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Abstract 
Single-cell behaviors are essential during early-stage biofilm formation. In this study, we aimed to evaluate whether single-cell 
behaviors could be precisely and continuously manipulated by optogenetics. We thus established adaptive tracking illumina-
tion (ATI), a novel illumination method to precisely manipulate the gene expression and bacterial behavior of Pseudomonas 
aeruginosa on the surface at the single-cell level by using the combination of a high-throughput bacterial tracking algorithm, 
optogenetic manipulation, and adaptive microscopy. ATI enables precise gene expression control by manipulating the optoge-
netic module gene expression and type IV pili (TFP)–mediated motility and microcolony formation during biofilm formation 
through bis-(3′-5′)-cyclic dimeric guanosine monophosphate (c-di-GMP) level modifications in single cells. Moreover, we 
showed that the spatial organization of single cells in mature biofilms could be controlled using ATI. Therefore, this novel 
method we established might markedly answer various questions or resolve problems in microbiology.

Key points
• High-resolution spatial and continuous optogenetic control of individual bacteria.
• Phenotype-specific optogenetic control of individual bacteria.
• Capacity to control biologically relevant processes in engineered single cells.

Keywords Adaptive microscopy · Optogenetics · Pseudomonas aeruginosa · Twitching motility

Introduction

Optogenetics, an important branch of synthetic biology 
(Cameron et al. 2014; Deisseroth 2010), is an excellent tool 
for rapid, noninvasive, and targetable cell manipulations 
with precise spatiotemporal resolution. Features of light 

and optogenetic reagents enable the use of such technology. 
In contrast with chemical molecules, light is highly tun-
able, noninvasive, exhibits no or low toxicity, and enables 
spatial precision, thereby avoiding the pleiotropic effects of 
small-molecule inducers. Optogenetic reagents comprise 
photosensory proteins that can transform the light signal 
into biochemical outputs (Brown et  al. 2018; Rockwell 
and Lagarias 2010; Zhang et al. 2011). The two elements 
together enable optical manipulations with spatiotemporal 
precision. The powerful capabilities of optogenetic manip-
ulation are particularly advantageous to controlling well-
defined events in specific cell types at specific times in intact 
systems, which enables the studies of cellular processes and 
events in the context of other processes and events depend-
ently happening in the rest of the tissue, the organism, and 
the circumstance as a whole.

Optogenetics stems from neuroscience and has become 
a modern research tool providing neuroscientists with 
an unprecedented level of control in neurons and having 
changed the way neuroscience is conducted (Boyden et al. 
2005; Yizhar et al. 2011). However, applying optogenetic 
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tools reaches beyond neuroscience (Fenno et al. 2011) as 
these tools have already been applied to non-neuronal sys-
tems, such as prokaryotic cells (Fernandez-Rodriguez et al. 
2017; Jin and Riedel-Kruse 2018; Levskaya et al. 2005, 
2009; Olson et al. 2014a; Pu et al. 2018). The temporal pre-
cision provided by light is still crucial in these experiments, 
but the potential of the spatial resolution of light is not fully 
realized due to the most commonly used whole-field illu-
mination (Fernandez-Rodriguez et al. 2017; Jin and Riedel-
Kruse 2018; Pu et al. 2018). The unique property of light 
should be developed to the utmost. In other words, new tech-
nologies would be required to perform patterned or regional 
photo-stimulation, methods that could allow for the optical 
stimulation of defined cell types or localized cell regions to 
provide adequate cellular specificity. Previously, Leifer et al. 
described a real-time, multimodal illumination technology 
that makes optical control of neurons and muscles possi-
ble in the free-moving nematode Caenorhabditis elegans 
(Stirman et al. 2012, 2011). This targeted illumination tech-
nology offered a spatial resolution of 10 μm, suitable for 
projecting an illumination pattern onto small model organ-
isms such as C. elegans (Guo et al. 2009; Leifer et al. 2011; 
Stirman et al. 2011), but did not apply to unicellular organ-
isms sized at the sub-micron scale such as bacterial cells. 
This unmet need motivated us to develop a method for direct 
manipulation of various moving bacteria on a surface. Simi-
larly, in this study, combining a high-throughput bacterial 
tracking algorithm and adaptive microscopy, we established 
a novel method, the adaptive tracking illumination (ATI) 
system. The ATI system with a spatial resolution of 0.61 µm 
could precisely and simultaneously illuminate single mov-
ing bacterial cells of interest through the in situ analysis 
and tracking of moving bacterial trajectories. Subsequently, 
we engineered Pseudomonas aeruginosa cells through the 
introduction of optogenetic modules and used the ATI sys-
tem to optically manipulate these freely moving unicellular 
bacteria on a glass surface. The results showed that our ATI 
system allowed for the optogenetic gene expression control 
of specific cells with single-cell precision. Therefore, our 
newly established ATI system provides a strategy to perform 
real-time simultaneous illumination of multiple regions at 
the sub-micron scale, could be commonly used for optoge-
netic applications in bacteriology, and could further enhance 
our ability to investigate relevant pending problems using 
optogenetic methods.

