects in subsequent frames, such that the closer
pairs of centroids are linked first. In order to determine a cell
division event, a distance threshold of 1um and 1.5um for
simulated and experimental data, respectively, a cell volume
threshold of 1.5 (parent cell should be 1.5 times larger than the
daughter cell), and a cell length threshold of 1.5 (parent cell
should be 1.5 times longer than the daughter cell), were used to
determine parent-daughter relationships between cell pairs on
consecutive frames.

Performance evaluation

Segmentation accuracy was quantified as cell counting accuracy
(CA) and cell shape estimation accuracy. The cell CA was
calculated as previously described?>:

_ TP

- TP+FP+FN

where, TP is the number of truth positive objects, FP is the number
of false-positive objects, and FN is the number of false-positive

objects. Cell shape estimation is evaluated by two separate
measures. Single-cell segmentation accuracy (SSA) takes the mean

CA
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Intersection-over-Union (loU) value (aka the Jaccard index®®) over
segments that have a matching ground truth/manual annotation
object:

1@ |Segi N GT|

SSA =
Nmatch 7 |5egi UGTI‘

where, |Seg; N GTj| is volume of overlap between the predicted
object and the ground truth object, and |Seg; U GT;| is the volume
enclosed by both the predicted object and the ground truth
object. We note that the SSA metric can take on high values even
if the shape of a segmented object does not accurately represent
the shape of the corresponding ground truth object. For example,
a predicted round object with a diameter of 20 covered by a
ground truth square object with a length of 20 gives a 0.8 loU
value, which could be interpreted as good performance. From a
biological perspective, however, this would signify a substantial
inaccuracy in shape estimation. To measure differences in cell
shape in a more discriminating way, we additionally computed a
single-cell boundary F1 score (SBF1)*°. The SBF1 of the above-
mentioned square vs circular object example is 0.67. The
SBF1 score is computed as

N -
1 &2 - preecision; - recall;

SBF1 = —
prcecision; + recall;

N, match

where precision is the ratio of matching boundary points in a
matched segmentation object to the total points of its boundary.
Similarly, recall is the ratio of the matching boundary points to the
total points of ground truth boundary. According to the definition
of boundary F1 score®®, a distance error tolerance is used to
decide whether a point on the predicted boundary has a match
on the ground truth boundary. For our 3D data, we use /3 voxels.

To quantify tracking accuracy, we used the AOGM3’. The AOGM
value is calculated as the weighted sum of the number of graph
operations required to convert the estimated graph to the ground
truth graph, i.e.

AOGM = WN5NS + WFNFN + WFPFP + WEDED + WEAEA + chEC

The tracking accuracy can then be computed using a normal-
ized AOGM value, where AOGM, is the number of operations to
build the ground truth graph from an empty graph:

TRA = 1 — min(AOGM, AOGM, ) /AOGMy

There are three types of graph operations that are associated
with detection errors: the number of false negatives (FN), the
number of false positives (FP), and the number of missed splits
(NS: m reference cells (m > 1) are assigned to a single segmented
cell); and three types of graph operations that are associated with
object linking: edge deletion (ED), addition (EA), and alteration of
the semantics of an edge (EC: The semantics of an edge can either
represent the same cells over time or represent a parent-daughter
relationship). To focus on object matching over time (i.e, the
association performance of the algorithm), we used an equally
weighted sum of the lowest number of graph operations on edges
only (TRA_edge). To give a more comprehensive view, we used an
equally weighted sum of the number of graph operations on all
six operations (TRA_full).

To estimate tracking accuracy for experimental data, we
manually traced a small subset (n = 25) ancestor cells over time
based on BCM3D 2.0 segmentation masks. Two researchers
performed tracking independently, manually determining
parent-daughter relationships within the lineages originating
from the ancestor cells. This lineage information was then used
to compute TRA_edge.
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Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY

Ground truth, raw images, and segmentation results generated in this study are
available at Open Science Framework (OSF) (https://osf.io/m4637/). All data used for
generating other results presented in this paper are available upon request from the
corresponding author.

CODE AVAILABILITY

The code for running all modules is available in a public repository on GitHub: https://
github.com/GahlmannLab/BCM3D-2.0

Received: 9 May 2022; Accepted: 29 November 2022;
Published online: 18 December 2022

REFERENCES

1.