Materials and methods

Multicolor optical path

The following optical path is similar to the 3D-SIM (Shao 
et al. 2011) approach, but prefers contrast for projection and 

in situ image switching. Similar optical paths were widely 
used in a super-resolution microscope (Huang et al. 2018; 
Kner et al. 2009). Therefore, we chose a fast ferroelectric 
spatial light modulator (SLM) (ForthDD, QXGA-R10), 
which can display binary bit-planes in real-time at high fre-
quencies. The SLM is illuminated by a 24 × 24-mm colli-
mated laser beam, reflecting from a polarizing beam splitting 
cube (Thorlabs PBS519, extinction ratio of Tp:Ts > 1000:1). 
The collimated laser beam is emerged from a multimode 
fiber and is expanded by a 10 × objective (Olympus, 
NA = 0.4). Before the light incident on the SLM, the col-
limated laser beam needs to be maintained in s-polarization 
through a reversing polarizing beam splitting cube (Thorlabs 
PBS251, extinction ratio 1000:1) in order to optimize the 
projection contrast (Fig. S1). The SLM can be used as an 
electronically defined optical phase grating: all pixels always 
reflect light but rotate the polarization depending on their 
ON or OFF state. When the pixel states are ON, the beam 
would switch to p-polarization, and consequently transmit 
through the polarizing beam splitting cube to form an illu-
mination pattern. The pattern size eventually matches that 
of the camera chip using expanded achromatic lenses group 
(Thorlabs, TTL165-A, TTL180-A).

Ideally, when the pixel state of SLM is “ON,” the inten-
sity I

1
 of the pixel at the image plane is calculated as below:

where Is and Ip are the amplitude of the s-polarization com-
ponent and p-polarization component of the light beam. f  
is the reflectance of SLM. Rs and Rp are the reflectance of 
PBS to the s-polarization component and p-polarization 
component of the light beam. Ts and Tp are the transmittance 
of PBS to the s-polarization component and p-polarization 
component of the light beam. When the pixel state of SLM 
is “OFF,” the intensity I

0
 of the pixel at the image plane is 

calculated as below,

Contrast c could be calculated by the equation below,

The maximum contrast of projection is determined by the 
extinction ratio Tp ∶ Ts . To optimize contrast of projection, 
the ratio of Is∕Ip × Rs∕Rp should be large as possible.

The excitation light sources comprise a set of diode lasers 
(Coherent OBIS: 405–100 LX, 488–150 LX, 561–100 LS, 
640–100 LX). The laser beams are collimated and cou-
pled into the 10 m of a multimode fiber (Ceram Optec, 
core 200 × 200 µm) through collimated mirrors (Thorlabs, 

(1)I
1
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PF10-03-G01) and a single-edge laser dichroic beamsplitter 
(Semrock, LM01-427–25, LM01-503–25, LM01-613–25, 
and LM01-659–25). The multimode fiber is coiled into a 
loop and is shook by a motor (Taobao), powered and trig-
gered by low (< 5 V) and pulse voltage, respectively. Finally, 
the excitation light cleaned by a multi-band excitation filter 
(Chroma, ZET405/488/561/640VX2) is reflected onto the 
sample via one multi-band, imaging-quality beamsplitter 
(Chroma ZT405/488/561/640-phase R-UF3) and a 100 × , 
1.40 NA oil-immersion objective (Olympus UPlanSApo 
100 × /1.40 Oil). The fluorescent emission of the sample 
passes through the multi-band beamsplitter, notch filter 
(Semerock, NF03-405/488/561/635E-25), and emission 
filters in sequence. Then, it is eventually projected onto 
sCMOS cameras (Teledyne Photometrics, Prime BSI).

Processing system for in situ analysis and tracking

Bright-field (BF) images were obtained at a frame rate of 
0.2 from the microscope. The image acquisition frame rate 
is sufficient for bacterial tracking of twitching motility, the 
dominating motility type of P. aeruginosa on the surface. BF 
images with background correction are stored in the CPU 
memory, except for those saved on the local hard drive. Two 
contiguity BF images in the memory are applied to image 
segmentation, cell recognition, and final bacterial tracking 
in MATLAB as previously reported (Jin et al. 2011; Xia 
et al. 2021). The major difference between the previously 
and hereby reported methods is in situ analysis and tracking 
in our novel approach (Fig. S2). Cell position and lineage 
are acquired in each frame. In the first frame, the target cells 
are designated or randomly generated. The target cells are 
then automatically tracked according to in situ cell track-
ing. Next, the projecting pattern (2048 × 1536) is generated 
by transforming the mask of the target cells in each frame 
(2048 × 2048) and sending them to SLM. Spatial transforma-
tion is inferred from control point pairs, calculated from the 
lattice mask of SLM and its corresponding snapped image 
in the camera.

System software and timing control

The entire setup is managed and run from a single com-
puter, which in turn controls the camera computer via 
TCP/IP network links, the SLM via serial communica-
tion, and the microcontroller via HDMI communication. 
The required network connections are implemented using 
abstract client and server classes in MATLAB. The cli-
ent and server do not need to be on different computers. 
This means that with sufficient computer performance, the 
entire setup can also be controlled from a single computer. 
The camera is connected to its core camera via Camera 
Link. The camera plugin includes the camera server and 

Java classes camera controller, which ultimately con-
trols the camera using the interface provided by Micro-
Manager. The cell tracking center runs a high-throughput 
bacterial tracking algorithm and transmits the mask of 
selected cells to the SLM. A microcontroller based on 
STM32H7 and AT24C512 controls the precise timing of 
the setup. It triggers the camera, the lasers, the motors, and 
the LED via digital I/O-lines, the piezo stage via analog 
I/O-lines, and is triggered by the LED output of FLCoS 
SLM so that each individual device performs the action 
previously determined via ATI at the right time.

When the command “snap image” is sent, the control-
ler receives the first rising edge of the red LED signal, 
and then sends TTL sequences of the camera and laser. 
The camera operates in a “roll shutter” mode, meaning 
that the speed of current sCMOS chips depends on the 
number of lines to be read from the chip. The chip in use 
here runs at 11.2 µs (HDR mode) or 7.74 µs (11-bit) per 
line. As the camera exposure and readout are overlapped 
and accomplished by beginning the exposure row by row, 
real laser beam exposure would begin after the last line of 
exposure begins (approximately 24 ms, HDR mode), as 
shown in the diagram “Laser 488 nm.” The TTL sequence 
of the laser is generated by V-sync of SLM “and” logical 
operation of the channel. The timing is carefully adjusted 
on the microcontroller: a digital storage oscilloscope is 
used to monitor the TTL signals from the microcontroller.