20.

21.

22.

23.

Nadell, C. D., Drescher, K. & Foster, K. R. Spatial structure, cooperation and
competition in biofilms. Nat. Rev. Microbiol. 14, 589 (2016).

. Flemming, H. C. et al. Biofilms: an emergent form of bacterial life. Nat. Rev.

Microbiol 14, 563-575 (2016).

. Jayathilake, P. G. et al. A mechanistic individual-based model of microbial com-

munities. PLoS One 12, e0181965 (2017).

. Persat, A. et al. The mechanical world of bacteria. Cell 161, 988-997 (2015).
. De la Fuente-Nunez, C., Reffuveille, F., Fernandez, L. & Hancock, R. E. Bacterial

biofilm development as a multicellular adaptation: antibiotic resistance and new
therapeutic strategies. Curr. Opin. Microbiol. 16, 580-589 (2013).

. Frost, I. et al. Cooperation, competition and antibiotic resistance in bacterial

colonies. ISME J. 12, 1582-1593 (2018).

. Yan, J. & Bassler, B. L. Surviving as a community: antibiotic tolerance and per-

sistence in bacterial biofilms. Cell Host Microbe 26, 15-21 (2019).

. Stelzer, E. H. Light-sheet fluorescence microscopy for quantitative biology. Nat.

Methods 12, 23-26 (2015).

. Power, R. M. & Huisken, J. A guide to light-sheet fluorescence microscopy for

multiscale imaging. Nat. Methods 14, 360-373 (2017).

. Voleti, V. et al. Real-time volumetric microscopy of in vivo dynamics and large-

scale samples with SCAPE 2.0. Nat. Methods 16, 1054-1062 (2019).

. Mimori-Kiyosue, Y. Imaging mitotic processes in three dimensions with lattice

light-sheet microscopy. Chromosome Res. 29, 37-50 (2021).

. Rosenberg, J., Cao, G., Borja-Prieto, F. & Huang, J. Lattice light-sheet microscopy

multi-dimensional analyses (LaMDA) of T-cell receptor dynamics predict T-cell
signaling states. Cell Syst. 10, 433-444.e435 (2020).

. Manley, H. R. et al. Frontline Science: dynamic cellular and subcellular features of

migrating leukocytes revealed by in vivo lattice lightsheet microscopy. J. Leukoc.
Biol. 108, 455-468 (2020).

. Yordanov, S. et al. Single-objective high-resolution confocal light sheet fluores-

cence microscopy for standard biological sample geometries. Biomed. Opt.
Express 12, 3372-3391 (2021).

. Qin, B, et al. Cell position fates and collective fountain flow in bacterial biofilms

revealed by light-sheet microscopy. Science 369, eabb8501 (2020).

. Parthasarathy, R. Monitoring microbial communities using light sheet fluores-

cence microscopy. Curr. Opin. Microbiol. 43, 31-37 (2018).

. Heintzmann, R. & Huser, T. Super-resolution structured illumination microscopy.

Chem. Rev. 117, 13890-13908 (2017).

. Gustafsson, M. G. et al. Three-dimensional resolution doubling in wide-field

fluorescence microscopy by structured illumination. Biophys. J. 94, 4957-4970
(2008).

. Weigert, M. et al. Content-aware image restoration: pushing the limits of fluor-

escence microscopy. Nat. Methods 15, 1090-1097 (2018).

Chen, J. et al. Three-dimensional residual channel attention networks denoise
and sharpen fluorescence microscopy image volumes. Nat. Methods 18, 678-687
(2021).

Moen, E. et al. Deep learning for cellular image analysis. Nat Methods 16,
1233-1246 (2019).

Jeckel, H. & Drescher, K. Advances and opportunities in image analysis of bac-
terial cells and communities. FEMS Microbiol. Rev. 45, fuaa062 (2020).

Zhang, M. et al. Non-invasive single-cell morphometry in living bacterial biofilms.
Nat. Commun. 11, 6151 (2020).

npj Biofilms and Microbiomes (2022) 99

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Wang, J. et al. LCuts: linear clustering of bacteria using recursive graph cuts. in 2079
IEEE International Conference on Image Processing (ICIP) 1575-1579 (IEEE, 2019).
Stringer, C,, Wang, T., Michaelos, M. & Pachitariu, M. Cellpose: a generalist algo-
rithm for cellular segmentation. Nat. Methods 18, 100-106 (2021).