Stains and growth conditions

Pseudomonas aeruginosa strain PAO1 in this study was 
kindly provided by J. D. Shrout (University of Notre 
Dame). This strain is deposited in the American Type 
Culture Collection as ATCC 15,692. Table S1 summa-
rizes the bacterial strains and plasmids used in this study. 
Additional details for optogenetics and reporter strain 
constructions are provided in the Supplementary meth-
ods. The strains were grown on LB agar plates at 37 °C 
for 24 h. Monoclonal colonies were inoculated and cul-
tured in a minimal medium (FAB) at 37 °C with 30 mM 
glutamate as a carbon source under aerobic conditions, 
with the composition as follows per liter:  (NH4)2SO4, 
2  g/L;  Na2HPO4∙12H2O, 12.02  g/L;  KH2PO4, 3  g/L; 
NaCl, 3 g/L;  MgCl2, 93 g/mL;  CaCl2∙2H2O, 14 g/mL; 
 FeCl3, 1 uM; and trace metals solution  (CaSO4∙2H2O, 
200  mg/L;  MnSO4∙7H2O, 200  mg/L;  CuSO4∙5H2O, 
20 mg/L;  ZnSO4∙7H2O, 20 mg/L;  CoSO4∙7H2O, 10 mg/L; 
 NaMoO4∙H2O, 10 mg/L;  H3BO3, 5 mg/L) 1 mL/L. The 
strains were harvested at OD600 = 2.1, and the bacterial 
cultures were further diluted (1:100) in fresh FAB medi-
ums to culture to OD600 = 0.4 before use.
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Gene expression manipulation in single cells

The bacterial strain (PAO1-pDawn-sfGFP) was inoculated 
into a flow cell (Denmark Technical University) and continu-
ously cultured at 30 °C ± 0.1 °C in a flowing FAB medium 
(3.0 mL ∙ h−1 ) (Heydorn et al. 2000). We used an inverted 
fluorescent microscope (Olympus, IX81) equipped with a 
100 × oil objective and an sCMOS camera to collect BF or 
fluorescent images at 15 s/frame or 30 min/frame, respec-
tively. The fluorescent emission of sfGFP was triggered 
by the excitation of a 480-nm laser beam (Coherent) and 
passed a single-band emission filter (Semrock, 520/28 nm). 
The cells were selected at the first frame, then adaptive-
tracked to be manipulated using ATI with a power density 
of 0.04 mW  cm−2. The power density of the manipulation 
lights was determined by measuring the power at the outlet 
of the objective using a power meter (Newport 842-PE).

Guiding biofilm formation using ATI

The bacterial strains of PAO1-bphS-EGFP and PAO1-bphS-
mCherry were mixed at a ratio of 1:1 and inoculated into the 
modified flow cell for continuous culture at 30 °C ± 0.1 °C 
by flowing FAB medium (3.0 mL ∙ h−1 ). The cells with 
green or red fluorescence were selected to be manipulated 
using ATI with a power density of 0.05 mW·cm−2 dur-
ing the first 10 h. Afterward, the flow cell contained the 
distinctive young biofilms were continuously cultured for 
up to 3 days in the dark to allow these young biofilms to 
mature. Finally, a laser-scan confocal microscope (Olympus 
FV1000) equipped with a 100 × oil objective was used to 
image the cell organizations as well as the three-dimensional 
(3D) structures of the mature biofilms using z-axis scanning 
(0.5 µm per step). The confocal images acquired at the dif-
ferent z-positions were used to reconstruct the structure of 
mature biofilms using ImageJ.

Results

The ATI system enables precise illumination 
of single bacterial cells

Figure 1a presents our adaptive tracking illumination system 
composed of two modules. First, it includes an integrated 
microscope with a structured illumination system for pro-
jecting to illuminate single cells. Second, it contains a signal 
processing system for in situ analysis and tracking the trajec-
tories of moving bacteria. We used an inverted fluorescent 
microscope to set up the microscopic system for ATI. The 
structured illumination system includes (1) fiber-coupled 
laser sources (lasers at wavelengths of 488, 561, and 640 nm, 
coupled into a multimode fiber through a 4 × objective, and 

the multimode fiber is shaken by an electric motor to uni-
form the light intensity on the image plane); (2) a pattern 
of the SLM is projected into the field of the microscope, 
and the light pattern is precisely illuminated to the single 
bacterial scale; and (3) an additional 850-nm LED light is 
coupled to the illumination optical path for BF illumina-
tions. The inverted fluorescent microscope equipped with 
a 100 × oil objective and an sCMOS camera is used to col-
lect BF images with customized frequency. The acquired 
BF images are subjected to the signal processing system 
to track multiple single cells and obtain their information 
in real-time (Figs. 1b and S2). The masks of the selected 
cells are instantly sent to the SLM that is directly controlled 
by a commercial desktop through an HDMI port to gen-
erate a projection mask as a primary illumination image 
(2048 × 1560 pixels). The projection lights are generated by 
the fiber-coupled laser sources and remained polarized by 
passing through a polaroid before reaching the SLM. The 
primary illumination pattern is transferred through an ampli-
fication, a tube lens, a multi-band pass filter, and a dichroic 
mirror to form a demagnified illumination pattern at the 
focal plane of the objective of an inverted microscope. The 
objects of interest (e.g., freely moving bacterial cells) are 
also located and illuminated at the sample plane. To examine 
the projection resolution, we projected a sequence of differ-
ent-sized demo patterns using our ATI system (Fig. 1c). The 
resulting patterns show the spatial resolution of the micro-
projection reaching up to 0.61 µm (Fig. 1d) that is smaller 
than the length of single cells (about 2 µm for P. aeruginosa 
cells), thereby meeting the need of illumination of single 
bacterial cells. In addition, the ATI system has an extinction 
ratio of 200:1 (Fig. 1c and d), enabling a high contrast that 
can be used for gene expression light activation or silencing 
using optogenetics.

Synchronization of the ATI system

To ensure the synchronization of the ATI method, the sys-
tem components are controlled by MATLAB codes and 
micro-manager and triggered precisely by a low-cost micro-
controller that enables synchronous work (Fig. 2a). As the 
ferroelectric spatial light modulator is a central component 
in multiple recent SLM-based SIM setups, we also chose 
SLM-based projection and illumination. High-contrast pro-
jection could only be achieved by careful and exact syn-
chronization between the SLM, as well as the cameras and 
light sources. We selected a sequence timing of 100 Hz and 
8-bit depth provided by the manufacturers as basic timing. 
When the operation command “snap image” is sent, the first 
rising edge of the red LED pulse in the sequence is captured 
by the microcontroller (Fig. 2b). Then the microcontroller 
would send each TTL sequence simultaneously to trigger the 
operation of the devices. The motor (active high), camera 
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(active rising edge), LED (active high), laser (active high), 
and SLM are all triggered by TTL sequences sent from the 
microcontroller. The lasers are triggered by signals defined 
by the channels “and” LED pulse of the SLM. Here, “and” 
refers to logic gates and operations (Fig. 2b).

Spatial activation of gene expression in freely 
moving unicellular bacteria

To demonstrate the potential utility of our system, we 
applied an optimized optogenetic module, pDawn-Tn7, 
exploiting a blue light photoreceptor, to test the spatial gene 
expression activation in P. aeruginosa (Pu et al. 2018). We 

used a green fluorescent protein, sfGFP, as the reporter of 
light response with blue light–activated expression. That is, 
blue light–illuminated cells exhibit an increased GFP expres-
sion, and the intensity of GFP fluorescence can be computed 
to indicate the light response. Cells carrying the above-
described optogenetic circuits were growing and freely 
moving on the glass surface of a flow cell. We randomly 
selected parts of cells in one image window (2048 × 2048 
pixel) and illuminated them along with their offspring using 
0.04-mW  cm−2 and 488-nm light. Figure 3a shows that 
feedback illuminations could generate projected patterns 
to precisely track real-time cell movements or single-cell 
divisions (Supplementary Movie S1). We then examined 