Weigert, M. et al. Star-convex polyhedra for 3d object detection and segmen-
tation in microscopy. in Proceedings of the IEEE/CVF Winter Conference on Appli-
cations of Computer Vision https://arxiv.org/abs/1908.03636 (2020).

Scherr, T., Loffler, K., Bohland, M. & Mikut, R. Cell segmentation and tracking using
CNN-based distance predictions and a graph-based matching strategy. Plos One
15, e0243219 (2020).

Meyer, F. & Beucher, S. Morphological segmentation. J. Vis. Commun. Image
Represent. 1, 21-46 (1990).

Otsu, N. A threshold selection method from gray-level histograms. IEEE Trans.
Syst. Man, Cybern. 9, 62-66 (1979).

Weigert, M. et al. Star-convex polyhedra for 3D object detection and segmen-
tation in microscopy. in 2020 IEEE Winter Conference on Applications of Computer
Vision (WACV) 3655-3662 (2020).

Laasmaa, M. Vendelin, M. & Peterson, P. Application of regularized
Richardson-Lucy algorithm for deconvolution of confocal microscopy images. J.
Microsc. 243, 124-140 (2011).

Zhang, J. et al. Optically accessible microfluidic flow channels for noninvasive
high-resolution biofilm imaging using lattice light sheet microscopy. J. Phys.
Chem. B 125, 12187-12196 (2021).

Liu, R. & Jia, J. Reducing boundary artifacts in image deconvolution. in 2008 15th
IEEE International Conference on Image Processing 505-508 (IEEE, 2008).

Starck, J.-L., Pantin, E. & Murtagh, F. Deconvolution in astronomy: a review. Publ.
Astron. Soc. Pac. 114, 1051 (2002).

Wang, J. et al. Graph-theoretic post-processing of segmentation with application
to dense biofilms. IEEE Trans. Image Process. 30, 8580-8594 (2021).

Cutler, K. J,, et al. Omnipose: a high-precision morphology-independent solution
for bacterial cell segmentation. Nat. Methods 19, 1438-1448 (2022).

Matula, P. et al. Cell tracking accuracy measurement based on comparison of
acyclic oriented graphs. PLoS One 10, e0144959 (2015).

Ulman, V. et al. An objective comparison of cell-tracking algorithms. Nat. Methods
14, 1141-1152 (2017).

Wen, C. et al. 3DeeCellTracker, a deep learning-based pipeline for segmenting
and tracking cells in 3D time lapse images. Elife 10, e59187 (2021).

Magnusson, K. E., Jalden, J., Gilbert, P. M. & Blau, H. M. Global linking of cell tracks
using the Viterbi algorithm. IEEE Trans. Med. Imaging 34, 911-929 (2015).
Moen, E. et al. Accurate cell tracking and lineage construction in live-cell imaging
experiments with deep learning. Preprint at https://www.biorxiv.org/content/
10.1101/803205v2 (2019).

Valm, A. M. et al. Applying systems-level spectral imaging and analysis to reveal
the organelle interactome. Nature 546, 162 (2017).

Chen, B.-C. et al. Lattice light-sheet microscopy: imaging molecules to embryos at
high spatiotemporal resolution. Science 346 (2014).

Thormann, K. M. et al. Initial Phases of biofilm formation in Shewanella oneidensis
MR-1. J. Bacteriol. 186, 8096-8104 (2004).

Gao, R. et al. Cortical column and whole-brain imaging with molecular contrast
and nanoscale resolution. Science 363, eaau8302 (2019).

Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat.
Methods 9, 676-682 (2012).

Pettersen, E. F. et al. UCSF ChimeraX: structure visualization for researchers,
educators, and developers. Protein Sci. 30, 70-82 (2021).

Parslow, A, Cardona, A. & Bryson-Richardson, R.J. Sample drift correction fol-
lowing 4D confocal time-lapse imaging. J. Vis. Exp. 51086 (2014).