Fig. 1  Using adaptive tracking 
illuminations (ATI) to specifi-
cally illuminate single cells on 
the surface. a Schematic 
drawing of the ATI system. b A 
high-throughput bacterial track-
ing algorithm was applied for 
analyzing cell behaviors in real-
time and the cell tracking masks 
were immediately fed back to an 
adaptive microscope equipped 
with a fast spatial light modula-
tor (SLM). Eventually, adaptive 
illumination of the cells was 
achieved at a single-cell level. 
c A  demo image with different 
sizes of patterns was projected 
using our ATI system. d Optical 
resolution of the ATI system, 
provided by projecting different 
pixels of a circle as shown in 
(c). A circular disc with a diam-
eter of 12 pixels illuminated by 
a laser beam shows the maximal 
contrast and the most suitable 
resolution. Scale bar for all 
images: 5 μm
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the fluorescence intensity evolution over time in single cells 
(Supplementary Movie S2). The results showed that the fluo-
rescent intensity of the illuminated cells increased with time 
changing from 5 (0 h) to 108 (8 h) (Fig. 3b and d), while 
the fluorescent intensity of non-illuminated cells remained 
nearly constant (Fig. 3c and d), indicating the light activa-
tion of gene expression in specific cells. We prepared the 

representative genealogical tree of an illuminated (Fig. 3b) 
and a non-illuminated cell (Fig. 3c), where the GFP expres-
sion of the daughter cells is color-coded along each lineage, 
representing the single-cell spatial precision of our system. 
In addition, we did not observe any significant difference in 
the growth rate between the illuminated and non-illuminated 
cells (p = 0.8, Fig. 3d), indicating that the illumination light 

Fig. 2  Schematic overview of 
the control and timing diagram. 
a The control flow diagram 
shows system components 
receiving both real-time timing 
pulses (TTL) and network-
based control commands. For 
more information, refer to the 
Supplementary Materials. b 
Timing diagram for the blue 
color (488 nm), 100 Hz V-sync 
of SLM, and 40-ms exposure 
mode with Prime BSI cameras 
(2048 rows) to snap images of 
channel “GFP” excited by a 
488-nm laser beam
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was barely phototoxic. Taken together, these results suggest 
that, combined with the optogenetic modules, our ATI sys-
tem displays the capacity of precise gene expression regula-
tion at the single-cell level.

ATI enables biofilm formation guidance in P. 
aeruginosa

Due to the light-related advantages, the optogenetic mod-
ules exhibit the capacity of controlling biologically rel-
evant cellular processes. Next, we aimed to manipulate 

bacterial behaviors, such as biofilm formation, with spatial 
and single-cell resolution. We incorporated an optogenetic 
part into the P. aeruginosa chromosome using the mini-
CTX system. This optogenetic module encodes a heme 
oxygenase (bphO) and c-di-GMP diguanylate cyclase 
(bphS) that can cyclize two GTP molecules to form a c-di-
GMP molecule in the presence of near-infrared light (Ryu 
and Gomelsky 2014), thereby enabling the direct manipu-
lation of intracellular c-di-GMP levels upon illumination 
at 640 nm (0.05 mW·cm−2). The c-di-GMP level increase 
represses the type IV pili-mediated twitching motility 

Fig. 3  By introducing optoge-
netic modules, the ATI system 
can precisely manipulate gene 
expression at a single-cell level. 
a A target cell being tracked and 
projected in real-time. The feed-
back illuminations can generate 
projected patterns to precisely 
follow the moving cells (the 
first parallel) and the daughter 
cells after the division of a cell 
of interest (the second parallel). 
b, c The fluorescent level from 
a mother cell, depicted by the 
genealogical tree of an illumi-
nated cell (b) and a non-illu-
minated cell. c Color map rep-
resenting the expression level 
of a fluorescent protein, sfGFP. 
d The fluorescent intensity 
of illuminated cells increased 
prominently but the fluorescent 
intensity of non-illuminated 
cells remained constant. e There 
was no significant difference in 
growth rate between illuminated 
and non-illuminated cells. The 
data were analyzed and obtained 
from 300 to 600 min. Scale bar 
for all images: 5 μm
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and microcolony formation of single cells (Fig. 4a and 
b), thereby providing the potential for guiding biofilm 
formation. Then, we labeled the optogenetically modified 
cells using a green or red fluorescent protein (EGFP or 
mCherry). We co-cultured these differently labeled cells 
in a flow cell to facilitate their biofilm formation, during 
which we only selected GFP- or RFP-labeled cells and 
manipulated them by ATI in the first 10 h. Our results indi-
cated that ATI enabled the selected cells (GFP- or RFP-
labeled cells) and their offspring to form microcolonies 
in advance (Fig. 4c), whereas the unselected cells were 

distributed around the formed microcolonies (Fig. 4d). 
This result was in sharp contrast to that obtained for GFP- 
plus RFP-labeled cells without ATI treatment (Fig. S3). 
Thereafter, we continuously cultured (up to 72 h) these 
young biofilms with a distinct organization of cells in the 
dark to allow their maturation. These distinct young bio-
films developed to mature biofilms possessing a distinct 
spatial organization of GFP- (Fig. 4e) or RFP-labeled cells 
(Fig. 4f). These results revealed that cell manipulation by 
ATI during early-stage biofilm formation enabled biofilm 
formation guidance.

Fig. 4  Biofilm formation guid-
ance using ATI in P. aerugi-
nosa. a ATI enables selected 
cells and their offspring to 
form microcolonies in advance, 
compared with non-illuminated 
cells. b The lines represent 
bacterial movement traces. c, 
d Optogenetically modified 
cells labeled with a green or 
red fluorescent protein (EGFP 
or mCherry) were used for 
biofilm cultivation in a flow 
cell. c EGFP-labeled cells 
were manipulated by ATI; d 
mCherry-labeled cells were 
selected for manipulation. The 
fluorescence image was attained 
in the flow cell at the same time 
point at approximately t ~ 14 h. 
e, f The corresponding mature 
biofilm structure in (c, d) after 
3 days of culture. The selected 
GFP- or the RFP-labeled cells 
possess distinctive spatial bio-
film organizations

20 μm

3 μm

b

c d

fe

a
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Discussion

In this study, we developed the ATI system that allows for 
tracking specific moving bacterial cells and performing pre-
cise spatial control of bacterial gene expression following 
cell modifications using an optogenetic circuit. In addition 
to the hereby presented experiments, in systems using two or 
more optogenetic modules with non-overlapping activation 
spectra, the illumination system can be easily expanded to 
adapt it to different optogenetic reagents using different sci-
entific light sources. For instance, three-color lasers would 
allow the achievement of simultaneous and orthogonal RGB 
illumination without any switching between colors. Further-
more, our ATI system is easy to assemble and adapt by other 
researchers as (1) the hardware used to build the ATI sys-
tem could consist of a commercial projector and an LED 
controller, which are quite common and inexpensive as we 
previously reported (Armbruster et al. 2019); (2) the opti-
cal setup of the ATI system is compatible with that of other 
commonly used microscopic techniques, including fluores-
cence, confocal, or even SLM-based SIM super-resolution 
approaches; (3) the software and algorithms used in ATI 
system, including image processing, single-cell tracking, 
and phenotype analysis, are modified rather flexibly; and (4) 
the wavelengths in ATI can be easily expanded to multiple 
colors to adapt them to different optogenetic tools (Ohlen-
dorf et al. 2012; Olson et al. 2014b; Ryu et al. 2017). These 
factors allow researchers to simply integrate the ATI setup 
into their microscope and quickly modify the algorithms to 
track single cells with phenotypes of their interest, thereby 
markedly prompting studies of optogenetic tools. With these 
adaptions and optimizations, we also envision that the ATI 
system might be applied to answer various questions or 
resolve problems in microbiology.

Notably, the time required for data processing limits the 
application of ATI for investigating a quickly evolving bio-
system or cellular process. For example, the data process-
ing of a live image (using a commercial desktop equipped 
with an intel i7 CPU) in the present study typically took 3 s, 
limiting the use of ATI for manipulating rapidly swimming 
bacteria that can typically move at velocities reaching tens 
of microns per second. In addition to the data processing 
speed, the tracking algorithm accuracy limits the application 
of ATI for investigating microbes with high cell densities. 
For example, the current ATI cannot be used to manipulate 
the phenotypes of single cells during middle-stage biofilm 
formation as the algorithm cannot accurately track single 
cells in a dense microcolony. Developing new tracking algo-
rithms or using powerful computers can address these limi-
tations, thereby considerably expanding ATI applications.
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