Rudge, T. J,, Steiner, P. J,, Phillips, A. & Haseloff, J. Computational modeling of
synthetic microbial biofilms. ACS Synth. Biol. 1, 345-352 (2012).

Reshes, G. Vanounou, S. Fishov, I. & Feingold, M. Cell shape dynamics in
Escherichia coli. Biophys. J. 94, 251-264 (2008).

Venkateswaran, K. et al. Polyphasic taxonomy of the genus Shewanella and
description of Shewanella oneidensis sp. nov. Int. J. Syst. Bacteriol. 49, 705-724 (1999).
Yan, T., Richardson, C. J., Zhang, M. & Gahlmann, A. Computational correction of
spatially variant optical aberrations in 3D single-molecule localization micro-
scopy. Opt. Express 27, 12582-12599 (2019).

He, K., Zhang, X., Ren, S. & Sun, J. Deep residual learning for image recognition. in
Proceedings of the IEEE conference on computer vision and pattern recognition
770-778 (2016).

Liao, P.-S., Chen, T.-S. & Chung, P.-C. A fast algorithm for multilevel thresholding. J.
Inf. Sci. Eng. 17, 713-727 (2001).

Van der Walt, S. et al. scikit-image: image processing in Python. Peer) 2, e453
(2014).

Zunair, H., Rahman, A,, Mohammed, N. & Cohen, J. P. Uniformizing techniques to
process CT scans with 3D CNNs for tuberculosis prediction. in International
Workshop on PRedictive Intelligence In MEdicine 156-168 (Springer, 2020).

Published in partnership with Nanyang Technological University


https://osf.io/m4637/
https://github.com/GahlmannLab/BCM3D-2.0
https://github.com/GahlmannLab/BCM3D-2.0
https://arxiv.org/abs/1908.03636
https://www.biorxiv.org/content/10.1101/803205v2
https://www.biorxiv.org/content/10.1101/803205v2

57. Tinevez, J. SIMPLETRACKER—a simple particle tracking algorithm for MATLAB
that can deal with gaps. (https://github.com/tinevez/simpletracker). Github
(2022).

58. Jaccard, P. The distribution of the flora in the alpine zone. 1. N. Phytol. 11, 37-50
(1912).

59. Csurka, G., Larlus, D., Perronnin, F. & Meylan, F. What is a good evaluation
measure for semantic segmentation? BMVC 27, 10.5244 (2013).

60. Laine, R. F., Arganda-Carreras, |, Henriques, R. & Jacquemet, G. Avoiding a
replication crisis in deep-learning-based bioimage analysis. Nat. Methods 18,
1136-1144 (2021).

ACKNOWLEDGEMENTS

This work was supported in part by the US National Institute of General Medical
Sciences Grant 1R01GM139002 (A.G.) and by a grant from the Trans University
Microbiome Initiative (TUMI) at the University of Virginia.

AUTHOR CONTRIBUTIONS

J.Z. and Y.W. contributed equally to this paper. J.Z., Y.W., and A.G. designed research;
J.Z, YW, ED, T.T, and M.M. performed research; J.Z, YW, ED., T.T, MM, S.A,, and
A.G. analyzed data; J.Z, YW, ED., T.T., M.M,, S.A, and A.G. wrote the paper.

COMPETING INTERESTS

The authors declare no competing interests.

Published in partnership with Nanyang Technological University

J. Zhang et al.

npj

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541522-022-00362-4.

Correspondence and requests for materials should be addressed to Andreas
Gahlmann.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

npj Biofilms and Microbiomes (2022) 99

13


https://github.com/tinevez/simpletracker
https://doi.org/10.1038/s41522-022-00362-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	BCM3D 2.0: accurate segmentation of single bacterial cells in dense biofilms using computationally generated intermediate image representations
	Introduction
	Results
	Cell segmentation using intermediate image representations
	Segmentation of experimentally obtained biofilm images
	Accurate BCM3D 2.0 segmentation enables multi-cell tracking in biofilms
	Multi-cell tracking in the initial phase of S. oneidensis biofilm

	Discussion
	Methods
	Lattice light sheet microscope imaging of bacterial biofilms
	Raw data processing
	Generation of simulated biofilm images
	Generation of intermediate image representations
	Training the CNN
	Tracking
	Performance evaluation
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




